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Preamble

“Science may provide the most useful way to organize empirical,
reproducible data, but its power to do so is predicated on its inability to
grasp the most central aspects of human life: hope, fear, love, hate,
beauty, envy, honor, weakness, striving, suffering, virtue.”

Paul Kalanithi, When Breath Becomes Air

“Deep in the human unconscious is a pervasive need for a logical universe
that makes sense. But the real universe is always one step beyond logic.”
Frank Herbert, Dune

There are few things that humans were unequivocally born to do. One of these is to
tell stories.

A thesis is a story. Two stories, in fact. The first is the story of the research, which is
a story of how the world works. The second is my story; the story of how my thinking
has developed over the past three years.

Science can forget its role in telling stories. And the past two years have put me at
risk of doing the same. This thesis is heavily data-driven. Partly this is due to me
playing to my strengths and passion; partly it was born of necessity, from spending
two-thirds of an entire year in lockdown in Melbourne.

| learned well how to tell the story of numbers. Over the past two years, | spent far
more time interrogating data than talking to people. This thesis charts a course through
the muddy waters of assumption and fact that shape how we think about preeclampsia.
It offers a map; but if we look only at the map, we forget that each datapoint is a
person, with their own stories to tell. Science falls into this trap. As a reminder, to
myself as much as to you, to not make the same mistake, | have infused this thesis
with humanity where | can. | hope you appreciate it.
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Abstract

Maternal and perinatal mortality rates have plunged in the past 200 years. But
pregnancy is still not risk-free. One of the most damaging complications is preeclampsia,
the onset of hypertension and organ dysfunction in the second half of pregnancy. It
annually contributes to, or is directly responsible for, 50,000 maternal and 500,000 neonatal
deaths worldwide.

Despite a catastrophic health burden, the exact cause of preeclampsia remains elusive.
This has stymied attempts to develop a reliable diagnostic test, or predict who is likely
to suffer complications from the syndrome. Clinical judgement remains the mainstay of
diagnosis and plays a major role in treatment decisions, decisions that can have serious
ramifications for women and their babies. If pregnancy is left to continue, an expectant
mother might suffer eclamptic seizures or develop organ failure; but a premature induction
of labour can lead to lifelong complications for the newborn.

For many vyears, preeclampsia was diagnosed by the onset of hypertension and
proteinuria. The 21% century saw an evolution in how we diagnose preeclampsia, with other
organ dysfunction — haematological, neurological, hepatic, renal, uteroplacental — being
sufficient, alongside hypertension, for a diagnosis. This shift recognizes that preeclampsia is
a heterogenous syndrome that does not merely affect the maternal vascular system and the
placenta.

This change in diagnostic criteria has trade-offs. Even with a narrower definition, the
diagnostic criteria for preeclampsia was subjective, particularly if a woman had
preexisting hypertension or proteinuria. Broadening the criteria exacerbates this
subjectivity, increasing the potential for false positive diagnoses. And a diagnosis of
preeclampsia itself is still not a particularly informative guide of a woman’s prognosis.
A more inclusive definition of preeclampsia makes the criteria yet more subjective, and
subsequently less useful for determining prognosis.

This thesis explores in detail these hypothetical limitations in the diagnosis of
preeclampsia.

The early chapters compare, among women with preeclampsia, the association between
vascular comorbidities — chiefly hypertension, diabetes mellitus and obesity — and
biomarker levels, severity of the syndrome, and the rate of complications.

These comorbidities are increasingly prevalent in pregnancy, and make diagnosing
14



preeclampsia particularly challenging. We found that the presence of preexisting
comorbidities meant women diagnosed with preeclampsia had a milder syndrome. They had
less of an elevation in biomarkers which correspond with both clinical severity and the
likelihood of complications; less dysregulation in other markers of organ function; and
suffered fewer complications. However, their neonates tended to have worse outcomes.
We surmised that these comorbidities could lead to clinicians diagnosing preeclampsia,
and subsequently recommending interventions such as an induction of labour at a lower
threshold.

| then pivot to examining the association between blood pressure and body mass index
as continuous variables and the diagnosis and prognosis of preeclampsia. We found that
we could attribute to these baseline characteristics significant differences in the
trajectory of blood pressure throughout pregnancy.

“What does that mean for outcomes from preeclampsia?” we asked. We then showed
that these differences in baseline characteristics lead to significant differences in
outcomes. The higher a woman’s blood pressure and body mass index at baseline, the
less likely she was to suffer a complication after being diagnosed with preeclampsia.

This questions how effective, or useful, the existing criteria are for diagnosing
preeclampsia. This thesis finishes with a critical appraisal of the evidence used over the
past 70 years to develop and update guidelines for preeclampsia. It was clear that the
current thresholds are based more on consensus and simplicity than any relationship
they have with the likelihood of complications. We argue instead for an approach to
studying and diagnosing preeclampsia that is rooted in two key questions: what is the
prognosis of a woman? And how can treatment help?
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Background

Maternal mortality has plummeted in the
rich world over the past century. In 1920 in
Australia, one in 200 women and one in 15
the
puerperium or first year of life.! Now those

children could expect to die during

numbers are approximately one in 20,000 and
300.!
achievement, a wonder of modern medicine.

one in This is an extraordinary

However, such good outcomes remain
aspirational in much of the Global South — that
is, for most of the world — and even many
regions in rural Australia and America. And so
300,000 women? and 5 million infants® still
perish on a yearly basis.

One of the

mortality is Hypertensive Disorders of Pregnancy

leading causes of maternal

(HDoP), in particular preeclampsia. Preeclampsia
is diagnosed following the onset of hypertension
and organ dysfunction after 20 weeks of
pregnancy.* It affects between 3 and 8% of
pregnancies, contributing to more than 50,000
500,000 deaths

worldwide per year.>® Many more women suffer

maternal  and perinatal
serious morbidity. Maternal complications are
due to eclampsia; stroke, due to uncontrolled
hypertension; or organ dysfunction, such as
acute kidney injury or pulmonary oedema.’ Fetal
due to

the

troubles arise
stillbirth,

prematurity.’

growth restriction,

and many  sequelae  of

Science and its antecedents have tussled for
millenia with the cause of preeclampsia, since
the time of Hippocrates.® Is it a toxin released
from the placenta? An electrolyte imbalance? A
disease of the kidney, or the endothelium, or
the cardiovascular system? The picture has

become clearer, but the precise aetiology of
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and subsequently our clinical

the

preeclampsia,
understanding  of
elucidating.

syndrome, needs

What we do know is that preeclampsia
develops due to impaired remodelling of the
that the
developing placenta and fetus.’ In normal fetal
the first
extravillous cytotrophoblast,

spiral arteries supply blood to

during weeks  of
pregnancy, the
descendant of the trophoblast,

development,

invades the
myometrium and replaces the smooth muscle
and endothelium that lines maternal spiral
arteries (Figure 1). These vessels become wider

and they lose their vasoactive capabilities. They

become low-resistance, high-diameter vessels
that anastomose with endometrial veins,
bringing blood into the intervillous space.

Oxygen, nutrients and waste can thus diffuse
back forth the thin
syncytiotrophoblast.?%! |n who are

and across
women
subsequently diagnosed with preeclampsia, this
remodelling is impaired. It is not clear why. The
immune system has been implicated; natural
Whatever the

impaired blood vessel
first,
arteries do not become the high capacity vessels
that they should;

capabilities.13

killer cells may play a role.’?
the

development means,

underlying cause,
that these spiral
second, retain
This
fluctuating levels of oxygen in the intervillous

and they

vasoactive can lead to

space; ischemia, then reperfusion, and repeat.
The result initially is oxidative stress, and

the

maternal

release of reactive oxygen species into
And then the
release of anti-angiogenic proteins from the
syncytiotrophoblast,** that
maternal circulation and dysregulate endothelial

circulation. comes

proteins enter



diagnosed with preeclampsia, angiogenesis that

Maternal Side [ Fetal Side

Anchoring villus column

W / Fetal blood yessel

Smooth
muscle ,‘ 7

Villous Fibrin

trophoblasts trophoblast /
-

/(/ e‘“a\ blood floy
\\ Cytotro-

/ phoblasts

Vascular
endothelium

Maternal

could be worsened by the addition of sFLT-1,
but relieved by the addition of PIGF. Many
other groups have over the past two decades
demonstrated the importance of this imbalance

to the phenotype of preeclampsia, culminating

19,20

in major prospective studies, moving

towards using the ratio as a diagnostic test for
preeclampsia.

The key effect of angiogenic imbalance and
the release of reactive oxygen species is to

cause widespread maternal endothelial

dysfunction, culminating in vasoconstriction,

21,22

hypertension and organ dysfunction.

spiral artery Floating villus
Figure 1. Normal placental development. Extravillous
trophoblasts remodel maternal spiral arteries, increasing

maternal blood flow to and oxygen concentration in, the inter-

villous space. Cytotrophoblasts proliferate, forming the
syncytiotrophoblast which becomes the interface between

maternal and fetal circulations. From Menkhorst et al (2016)*

function. The mechanism linking the release of
the
injuries remains a matter of debate, but one

these proteins to hypoxia-reperfusion

proposal is that oxidative stress results in
increased syncytiotrophoblast apoptosis.®

These anti-angiogenic proteins are central to
the maternal syndrome of preeclampsia. The
major culprits are soluble fms-like tyrosine
kinase-1 (sFLT-1) and soluble endoglin (sEng),'®
which can bind to and sequester placental
growth factor (PIGF) and vascular endothelial
(VEGF),

endothelial function (Figure 2).}” We can refer

growth  factor key regulators of
generally to this as angiogenic imbalance — an
excess of anti- and shortage of pro-angiogenic
proteins.

It was in 2003 that Maynard et al provided
persuasive evidence tying angiogenic imbalance,
by sFLT-1, the
phenotype of hypertension,

proteinuria and oedema.*® In vitro studies found

particularly mediated to

preeclamptic

impaired angiogenesis in the serum of women
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Endothelial dysfunction is a broad term, but
generally refers to a decrease in bioavailable
nitric oxide — a key vasodilator and regulator of

and imbalance

endothelial function an
between vasodilators such as nitric oxide (NO)

and prostacyclin, and vasoconstrictors such as

endothelin-1 (ET-1), angiotensin-I| and
thromboxane A2.%3
Normal Pregnancy
b °o o @ bd ® @
2 L B e % o
8 L D . Vasodilation
S '
I I I I ® ® o
Preeclampsia
) ) Y ° ,: ° < - 9 . ‘A L .
- sl i il R N
oo gu e D " L) aL o @ Vasoconstriction
vl M N . A ..
e s - . ® e R L J
| Y FLF1  © VEGF * PIGF  SFLT |

Figure 2: sFLT-1 binds to and sequesters PIGF and VEGF,
reducing their bioavailability. From Shibuya et al (2013)"

Beyond the imbalance in vasoconstrictors
and vasodilators, endothelial dysfunction leads

to inflammation; increased blood vessel



Excessive ¢

permeability and plasma leakage; alterations in
coagulation factors, leading to hypercoagulability
and microthrombus formation; et cetera.?* This
leads to more widespread organ dysfunction —the
kidneys, liver, brain — and can worsen
uteroplacental perfusion, creating a vicious cycle.

This widespread endothelial dysfunction is
the hallmark of the

preeclampsia. The contribution of placental and

maternal phase of

maternal factors to preeclampsia can vary. The
the
haemodynamics s

relationship  between placenta and

maternal bidirectional

(Figure 3).2°

lemand

pregnancy

Cardiovascular-placental axis
weight gain airdiovascular-placental ax

Poor cardiac reserve

Autoimmune disease

Chronic hypertension

sFle-1

[*y

Hypertension

Fetal growth restriction
Proteinuria

Cerebral edema

Liver dysfunction

Figure 3: The interplay between the maternal cardiovascular
system and the placenta. From Thilaganathan et al (2018)%

Placental insufficiency can lead to maternal

endothelial dysfunction; but so too can a

suboptimal  haemodynamic  adaptation to
pregnancy cause impaired trophoblast invasion
and spiral artery remodelling.

HDoP, and particularly preeclampsia, worsen
during pregnancy. The only cure is delivery of
the placenta and, necessarily, the fetus.?® Aspirin
reduces the incidence of preterm preeclampsia,?’
but once the syndrome is present, the only
management is to attempt to safely prolong
is to

pregnancy. The aim improve neonatal

outcomes while avoiding excessive risk to

maternal health - preventing severe

18

hypertension, monitoring for worsening health,
and aiming to deliver the baby at a time which
maximises both maternal and neonatal outcomes.
However, it is particularly difficult to ascertain
when complications are imminent, and thus timing
delivering relies clinical

predominantly on

acumen. Research is ongoing into predicting
preeclampsia and
sFLT-1: PIGF ratio?®
algorithm,  which

determine the likelihood of complications?® — but

its complications, with the
and with the fullPIERS
uses clinical features to
neither is yet widely used.

There

preeclampsia.

remains no diagnostic test for
The sFLT-1: PIGF

promise — it is typically elevated weeks before

ratio holds

the onset of clinical preeclampsia3®® — and is
gradually being incorporated into guidelines for
managing preeclampsia.3! However, diagnosis
remains largely based on clinical evaluation and
blood

liver

organ function, via assessment of

pressure, proteinuria, platelet counts,
enzymes and so forth.

While preeclampsia was defined for many
the

in recent decades the diagnostic

years as onset of hypertension and
proteinuria,
have been reflect the

criteria updated to

systemic nature of preeclampsia.?®3? Hepatic,
haematological, neurological, renal, or placental
dysfunction, in conjunction with hypertension,
can be sufficient for a diagnosis. However, the
absence of a more precise understanding of the
cause of preeclampsia, and the subsequent
challenge to develop an effective diagnostic test,
poses several challenges to the diagnosis of

preeclampsia.

First is the variable presentation of
preeclampsia.  Preeclampsia is  commonly
subdivided into early-  and late-onset

preeclampsia, based on whether it develops
before or after 34 weeks gestation. However,
these two subtypes represent different disease
processes. more

Early-onset preeclampsia is

severe, and the earlier it develops the more



serious it tends to be. Most complications from
preeclampsia arise following the early-onset
subgroup. The late-onset syndrome tends to be
milder, often arising close to term and requiring
less intensive management.33

This reflects differences in pathophysiology.
Early-onset preeclampsia is associated with
marked angiogenic imbalance (Figure 4), and
generally involves a low-output, high-resistance
state, with placental insufficiency and fetal
growth restriction common complications. In
contrast, the late-onset subtype is more closely
tied to maternal characteristics, such as obesity, is
associated with a high-output, low-resistance
vascular system, and is not usually associated
with fetal growth restriction.343® However, these
differences are not mutually exclusive, and occur
on a continuous scale; the earlier the syndrome
develops the more severe it is. Dividing women
into a binary of early- or late-onset does not
account for this.

These differences in pathophysiology are
the

association of angiogenic imbalance with the

particularly relevant when considering
severity of preeclampsia. A prospective study of
women presenting with suspected preeclampsia
found that 11 of 13 women who went on to

suffer severe maternal complications had a sFLT-

A early gestational phase
5000

1000

500 -

-
-

100
50 4

1: PIGF ratio greater than 15 times higher than
the
diagnosed with preeclampsia found that all

median;3” another study of women
complications occurred in women with a sFlt-1:
PIGF ratio greater than 85.3% Correlations have
also been established between the sFlt-1: PIGF
the

preeclampsia;®® likelihood of complications such

ratio and development of severe
as stillbirth;*° a need for imminent delivery;*
length of hospital stay for both mothers and
neonates;*? as well as biochemical markers, such
as lower platelet counts,*! higher uric acid*® and
ALT*!, more proteinuria.*?

The second challenge to the diagnosis of
preeclampsia is that the signs and symptoms —

particularly following the expansion of the

diagnostic criteria to include other organ
dysfunction beyond proteinuria — are not
specific. Changes in blood pressure and
proteinuria, in particular, are common during
pregnancy, particularly for women with
preexisting hypertension, obesity or diabetes
mellitus.

Some 13% of women with chronic

hypertension in one study had proteinuria prior
to pregnancy.** Diabetic nephropathy, with the
subsequent presence of proteinuria, is an

increasingly common complication of diabetes

late gestational phase

Figure 4. The sFLT-1: PIGF
ratio in early- and late-onset
preeclampsia. From Verlohren
et al (2012)%

sFIt-1/PIGF ratio
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mellitus; and even in the absence of overt
nephropathy, diabetes is associated with an
exaggerated rise in  proteinuria  during

pregnancy.” Obesity increases the likelihood of
developing physiological proteinuria in
after 33

gestation;* and hypertension and proteinuria

pregnancy, particularly weeks
are commonly present in women with CKD.#
This muddies the picture, making a clinical
diagnosis challenging.

These comorbidities are major risk factors
for a diagnosis of preeclampsia: preeclampsia
develops in as many as 20% of pregnancies with
pre-existing hypertension, diabetes or chronic
kidney disease, while obesity and gestational
diabetes are associated with a two- to threefold
increased risk.4-3

The challenge of accurate diagnosis, and the

possibility of overdiagnosis, could account for
some of this risk. But another contributing factor
is that these comorbidities are associated with
the

pathway in all preeclampsia, prior to pregnancy.

endothelial  dysfunction, common final
The sustained elevation of systemic blood
pressure in hypertension leads to premature
endothelial cell aging, reducing its vasodilating
capacity.>*  Chronic  hypertension is also
associated with increased levels of asymmetric
dimethylarginine (ADMA), a competitive eNOS
inhibitor.>>
Hyperglycaemia is associated with increased
expression of ET-1 and downregulation eNOS13,
as well as increased levels of reactive oxygen
species and oxidative stress in the maternal
endothelium.®® And besides insulin resistance,

also associated with increased
of the
contributing to vasoconstriction.”” And obesity is
activity of eNOS,

independent of hypertension.>” Finally, CKD is

obesity is

activation renin-angiotensin system,

associated with reduces

associated with oxidative
ADMA
hypertension.>>>8

stress and higher

concentrations, independent of

20

Endothelial dysfunction is the final common
And as
comorbidities are associated with endothelial

pathway of preeclampsia. these
dysfunction prior to pregnancy, a milder degree
the

sequelae may result in preeclampsia developing.

of placental insufficiency and resulting
A rise in circulating anti- angiogenic proteins is
observed in normal pregnancies;>® this normal
with
comorbidities, be sufficient to produce the pre-

occurrence may, for women these

eclamptic phenotype.®® But what does it mean
for the severity and prognosis of preeclampsia,

if the underlying pathological changes are
milder?

A Dbetter characterisation of the clinical
phenotype and prognosis of women with

comorbidities who develop preeclampsia is
important for several reasons.

First, these comorbidities are increasingly
prevalent and developing younger in life. Thus
they are complicating a greater number of

pregnancies, particularly in high and middle
income countries. In 2014-2015 in Australia, pre-
1%
gestational diabetes 10% of pregnancies.?! In the
United States, the
hypertension has increased rapidly, from 0.1%
in 1970 to 1.5% in 2010.°2 Some 45% of new

Australian mothers in 2018 were overweight or

gestational diabetes complicated and

prevalence of chronic

obese;®®* and while it is less common, CKD
affects about 1/750 pregnancies and is on the
and diabetic
develop earlier in society.®*

rise, as diabetes nephropathy

Second, comorbidities are associated with a
range of adverse pregnancy outcomes. Chronic
hypertension is associated with a greater than

two-fold increase in the odds of fetal and
neonatal mortality, severe preeclampsia and
placental abruption; a three-fold increase in

odds of prematurity; and greater than four-fold
birthweight <10th
respiratory distress syndrome.®> Pre-gestational

increases in centile and

and gestational diabetes are associated with



increases in stillbirth rates, as well as preterm
fetal
respiratory distress

delivery, preeclampsia, NICU admission,

growth restriction, and
syndrome.®®% Both obesity and CKD increase
the and NICU

admission.”0-72

likelihood of preterm birth

These ramifications of these challenges in the
diagnosis and prognosis of preeclampsia have been
little studied. Guidelines remain vague when
suggesting diagnostic criteria for women with
preexisting hypertension and proteinuria, with
little evidence to guide decisions.

This thesis aims to fill that gap.

Chapter one consists of a longitudinal cohort
study, where we sample blood from women across
pregnancy and, among women who proceeded to
develop preeclampsia, compared levels of sFLT-1
and PIGF between women with and without
comorbidities.

Chapter Two compares, among women with
preeclampsia, the clinical phenotype and outcomes
of women between those with and without
comorbidities.

Chapter Three builds on the findings of
Chapter Two, by comparing the frequency of
complications from preeclampsia on a much bigger
scale.

Chapter Four changes course, to look at the
effect of baseline blood pressure and body mass
index — as continuous variables, and not
restricted to women with a diagnosed comorbidity
— on the course of blood pressure during
pregnancy. And Chapter Five extends this work, by
looking once more at the rate of complications
from preeclampsia, but again treating baseline
blood pressure and BMI as continuous predictors.

Finally, Chapter Six is a literature review; an
evaluation of how the diagnostic criteria of
preeclampsia changed across the 20th and early
21st We the

evidence that guided diagnostic evolution over

centuries. critically appraise

the years, and suggest directions for studying

21

the
discussion synthesizes and elaborates on these

and classifying  preeclampsia.  Finally,

findings.
this thesis
explores the role of maternal characteristics in

In summary, comprehensively
the diagnosis and prognosis of preeclampsia. It
contributes knowledge to identifying women at
risk of developing preeclampsia (Chapters One
and Four); to refining the diagnostic criteria of
(All but
Chapter Six); to understanding the severity of

preeclampsia Chapters, specifically
preeclampsia (Chapter Two); to evaluating the
likelihood of maternal complications (Chapters
Two, Three and Five)and neonatal complications

(Chapter Three).



Chapter One

“Sometimes a small change could make all the difference.”
— Cynthia D'Aprix Sweeney, The Nest

Introduction

In recent decades, one of the most exciting discoveries in women’s health was that of
the role of sFLT-1 in preeclampsia. When Maynard et al showed that administering sFLT-
1 to rats resulted in the development proteinuria and hypertension,® the world finally
had a suspect for the “toxin”, long dubbed “Factor X”, so long thought to be responsible for
preeclampsia.’?

The imbalance between sFLT-1 and PIGF is associated with the severity of preeclampsia;
and the overwhelming majority of (and in some studies, alll women who suffer
complications have a substantial angiogenic imbalance. Thus it is unsurprising that the
SFLT-1: PIGF ratio has received considerable scrutiny for a potential role in diagnosing or
predicting both preeclampsia and its complications.

Two other trends were converging as research into the sFLT-1: PIGF ratio exploded. First,
the diagnostic criteria for preeclampsia were broadening, culminating in a criteria which no
longer requiring proteinuria.® Second, the number of pregnant women with obesity, and
other metabolic risk factors such as essential hypertension and diabetes mellitus, was

increasing rapidly.51,62.64

However, sparse research has evaluated the sFLT-1: PIGF ratio in women with comorbidities.
We hypothesised that, compared to those women without comorbidities, a lower elevation
of this ratio would lead to a diagnosis of preeclampsia. Thus we undertook a cohort study
to compare the sFLT-1: PIGF ratio between women who develop preeclampsia with and
without comorbidities.
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Abstract

Research indicates that soluble fms-like tyrosine kinase 1 (sFLT-1) and placental growth
factor (PLGF) have diagnostic and prognostic significance for women with preeclampsia.
However, sparse research has studied these biomarkers in women with preexisting
comorbidities such as chronic hypertension, diabetes mellitus, systemic lupus
erythematosus and chronic kidney disease. We undertook a prospective longitudinal
cohort study to compare the sFLT-1: PIGF ratio between women with and without
comorbidities who did and did not go on to develop preeclampsia. We found that
women with comorbidities may develop preeclampsia with a milder elevation in sFLT-1:
PIGF than do women without comorbidities. This has clinical and research implications.
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Introduction

Preeclampsia affects 2-5% of pregnancies,

causing significant maternal and perinatal
morbidity and mortality (1).

The pathogenesis of preeclampsia remains
characteristic

incompletely  understood. Its

hypertension and  organ-dysfunction arise
secondary to widespread endothelial dysfunction
and vasoconstriction (2).

Evidence increasingly suggests a role for the
angiogenic biomarkers soluble fms-like tyrosine
kinase-1 (sFLT-1) and placental growth factor
(PIGF), which are, respectively, increased and
decreased in preeclampsia (3). sFLT-1 is released
from the ischemic placenta, antagonising and
the PLGF

vascular endothelial growth factor, contributing

sequestering pro-angiogenic and
to endothelial dysfunction (4).

Vascular risk factors, including medical

comorbidities such as chronic hypertension,
diabetes mellitus, chronic kidney disease and
systemic lupus erythematosus, increase the risk
of women developing preeclampsia (5-9).

There is sparse evidence guiding the clinical
diagnosis of preeclampsia when preexisting
hypertension and/or proteinuria are present, as
is common for women with these comorbidities,
due to the diagnostic challenge preeclampsia
poses. Similarly, there is limited research
evaluating how useful sFLT-1 and PIGF, which
are entering clinical decision making guidelines
(10), are in the diagnosis of preeclampsia for
these women. Women with vascular risk factors
are endothelial

prone to pre-existing

dysfunction. They thus may develop clinical
preeclampsia with a milder imbalance between
sFLT-1 and PIGF (11).

While (12,13)

demonstrated that, among women with these

several studies have

comorbidities, these biomarkers are elevated

when preeclampsia develops, sparse research

has compared the magnitude of their elevation

24

with and without

Data from studies on women

between women
comorbidities.
without vascular risk factors, which forms the
basis for new guidelines, may not be applicable
for women with comorbidities. We undertook a
prospective cohort study to compare the sFLT-1:
PIGF ratio between women with and without
comorbidities, who did and did not develop

preeclampsia.

Methods

We performed a longitudinal observational
study at a tertiary hospital in Melbourne,
Australia, between 2017 and 2019. We recruited
women with a singleton pregnancy without
congenital abnormalities attending a maternal-
fetal
biomarkers for preeclampsia. Following written

medicine clinic to evaluate novel
informed consent, we collected serum samples
at multiple time periods throughout pregnancy:
15-20 weeks, 24-29 weeks, and 33-37 weeks’

gestation. A minimum 4ml of whole blood was

collected into ethylenediaminetetraacetic acid
(EDTA) vacutainer tubes (Beckton Dickinson,
Oakville, ON, USA). The samples were

centrifuged at 1200g for 20 minutes and the
serum collected and aliquoted prior to storage
at -80°C until they were analysed. sFLT-1 and
PIGF concentrations were determined on the
B.R.A.H.M.S KRYPTOR Compact PLUS (Thermo
Waltham, MA, USA), an
automated immunoassay analyser, as per the

Fisher Scientific,
manufacturer’s instructions. Ethics approval was
granted by Monash Health human research
ethics committee (No. 19397).

We compared biomarker levels between
women with and without comorbidities, which
included chronic hypertension, diabetes mellitus,
chronic renal disease, or

systemic lupus

erythematosus.
Statistical Analysis

Descriptive statistics were computed for all
data, with dichotomous outcomes presented as



(%).
mean

a number Continuous outcomes are

displayed as (standard deviation) or
median (interquartile range).
We compared the sFLT-1: PIGF

gestational period between women with and

in each

without comorbidities and between women
who did and did not develop preeclampsia at
any stage during their pregnancy, using two-way
analysis of variance with Tukey’s post hoc
adjustment. Statistical tests were two-sided, and
P < 0.05 was considered statistically significant.
Statistical

version 4.0.2

analyses were performed using R

Results

A total of 123 women provided at least two
blood samples and were included in the final
Of these, (28%) had
preexisting medical comorbidities. There were no

analysis. 34 women
significant differences in baseline demographics
between women with and without comorbidities.

Fourteen (41.2%) women with comorbidities
and six (6.7%) without comorbidities developed
preeclampsia (Relative Risk (RR) 3.76, 95% ClI
2.29 to 6.18). Of the women with comorbidities
who developed preeclampsia, seven (50%) had
preexisting hypertension, six (43%) had CKD, two
(14%) had type 1 diabetes, and one (7%) had
Type 2 diabetes.

The sFLT-1: PIGF ratio was higher in all three
gestational age
subsequently developed preeclampsia compared

windows in  women who
to those who did not (Figure 1). This was
statistically significant between 24-29 weeks, and
between 33-37 weeks (P<0.001).

Between 24- and 29-weeks gestation and
33-37 weeks gestation, the sFLT-1: PIGF ratio
tended to be higher

developed preeclampsia without comorbidities

among women who

compared to those who developed preeclampsia
with comorbidities, though the differences were
044 and p = 0.26

not significant (p =

respectively) (Table 1).
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Discussion and Conclusion

In this prospective observational study, we
have shown that the sFLT-1: PIGF ratio is higher
in women who develop preeclampsia than in
those who do not. However, among women
diagnosed with preeclampsia, it may be less

elevated in women with comorbidities than it is

among women without comorbidities.
Furthermore, several women without
comorbidities developed an elevated ratio

without developing preeclampsia, indicating an
No
women with comorbidities developed a high
ratio without doing so. Thus the sFLT-1: PIGF
ratio may, for women with comorbidities, risk

ability to tolerate angiogenic imbalance.

inadvertently ruling out preeclampsia.

This has clinical and research implications.
Angiogenic biomarkers are being incorporated
into clinical practice guidelines (10). However,
few studies have evaluated whether established

cut-offs are appropriate for women with
comorbidities.
Clinical practice guidelines in any field

commonly use a single cut-off to guide practice.
However, research used to develop cut-offs and
guide their incorporation into clinical practice
has largely been undertaken in women without
comorbidities. A single cut-off based off research
in  women at low-risk of preeclampsia,
stringently applied to women with comorbidities,
may miss women at risk of developing
preeclampsia and subsequent complications.
This study is limited by the small number
of women who developed preeclampsia.
with  the
underlying pathophysiology of preeclampsia and
that

lower

However, our findings accord

our hypothesis preexisting endothelial
the threshold
imbalance  to  trigger clinical

This both  further
research, and caution when interpreting sFLT-1,
PIGF and the sFLT-1: PIGF ratio in women with

comorbidities.

dysfunction may for

angiogenic

preeclampsia. warrants



Table 1. Baseline

demographics and sFLT-1: PIGF ratios

No preeclampsia, no No preeclampsia, Developed preeclampsia, Developed preeclampsia, | P value
comorbidities comorbidities no comorbidities comorbidities
(n = 83) (n = 19) (n =6) (n = 14)
Baseline demographics
Age 33.1 (5.6) 34.3 (5.3) 35.6 (6.9) 31.0 (4.1) 0.50
BMI 30.3 (9.6) 30.6 (8.5) 32.0 (10.4) 32.7 (7.6) 0.44
Nulliparous 26 (31.3%) 9 (47.4%) 3 (50%) 6 (40%) 0.81
Current smoker 5 (6.0%) 0 (0%) 0 (0%) 0 (0%) 0.77
sFLT-1: PIGF ratio
15-19 weeks 9.63 (6.89 — 14.54) | 7.95 (5.22 - 13.02) 24.76 (11.77 — 33.62) 11.18 (7.54 — 24.34) 0.11
(n = 54) (n = 11) (n =5) (n=9)
25-29 weeks 2.66 (1.72 — 3.72) 2.74 (2.12 - 4.17) 28.42 (3.70 — 72.04) 7.78 (3.14 — 14.04) <0.001
(n = 75) (n = 19) (n =5) (n = 14)
33-37 weeks 7.14 (3.38 — 11.86) | 6.69 (4.76 — 10.57) | 80.27 (26.85 — 273.47) 50.5 (8.71 — 155.73) <0.001
(n = 75) (n = 17) (n =5) (n = 12)
Data given as mean (standard deviation), median (interquartile range), or number (%). Numbers in parentheses refer to the

number of women giving samples at each gestational window. P values calculated with two-way ANOVA with Tukey’s post-hoc

correction.
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Figure 1. sFLT-1: PIGF ratios across gestation.

3| £ No PE, no comorbidities (n=83) |

F=] No PE, comorbidities (n=19) y—‘—\ y—J—\ — /—‘—\
El PE, no comorbidities (n=6)
Bl PE, comorbidities (n=14)

N

log10 (sFLT-1: PIGF ratio)

15-19 weeks 25-29 weeks 33-37 weeks

SFLT-1: PIGF ratios across gestation in women with and without comorbidities, and with and without preeclampsia. Errors bars
represent the median; boxes, the interquartile range (IQR); whiskers, the range of the median + 1.5 times the IQR; dots, outliers.
*** indicates P < 0.001, calculated with two-way ANOVA, comparing women with and without preeclampsia.
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Summary

While this was a study with promising results, there were too few women to draw
any sure conclusions, nor determine whether what we saw was a signal, or merely
noise.

We can, however, conclude that this is a question that should be explored further.
Our results, insufficient as they are to draw conclusions, would appear to support
our hypothesis — that women with comorbidities would be diagnosed with
preeclampsia with a relatively low sFLT-1: PLGF ratio. And such a result is
biologically plausible. But it will be for others to pose the follow-up questions: to
test our conclusions on a larger scale; to further explore the influence of specific
comorbidities; and to evaluate the prognostic potential of these biomarkers.

While it is a significant investment to conduct a large prospective study, there is
lower hanging fruit to pick. Rare is the woman for whom preeclampsia is not
diagnosed clinically. And we know that the degree of imbalance in sFLT-1 and
PIGF relates closely to the severity of preeclampsia. Thus evaluating the association
between the presence of comorbidities and the clinical picture and outcome of
preeclampsia is valuable. If the sFLT-1: PIGF ratio truly is lower in women with
comorbidities, then we would expect to see these women diagnosed with
preeclampsia with only a mild clinical syndrome.

Studying this hypothesis also gives useful clinical information. Diagnosing
preeclampsia when the syndrome is only mild may lead to unnecessary
intervention and neonatal harm due to early delivery. The association between
comorbidities and the severity of preeclampsia has been unsatisfactorily answered,
particularly considering the rising prevalence of vascular risk factors in pregnancy.

It is here we turn to Chapter Two.
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Chapter Two

“‘If | ever have to go to hospital, madam,” one of the midwives calmly tells her,
‘I want to be seen last. Because that means everyone else there is sicker than me.”
Adam Kay, This is Going to Hurt: Secret Diaries of a Junior Doctor

Introduction

The sFLT-1: PIGF ratio is a useful tool — but does it just tell us what we already know?
If a woman has severe preeclampsia, you can often tell — if she is diagnosed at 28
weeks gestation with a skyrocketing high blood pressure, headache, falling platelets and
increasing proteinuria, you know it is severe. If it is diagnosed at 37 weeks with a
slight increase in blood pressure, it probably isn’t.

Preeclampsia is still diagnosed, and treatment decisions made, using primarily clinical
judgement. Thus identifying associations between comorbidities and the clinical course
of preeclampsia is valuable. We undertook a retrospective cohort study of women who
were diagnosed with preeclampsia. We compared severity of and outcomes from the
syndrome between women with and without comorbidities, evaluating signs and
symptoms, laboratory markers, and maternal and neonatal outcomes.
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ABSTRACT

Objective:To compare the effect of comorbidities on the phenotype and outcomes of

preeclampsia.

Methods:A matched retrospective cohort study of women delivering at a tertiary maternity center
following a diagnosis of preeclampsia. We collected data on signs and symptoms, biochemical

markers, and maternal and perinatal outcomes.

Results:We studied 474 women; 158 women with and 316 without comorbidities. Compared to
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women without comorbidities, women with comorbidities delivered earlier. They suffered fewer

maternal but more neonatal complications.

Conclusion:Women with comorbidities receive earlier intervention than women without comor-
bidities, which may lead to fewer maternal complications but worse neonatal outcomes.

Introduction

Preeclampsia, characterized by hypertension and organ
dysfunction in pregnancy, remains a leading cause of
maternal and perinatal morbidity and mortality (1).
The maternal syndrome results from widespread
endothelial dysfunction, secondary to placental insuffi-
ciency and the release of anti-angiogenic and pro-
inflammatory proteins and reactive oxygen species.

Medical comorbidities such as chronic hypertension,
preexisting diabetes mellitus, systemic lupus erythema-
tosus (SLE), chronic kidney disease (CKD), and anti-
phospholipid syndrome (APLS) are associated with an
increased likelihood of adverse maternal or neonatal
outcomes in pregnancy, including an increased risk of
preeclampsia (2-6). All are associated with preexisting
endothelial dysfunction (7-11), which has been pro-
posed as a mechanism explaining their increased risk
of developing preeclampsia (12). Preexisting endothe-
lial dysfunction could mean that a lesser degree of
placental insufficiency and its sequelae, particularly
angiogenic imbalance, is required to trigger the clinical
syndrome.

Angiogenic biomarkers are entering practice to
guide clinical decision-making for women with pree-
clampsia (13). Chief among these are the anti-angio-
genic soluble fms-like tyrosine kinase-1 (sFLT-1), and

the pro-angiogenic placental growth factor (PIGF).
Dysregulation of these biomarkers correlates with the
severity of preeclampsia, including biochemical tests
(14-16) and frequency of complications (17,18).
However, evidence is sparse for women at high-risk of
developing the disease. Powers et al. (19) studied these
biomarkers in women at high-risk of preeclampsia,
including women with hypertension and diabetes.
Though women who developed preeclampsia devel-
oped dysregulated biomarkers, these changes were
milder than those seen in women at low-risk of pre-
eclampsia. If women with comorbidities develop pre-
eclampsia with mild changes in these biomarkers, this
may have implications for the severity of disease.
However, minimal research has assessed either the
severity or prognosis of preeclampsia between women
with and without comorbidities.

As these comorbidities are increasingly common
(20-22), understanding how they alter the clinical pic-
ture and outcomes of preeclampsia is crucial. Evidence
guiding management of the disease - including timing
delivery and application of emerging biomarkers - is
overwhelmingly generated in women without these
comorbidities, and may not be generalizable to
women with comorbidities. We undertook a matched
cohort study to compare the clinical phenotype of

CONTACT Michael S. Tanner @ Michael.tanner@monash.ed@ Department of Obstetrics and Gynaecology, Monash Medical Centre, 246 Clayton Road,

Clayton, Melbourne, Victoria 3168, Australia
© 2021 Informa UK Limited, trading as Taylor & Francis Group



preeclampsia between women with and without
comorbidities.

Methods

Women with a pregnancy complicated by preeclampsia
who delivered at a single tertiary referral center
between 2011 and 2018 were identified from Birthing
Outcome System (BOS) (Melbourne Clinical and
Translational ~ Sciences [MCATS],  Melbourne,
Australia) records. Clinicians routinely enter data
regarding maternal characteristics and antenatal and
neonatal diagnoses, interventions and complications.

Women with a prepregnancy diagnosis of chronic
hypertension, diabetes mellitus, SLE, CKD, or APLS
were identified and matched for maternal age and
body mass index (BMI) in a 1:2 ratio with women
without any of these comorbidities. We selected a
matched cohort to facilitate a detailed record review
of a smaller subset of patients. Matching on age and
BMI also led to more balanced groups at baseline for in
other characteristics, such as parity. CKD was defined
as a prepregnancy estimated glomerular filtration rate
<60 ml/min/1.73 m? or a diagnosed pathology (e.g.
Goodpasture’s disease, IgA nephropathy) with a creati-
nine >80 pumol/L at pregnancy booking. Diagnoses of
preeclampsia were confirmed through record review,
using the 2014 International Society for the Study of
Hypertension in Pregnancy (ISSHP) criteria (23), as
this was the guideline in use for most of the study
period. Women with preexisting proteinuria or hyper-
tension required another feature of organ dysfunction
to meet the definition of preeclampsia (23) . For
women with multiple pregnancies complicated by pre-
eclampsia in the study period, the first pregnancy was
selected.

Data regarding maternal demographics, clinical pre-
sentation, biochemical markers of disease, and maternal
and neonatal outcomes were extracted from medical
records. Maternal demographics included age, BMI,
parity, aspirin use, and whether women smoked
through pregnancy. Age and BMI were recorded at
booking visit, most commonly between 12 and
16 weeks gestation. Women at our center are routinely
offered aspirin if they are at high risk of preeclampsia
due to a past history of preeclampsia, medical comor-
bidities, family history of preeclampsia, age >40 years,
BMI >35 km/%, nulliparity, or having a multiple preg-
nancy. Clinical data included signs and symptoms that
were documented in the week prior to delivery, the
highest systolic and diastolic blood pressure (mmHg),
and anti-hypertensive  medication requirements.
Biochemical markers recorded included creatinine
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(umol/L), alanine transaminase (ALT) (IU/L), platelet
count (x 10°/L), uric acid (umol/L) and urine protein:
creatinine ratio (UPCR) (mg/mmol). The most extreme
measurement in the week prior to delivery was
recorded. Maternal outcomes included gestation at
diagnosis of preeclampsia and gestation at delivery,
length of stay post-partum, development of HELLP
syndrome, and any severe complications; defined as a
composite of at least one of eclampsia, placental abrup-
tion, acute pulmonary edema, acute kidney injury, and
intensive care unit (ICU) admission. Gestation at diag-
nosis was recorded as when a woman first met the
diagnostic criteria for preeclampsia.

Perinatal outcomes included birthweight, stillbirth,
and need for admission to and length of stay in special-
care nursery (SCN) or neonatal ICU (NICU). Subgroup
analysis was performed for early-onset (diagnosed prior
to 34 weeks’ gestation) and late-onset (diagnosed from
34 weeks’ gestation onwards) preeclampsia.

Statistical analysis

Descriptive statistics were computed for all data, with
dichotomous outcomes presented as a number (%).
Continuous outcomes were assessed for normality
with the Shapiro-Wilk test, and are displayed as
mean (standard deviation) or median (interquartile
range) for continuous outcomes. Dichotomous out-
comes were compared using conditional logistic
regression, controlling for maternal age and BMI
Where necessary, bootstrap resampling was used to
produce a robust estimate. P values for the differ-
ences in continuous outcomes were determined using
generalized estimating equations, with the matching
strata as a random effect. Statistical tests were two-
sided, and P < 0.05 was considered statistically sig-
nificant. Statistical analyses were performed using R
version 4.0.2 (The R Foundation for Statistical
Computing, Vienna, Austria).

Results
Study participants

There were 1180 women with a recorded diagnosis of
preeclampsia who delivered during the study period. Of
these, 158 women with medical comorbidities met the
criteria for preeclampsia, and once matched with 316
controls, 474 women were included in the analysis.
Overall, 181 (38%) women had early-onset preeclamp-
sia (91 with and 90 without comorbidities), and 293
(62%) had late-onset disease (67 with and 226 without
comorbidities). The cohorts of women with and
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without comorbidities were comparable at baseline
(Table 1). Chronic hypertension was the most common
medical comorbidity, with 67.7% of women having a
preexisting diagnosis (Table 1).

Maternal and perinatal outcomes

Tables 2 and 3 display maternal and perinatal compli-
cations and data on diagnosis and delivery of women
with and without comorbidity.

Diagnosis and delivery

Women with comorbidities were diagnosed with pre-
eclampsia at a median (interquartile range) of 33.2
(30.3— 36.2) weeks, compared to women without
comorbidities who were diagnosed at 36.9 (33.4—
38.7) weeks (p < 0.001). Those without comorbidities
also delivered earlier, at 35.0 (31.6— 37.1) weeks com-
pared to 37.4 (35.2— 39.1) weeks. Women with comor-
bidities were less likely to be induced (40.5% vs 58.2%,
aOR 0.48 (0.32— 0.71)) than women without comor-
bidities but were more likely to have a prelabor cesar-
ean section (55.1% vs 32.3%, aOR 2.56 (1.72— 3.79)
(Table 2).

Among women diagnosed with early-onset pree-
clampsia, there were no significant differences
between those with and without comorbidities in
gestation at delivery or labor onset. Conversely,
among women diagnosed with late-onset preeclampsia,
women with comorbidities delivered earlier (37.1

Table 1. Baseline demographics of the study population. Data
expressed as mean (SD), median (IQR), or number (%). SLE =
Systemic Lupus Erythematosus; APLS = antiphospholipid syn-
drome; CKD = chronic kidney disease.

Women with Women without
Demographics  comorbidities (n = 158) comorbidities (n = 316)
Age (years) 33.6 (5.0) 32.6 (5.4)
BMI (kg/m?) 32.6 (8.2) 32.5 (8.4)
Current smoker 12 (7.6%) 26 (8.2%)
(yes/no)
Nulliparous 74 (46.8%) 161 (50.9%)
Aspirin use 28 (17.7%) 14 (4.4%)
Comorbidities
Hypertension 107 (67.7%) 0 (0%)
Type 1 Diabetes 27 (17.1%) 0 (0%)
Type 2 Diabetes 31 (19.6%) 0 (0%)
CKD 7 (4.4%) 0 (0%)
SLE/APLS 14 (8.9%) 0 (0%)
Ethnicity
Caucasian 101 (71.6%) 200 (63.3%)
South East Asian 15 (9.5%) 27 (8.5%)
South Asian 22 (13.9%) 50 (15.8%)
Other/not 20 (12.6%) 39 (12.3%)
specified

(1.7) vs 38.6 (2.3) weeks, p < 0.001); were less likely
to be induced (52.2% vs 70.4%, aOR 0.46 (0.26-0.81));
and more likely to have a prelabor cesarean section
(38.8% vs 18.6%, aOR 3.20 (1.70— 6.01))

(Table 3).

Complications

Fourteen women without comorbidities suffered severe
complications from preeclampsia, compared to just one
woman with a comorbidity (aOR 7.30, 95% CI 1.63—

Table 2. Maternal and neonatal outcomes. Results expressed as n (%) or mean (SD); ICU = intensive care unit. HELLP = haemolysis,
elevated liver enzymes, low platelets. NICU = neonatal intensive care unit. Any severe adverse outcome prespecified as a composite
of eclampsia, placental abruption, ICU admission, acute pulmonary edema, acute kidney injury, or maternal death within six weeks of

delivery.

Outcomes

Women with comorbidities (n = 158)

Women without comorbidities (n = 316)

aOR (95% ClI) or P value

Maternal outcomes

Gestation at diagnosis (weeks) 33.2 (30.3- 36.2)
Gestation at delivery (weeks) 35.0 (31.6- 37.1)
Labor onset

Spontaneous 7 (4.4%)
Induced 64 (40.5%)
No labor 87 (55.1%)
Complications

HELLP Syndrome 9 (5.7%)
Placental abruption 0 (0.0%)
Eclampsia 0 (0.0%)
Acute pulmonary edema 0 (0.0%)
Acute kidney injury 0 (0.0%)
ICU admission 1 (0.6%)
Any severe adverse outcome 1 (0.6%)
Neonatal

Stillbirth 6 (3.8%)
Birthweight (grams) 2305 (1368- 3222)
Birthweight <3rd centile 30 (19.0%)
NICU stay >2 days 60 (38.0%)

36.9 (33.4- 38.7)
35.2-39.1)

28 (8.9%)
184 (58.2%)
102 (32.3%)

6 (1.9%)
2860 (2026- 3455)
44 (13.9%)

41 (13.0%)

<0.001
<0.001

0.48 (0.21- 1.13)
0.48 (0.32- 0.71)
2.56 (1.72- 3.79)

1.41 (0.57- 3.34)

0.66 (0.03- 5.24)
0.14 (0.08- 0.70)

2.06 (0.65- 6.50)
<0.001

1.44 (0.87- 2.39)

4.57 (2.89-7.21)
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11.11). Ten women (11%) without comorbidities who
developed early-onset preeclampsia suffered any severe
adverse outcome, most commonly placental abruption
(n=06). (Table 3)

Seven women (including the one woman with a
comorbidity) who suffered a severe adverse outcome
developed their complications prior to being diagnosed
with preeclampsia. Four developed complications
within a day of being diagnosed with preeclampsia.
The other three developed their complications two,
four, seven and eight days after diagnosis.

Perinatal outcomes

Six women in each cohort had a stillbirth (aOR 2.06, 95%
CI 0.65— 6.50). All occurred in women with early onset
preeclampsia (6.6% (women with comorbidities) vs 6.7%
(women without comorbidities), aOR 0.99 (0.31-3.19)).
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Women with comorbidities gave birth to smaller
babies, with a birthweight of 2305 (1368-3222) grams
compared to 2860 (2026—3455) grams for women with-
out comorbidities (Table 2). However following sub-
group analysis, birthweights were not significantly
different between women with and without comorbid-
ities in either the early- or late-onset cohorts (Table 3).
There were also no significant differences in the num-
ber of babies born below the 3™ centile to mothers with
and without co-morbidities overall (Table 2), or in the
early-onset or late-onset groups (Table 3).

Babies born to mothers with comorbidities were
more likely to require NICU admission for more than
two days than were those born to mothers without
comorbidities (38.0% vs 13.0%, aOR 4.57 (2.89— 7.21))
(Table 2). This was limited to the early-onset cohort,
where 62.6% of babies born to mothers with comorbid-
ities required prolonged admission, compared to 35.6%

Table 3. Subgroup analysis of maternal and neonatal outcomes. Results expressed as n (%) or mean (SD); ICU = intensive care unit.
HELLP = haemolysis, elevated liver enzymes, low platelets. NICU = neonatal intensive care unit. Any severe adverse outcome
prespecified as a composite of eclampsia, placental abruption, ICU admission, acute pulmonary edema, acute kidney injury, or
maternal death within six weeks of delivery. Outcomes adjusted for age and BMI with conditional logistic regression or linear mixed

effects models.

Early-onset preeclampsia

Late-onset preeclampsia

Outcomes Women with Women without
Maternal comorbidities (n = 91) comorbidities
Gestation at 30.6 (4.9) (n =90)
diagnosis 32.3 (5.6) 30.8 (4.1)
(weeks) 32.1 (4.2)
Gestation at
delivery 1(1.1%)

(weeks) 29 (31.1%) 3 (3.4%)
Labor onset 61 (67.8%) 25 (28.4%)
Spontaneous 60 (68.2%)
Induced 8 (8.8%)

No labor 0 (0%) 11 (12.2%)
Complications 0 (0%) 6 (6.6%)
HELLP 0 (0%) 2 (2.2%)
Syndrome 0 (0%) 2 (2.2%)
Placental 0 (0%) 1(1.1%)
abruption 0 (0%) 2 (2.2%)
Eclampsia 10 (11.0%)
Acute

pulmonary 6 (6.6%)

edema 1630 (891) 6 (6.7%)
Acute kidney 27 (29.7%) 1538 (721)
injury 57 (62.6%) 20 (22.2%)
ICU admission 32 (35.6%)
Any severe

adverse

outcome

Neonatal

Stillbirth

Birthweight

(grams)

Birthweight

<3rd centile

NICU stay

>2 days

aOR (95% Cl) Women with Women without aOR (95%
or P value comorbidities comorbidities ClyorP

0.20 (n=67) (n = 226) value

37.9 (1.8) <0.001

0.85 36.6 (1.4) 37.9 (1.8)

37.1 (1.7) 38.6 (2.3) <0.001
0.26 (0.03- 6 (9.0%) 25 (11.1%)

2.55) 35 (52.2%) 159 (70.4%) 0.69 (0.27-
1.22 (0.63- 26 (38.8%) 42 (18.6%) 1.80)

2.34) 0.46 (0.26-
0.94 (0.50- 1(1.5%) 2 (0.9%) 0.81)

1.79) 0 (0%) 3 (1.3%) 3.20 (1.70-

0 (0%) 1 (<0.01%) 6.01)
0.69 (0.26- 0 (0%) 0 (0%)

1.81) 0 (0%) 1 (<0.01%) 1.70 (0.15-
0.00 (0 - =) 1(1.5%) 1 (<0.01%) 19.01)
0.00 (0 - =) 1(1.5%) 4 (1.8%) NA
0.00 (0 - =) NA
0.00 (0 - =) NA
0.00 (0 - =) 0 (0%) 0 (0%) NA
0.00 (0 - =) 3218 (704) 3132 (654) 0.29 (0.09-

3 (4.5%) 21 (9.3%) 1.09)
3 (4.5%) 9 (4.0%) 0.42 (0.04-
0.99 (0.31- 4.35)

3.19)

0.43
1.37 (0.70- NA

2.69) 0.44
2.12 (1.16- 0.50 (0.14-

3.89) 1.75)

1.00 (0.20-
4.95)
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of those born to mothers without comorbidities (aOR
2.12,95% CI 1.16— 3.89) (Table 3).

Maternal clinical phenotype

Tables 4 and 5 display data on biochemical markers
and signs and symptoms of preeclampsia.

Signs/symptoms

Women with comorbidities developed more signs and
symptoms of preeclampsia than did women without
comorbidities, including abdominal pain (25.9% vs
16.8%), edema (39.9% vs 16.8%), clonus (20.9% vs
8.5%), and nausea (12.0% vs 6.0%). They were less
likely to be diagnosed without any clinical features
(17.1% vs 28.0%) (Table 4).

Women with comorbidities developed higher systolic
blood pressures, with a median peak of
170.0 mmHg (IQR 160.0- 180.0) compared to 160.0
(150.0— 170.0) for women without comorbidities (p <
0.001). Median diastolic blood pressures were equal,
but diastolic blood pressures overall tended to be
higher in women with comorbidities (100.0 mmHg
(95.0— 110.0) for women with comorbidities compared
to 100.0 (90.0— 104.0) for those without (p < 0.001))
(Table 4).

In women with early-onset preeclampsia, most
signs and symptoms occurred with similar frequency
between those with and without comorbidities,
though women with comorbidities were more likely
to experience edema (44.0% vs 24.0%) and nausea
(9.0% vs 4.9%). There were no significant differences

in highest systolic or diastolic blood pressure
(Table 5).

Among women with late-onset disease, those with
comorbidities were more likely to develop signs and
symptoms such as abdominal pain (22.4% vs 10.2%),
edema (34.3% vs 13.7%), clonus (19.4% vs 4.4%) and
nausea (14.3% vs 8.9%). They were also less likely to
have no clinical features (13.4% vs 35.0%).

Biochemical markers

There were no significant differences in ALT, platelets,
uPCR or uric acid between women with and without
comorbidities, though women with comorbidities had
higher creatinine (67.0 (56.0— 82.0) umol/L compared
to 58.0 (52.0— 72.5)) (Table 4).

However, among women with early-onset pree-
clampsia, women without comorbidities developed sig-
nificantly lower platelet counts, higher uPCR and
higher uric acid levels compared to women with
comorbidities. In the late-onset cohort, there were no
significant differences in any markers except creatinine,
which was higher in women with comorbidities (p <
0.001) (Table 5).

For both cohorts of women, higher platelet counts
and lower ALT, uPCR, uric acid, creatinine, and blood
pressure, both systolic and diastolic, were all signifi-
cantly associated with a later gestation at delivery (all
p<0.01).

However, when comparing women who delivered at
the same gestational age, women with comorbidities
had higher platelet counts (estimated difference +12.8
x10°/L, 95% CI 1.0 to 24.7, p = 0.03), lower uric acid
(—22.2 pmol/L, 95% CI —42.7 to —1.7, p <0.001), lower

Table 4. Clinical and biochemical features of preeclampsia. Results expressed as median (IQR) or n (%). uPCR = urine protein:
creatinine ratio; ALT = alanine transaminase. P values calculated with linear mixed effects models. Odds Ratios adjusted for age and

BMI with conditional logistic regression (aOR).

Women with comorbidities (n = 158)

Women without comorbidities (n = 316) aOR (95% Cl) or P value

Biochemical markers

Creatinine (umol/L) 67.0 (56.0- 82.0)

ALT (IU/L) 17.0 (12.0- 26.0)

Platelets (x10°/L) 197.0 (152.0- 229.0)
0.07 (0.04- 0.27)

uPCR (mg/mmol)
Uric acid (umol/L)
Clinical features
Headache

Visual disturbance
Abdominal pain

Edema

Clonus

Nausea

Vomiting

No clinical features
Blood Pressure

Highest systolic (mmHg)
Highest diastolic (mmHg)

370.0 (316.0- 434.0)

170.0 (160.0- 180.0)
100.0 (95.0- 110.0)

58.0 (52.0- 72.5) <0.001

17.0 (12.0- 31.0) 0.16
188.0 (146.0- 242.0) 0.97

0.07 (0.04- 0.20) 0.64
382.0 (323.0- 452.0) 0.43

153 (48.4%)
68 (21.5%)
53 (16.8%)
53 (16.8%)
27 (8.5%)
19 (6.0%)
14 (8.9%)
87 (28%)

160.0 (150.0- 170.0)
100.0 (90.0- 104.0)

1.42 (0.97- 2.09)
0.88 (0.55- 1.41)
1.74 (1.09- 2.75)
3.45 (2.25- 5.34)
2.72 (1.56— 4.73)
2.11 (1.08- 4.10)
1.33 (0.56- 3.14)
0.54 (0.34- 0.88)

<0.001
<0.001
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Table 5. Subgroup analysis of clinical and biochemical features of preeclampsia. Results expressed as median (IQR) or n (%). uPCR = urine protein: creatinine ratio; ALT = alanine
transaminase. P values calculated with linear mixed effects models. Odds Ratios adjusted for age and BMI with conditional logistic regression (aOR).

Early-onset preeclampsia Late-onset preeclampsia
Biochemical markers ~ Women with comorbidites = Women without comorbidities aOR (95% Cl) or P Women with comorbidites =~ Women without comorbidities = aOR (95% Cl) or P

9¢

(n=91) (n =90) value (n =67) (n = 226) value
Creatinine (umol/L) 65.0 (52.2- 78.8) 67.0 (57.0- 83.0) 0.12 64.0 (54.5- 82.0) 57.0 (48.0- 70.0) <0.001
ALT (IU/L) 21.0 (14.0- 31.5) 25.0 (16.0- 78.0) 0.14 16.0 (10.5- 23.0) 15.0 (11.0- 24.0) 0.88
Platelets (x10°/L) 193.0 (146.5- 225.5) 162.5 (119.2- 206.8) 0.01 202.0 (172.0- 242.5) 201.0 (154.2- 246.0) 0.86
uPCR (mg/mmol) 0.07 (0.04- 0.29) 0.18 (0.06- 0.45) 0.001 0.07 (0.04- 0.24) 0.06 (0.04- 0.13) 0.49
Uric acid (umol/L) 383.0 (320.0- 445.0) 421.0 (358.5- 483.5) 0.03 353.0 (313.8- 423.0) 368.0 (309.0- 438.0) 0.54
Clinical features
Headache 60 (65.9%) 62 (68.9%) 1.00 (0.52- 1.94) 30 (44.8%) 91 (40.3%) 1.16 (0.66- 2.01)
Visual disturbance 20 (22.0%) 27 (30%) 0.68 (0.34- 1.35) 11 (16.4%) 41 (18.1%) 0.78 (0.37- 1.66)
Abdominal pain 26 (28.6%) 0 (33.3%) 0.83 (0.44- 1.57) 15 (22.4%) 23 (10.2%) 2.46 (1.16- 5.19)
Edema 40 (44.0%) 2 (24.4%) 2.91 (1.46- 5.80) 23 (34.3%) 31 (13.7%) 3.31 (1.74- 6.29)
Clonus 20 (22.0%) 17 (18.9%) 1.30 (0.61- 2.73) 13 (19.4%) 10 (4.4%) 6.05 (2.40- 15.25)
Nausea 13 (14.4%) 8 (8.9%) 1.58 (0.60- 4.13) 6 (9.0%) 11 (4.9%) 1.92 (0.67- 5.54)
Vomiting 8 (8.9%) 7 (7.8%) 0.88 (0.30- 2.60) 2 (3.0%) 6 (3.0%) 1.13 (0.22- 5.74)
No clinical features 18 (19.8%) 8 (8.9%) 2.34 (0.94- 5.79) 9 (13.4%) 79 (35.0%) 0.28 (0.13- 0.59)
Blood Pressure
Highest systolic 170.0 (160.0- 188.8) 170.0 (160.0- 180.0) 0.23 166.5 (150.0- 170.0) 160.0 (153.8- 180.0) 0.002
(mmHg) 100.0 (100.0- 110.0) 100.0 (98.0- 110.0) 0.65 100.0 (90.0- 100.0) 100.0 (90.0- 100.0) 0.25

Highest diastolic
(mmHg)

e (‘) AONVNOIYd NI NOISNILYIdAH
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ALT (-5.4 TU/L, 95% CI —9.9 to —0.8, p = 0.02) and
lower uPCR (—0.05 mg/mmol, 95% CI —0.10 to 0, p =
0.05), but higher systolic blood pressures (+5.3 mmHg,
95% CI 1.8 to 8.3, p = 0.003) and higher creatinine
(+6.0 umol/L, 95% CI 2.4 to 9.6, p = 0.001).

Discussion
Main findings

We compared the phenotype of preeclampsia between
women with and without comorbidities and found
several important differences. Compared to women
without comorbidities, women with comorbidities
were diagnosed and delivered at an earlier gestational
age and were more likely to have a prelabor cesarean
section. They also suffered fewer maternal complica-
tions. Neonatal complications were comparable
between women with and without comorbidities,
though neonates born to women with comorbidities
were more likely to be admitted to the NICU. Finally,
at time of delivery, women with comorbidities had less
severe disease biochemically, demonstrated by higher
platelet counts, and lower uric acid, ALT and urine
PCR, though their blood pressures were higher.
Finally, women with comorbidities had more signs
and symptoms of preeclampsia recorded.

Interpretation

The low rate of complications for women with comor-
bidities is likely to be a result of closer monitoring
during pregnancy, as well as earlier intervention. This
is a success for the management of these women. This
intervention also may not cause a significant increase in
neonatal harm, as among neonatal outcomes only
NICU admission in the early-onset cohort was signifi-
cantly different. However, we did not study other key
neonatal complications associated with prematurity,
such as respiratory distress syndrome.

Our findings highlight that preeclampsia is commonly
severe when it develops in women without comorbidities.
This underscores importance of developing and improv-
ing screening tools for women who appear to be at low
risk of developing preeclampsia, as well as improving the
monitoring of these women when preeclampsia does
develop, as they are at highest risk of complications.

However, our work also raises questions regarding
the diagnosis of preeclampsia in women with comor-
bidities. Preeclampsia poses a diagnostic dilemma when
women have preexisting hypertension or proteinuria.
Diagnostic criteria (24-26) in these instances are non-
specific and based on low-quality evidence.
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Considering the relatively milder disease phenotype
these women appear to have, clinicians may be diag-
nosing preeclampsia, and intervening, leading to earlier
delivery, at a lower clinical threshold for women when
they have comorbidities.

The high prevalence of symptoms — particularly
among women with late-onset preeclampsia — suggests
that clinicians may be relying on symptoms such as
edema and abdominal pain to diagnose preeclampsia.
However, these symptoms are common in uncompli-
cated pregnancies, such that in the year 2000, edema
was removed from the National High Blood Pressure
Education Program Working Group on High Blood
Pressure in Pregnancy diagnostic criteria (27), and sub-
sequent guidelines from other groups (28).

Earlier intervention is undoubtedly a major con-
tributor to the low occurrence of complications seen
in women with comorbidities. However, as demon-
strated by the high rate of NICU admission, this
comes with the prospect of neonatal harm. The question
that arises is whether pregnancy could be safely
prolonged without compromising maternal health.
The phenotype — particularly their biochemical markers
of disease — of women with comorbidities being milder
at time of delivery could indicate a lower threshold for
intervention — perhaps reflecting a higher level of
clinician concern owing to the presence of
comorbidities.

The benefits of prolonging pregnancy at very pre-
term gestations are equivocal, and it may, in some
cases, be safe to do so without risking maternal health,
thus avoiding unnecessary neonatal harm.

For women diagnosed at or near term, current
guidelines recommend delivery at 37 weeks’ gestation
for women with mild preeclampsia (13,29,30). The
HYPITAT trial (31) demonstrated that this reduced
maternal morbidity without compromising neonatal
outcomes.

Among women without preeclampsia, compared to
delivery at 39 or more weeks’ gestation, early term birth
is associated with increased neonatal mortality (32) and
morbidity, including NICU admission, sepsis, respira-
tory disease (33,34), and poorer neurodevelopmental
outcomes (35). If women with comorbidities are at
low risk of complications, then delivery at 37 weeks’
gestation may be causing undue neonatal harm.

Sparse research has compared the outcomes of pre-
eclampsia between women with and without comorbid-
ities. Tuuli et al. compared outcomes between women
with preeclampsia superimposed on chronic hyperten-
sion and de novo preeclampsia (36). They found similar
rates of complications, but more intervention-related
events such as early delivery and cesarean sections.



Our study agrees with these findings, but by virtue of
its sample size, provides a more detailed analysis by
gestation at delivery, and looks at the effect of diabetes
and obesity, not merely hypertension.

Neither the severity of preeclampsia nor its prognosis
have previously been compared between women
with and without comorbidities. However, our
findings appear to be in line with existing literature.
Powers et al. (19) have reported higher sFLT-1 and
lower PIGF in women with hypertension or diabetes
who develop preeclampsia compared to those that
don’t, but these changes are more modest than other
studies evaluating women at low-risk. Furthermore, an
elevated sFLT-1: PIGF ratio has been linked to
lower platelet counts (14), higher uric acid (15) and
ALT (14), more proteinuria (16), and an increased
risk of complications (17,18) — in short, a more severe
disease phenotype.

Existing literature thus suggests that, compared to
women at low-risk, women at high-risk of preeclampsia
may develop disease with a lower sFLT-1: PIGF ratio,
which would translate into a milder disease phenotype.
Our findings — particularly the low incidence of
complications and mild biochemical picture seen in
women with comorbidities — reflect this.

Strengths and limitations

Our study has limitations.

The comorbidities we have assessed are heteroge-

nous; however, they share underlying characteristics

— endothelial dysfunction prior to pregnancy, and a

predisposition to hypertension and/or proteinuria

that makes the diagnosis of preeclampsia challenging.

While the potentially most important finding of

our study was the lower frequency of complications
in women with comorbidities, there were only 15
cases of severe adverse outcome across the cohorts,
meaning further research should be undertaken
before firm conclusions are drawn.

Our in-depth record review is a strength. It offers a
highly detailed clinical picture of preeclampsia across
different cohorts. Research into preeclampsia com-
monly uses routinely collected data, which does not
allow for our detailed analysis. This detail has enabled
us to identify important areas for further research,
particularly around crucial questions such as the timing
of delivery. With medical comorbidities increasingly
prevalent in pregnancy, better understanding the phe-
notype of preeclampsia is crucial to guide both man-
agement and further research.
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Conclusion

Our research has identified important areas for further
investigation. It is crucial that the risk of complications
from preeclampsia and the severity of the disease phe-
notype be compared between women with and without
comorbidities on a larger scale. If our findings hold true
across larger populations, then research aimed toward
redefining diagnostic criteria for women with comor-
bidities and revision of the recommendations around
timing of birth would be warranted. Correspondingly,
improving the screening of women thought to be at low
risk of developing preeclampsia and their subsequent
monitoring is important, as it is clear these are the
women at highest risk of complications. Furthermore,
the implementation of the sFLT-1: PIGF ratio into
clinical guidelines must proceed with caution in
women with preexisting medical comorbidities, as
these women appear to have less angiogenic imbalance
compared to women without comorbidities. The use of
existing sFLT-1: PIGF ratios for ruling out preeclampsia
may inadvertently miss at-risk women with comorbid-
ities. Further prospective research is also needed given
the reduced risk of serious complications seen in this
population.
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Summary

To sum up, among women with preeclampsia, most complications occurred in women
without preexisting comorbidities. Women without comorbidities with early-onset
preeclampsia were at highest risk of complications, and tended to have more dysregulated
laboratory markers, particularly platelets, liver enzymes and uric acid. Hypertension and
proteinuria were the exception, which is perhaps to be expected given many women
had chronic hypertension or renal disease. Finally, and importantly, there was a
correlation between gestation at diagnosis and how severe the preeclampsia ultimately
was; but among women diagnosed at the same gestation, women with comorbidities
had a milder syndrome.

There are two important paths forward here. First, our key finding of the low rate of
complications from preeclampsia seen in women with comorbidities warrants further
study. We showed a big effect size, but the absolute numbers were small. We need
to confirm whether this holds true on a large scale. And if it does, what does that
say about who we are diagnosing with preeclampsia?

And so we move to Chapter Three.
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Chapter Three

“Doctors?” said Ron, looking startled. “Those Muggle nutters that cut people up?”
J.K. Rowling, Harry Potter and the Order of the Phoenix

Introduction

Women with comorbidities suffer fewer complications from preeclampsia than do
women who develop preeclampsia de novo. Is it true? It seems counterintuitive given
comorbidities are associated with a higher risk of other complications in pregnancy. However,
it fits with our original hypothesis: that women who have comorbidities will be
diagnosed with preeclampsia at a lower threshold, biochemically or clinically or both.

Our finding warrants investigation on a larger scale. Further, we did not study an
adequate range of neonatal outcomes. Managing preeclampsia is about balancing risks
to mother and fetus, not merely minimising risks to the mother. Thus we used whole
of state data from the Victorian Perinatal Data Collection to assess the association
between maternal comorbidities and complications from preeclampsia. We hypothesised
that among women with preeclampsia, those with comorbidities would have better
outcomes, but their neonates would suffer worse outcomes.
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Keywords: Objectives: To evaluate how medical comorbidities — chronic hypertension, pre-gestational or gestational diabetes
Preed?mPSia and obesity — influence maternal and neonatal complications from preeclampsia.

EZ:z?giﬁgzz Study design: We undertook a retrospective cohort study of women delivering in Victoria, Australia, between
Hypertension 2009 and 2017. We compared the likelihood of having a maternal complication before delivery or neonatal

complication after birth between women with and without comorbidities. We used causal mediation analysis for
neonatal outcomes to separate the effects of comorbidities and of prematurity on morbidity.

Main outcome measures: Pregnancy complications (eclampsia; haemolysis, elevated liver enzymes, low platelets
syndrome; placental abruption; stillbirth) and neonatal complications (respiratory distress syndrome; neonatal
sepsis; a 5-minute APGAR < 5; neonatal intensive care unit admission).

Results: Women with comorbidities delivered at a median (interquartile range) of 37.0 (36.0-39.0) weeks
gestation, earlier than women without comorbidities (38.0 (36.0-39.0) weeks, p < 0.001). Women with
comorbidities were less likely than those without to suffer any pregnancy complication prior to delivery
(adjusted relative risk 0.78, 95% confidence interval 0.72-0.86); however, their neonates suffered more respi-
ratory distress syndrome (aRR 1.43, 95% CI 1.31-1.57), neonatal sepsis (aRR 1.42, 95% CI 1.17-1.72) and NICU
admission (aRR 1.37, 95% CI 1.23-1.53). Earlier delivery was a major contributor to worse neonatal outcomes.
Conclusions: Medical comorbidities are associated with earlier delivery among women with preeclampsia. This is
associated with fewer maternal complications, but worse neonatal outcomes.

Placental abruption

1. Introduction vascular homeostasis — is often present prior to pregnancy in women

with medical comorbidities. This is largely secondary to reduced

Medical comorbidities — chiefly chronic hypertension, pregestational
and gestational diabetes mellitus and obesity — are increasingly prevalent
in pregnancy [1-3]. These comorbidities are associated with adverse
pregnancy outcomes: in particular, a markedly increased risk of
preeclampsia. This ranges from a 1.5 fold increased risk for women with
gestational diabetes, to a threefold increase for women with obesity; to
up to 20% of pregnant women with chronic hypertension developing
superimposed preeclampsia [4-8].

Preeclampsia is characterised by hypertension and organ dysfunc-
tion, arising secondary to widespread endothelial dysfunction and
oxidative stress [9]. Endothelial dysfunction — characterised by reduced
bioavailability of nitric oxide (NO), a molecule which is crucial for
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expression of endothelial nitric oxide synthase (eNOS), the key enzyme
for NO production [10-12]. These comorbidities are also associated
with increased release of reactive oxygen species, contributing to
widespread oxidative stress [13-15]. This preexisting endothelial
dysfunction and oxidative stress are thought to underscore the increased
risk of developing preeclampsia, potentially via reducing the degree of
angiogenic imbalance required for preeclampsia to develop [16].
These comorbidities also make a diagnosis of preeclampsia chal-
lenging, due to preexisting hypertension and/or proteinuria, or exag-
gerated exaggerated increases in proteinuria during pregnancy [17].
Given the susceptibility of women with these comorbidities to being
diagnosed with preeclampsia and the increasing prevalence of these

2210-7789/© 2021 International Society for the Study of Hypertension in Pregnancy. Published by Elsevier B.V. All rights reserved.
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conditions in pregnancy, we evaluated the influence of these comor-
bidities on maternal and neonatal outcomes in pregnancies complicated
by preeclampsia.

2. Methods

We conducted a retrospective cohort study of pregnancies compli-
cated by preeclampsia between 2009 and 2017 in Victoria, Australia.
Data was sourced from the Victorian Perinatal Data Collection — a sur-
veillance system that collects data including maternal demographics,
obstetric procedures and complications and perinatal morbidity and
mortality — on all births after 20 weeks’ gestation or, if gestation is not
known, >400 g birthweight in Victoria.

We compared outcomes between women that had a diagnosis of
chronic hypertension, pregestational or gestational diabetes mellitus or
obesity against women who developed preeclampsia without these
comorbidities.

2.1. Exposures

The Victorian Perinatal Data collection uses ICD-10 coding for
recording medical comorbidities and pregnancy complications. Women
in our cohort were identified using ICD-10 codes for preeclampsia
(014), chronic hypertension (110-14, 010-11) and pregestational or
gestational diabetes mellitus (E10-14, 024.0-024.4, 024.9). Obesity
was defined as a body mass index >30 kg/mz, based off self-reported
weight at time of conception. We excluded women with preexisting
chronic kidney disease or systemic lupus erythematosus, as these tend to
be poorly documented on a population level.

We assessed basic demographic data (age, BMI, region of birth,
smoking status, parity); gestation at delivery and mode of birth; and
maternal and neonatal morbidity and mortality.

2.2. Outcomes

Antenatal complications included were haemolysis, elevated liver
enzymes and low platelets (HELLP) syndrome (014.2), placental
abruption (045); eclampsia (015); a need for high dependency care;
stillbirth; and birthweight below the third centile. High dependency care
includes both women receiving such care on the labour ward, as well as
traditional high dependency unit or intensive care unit admission. We
report stillbirth and low birthweight as antenatal outcomes as they arise
due to an insult during pregnancy, and the risk of each developing in-
creases as pregnancy continues. Birthweight centiles were calculated
using local population charts [18]. We also report a composite of severe
pregnancy complications — HELLP syndrome, eclampsia, placental
abruption, or stillbirth.

For neonatal outcomes, we focused on a core set of common out-
comes that occur at both term and preterm gestations that are likely to
be accurately captured on a population level. These included neonatal
sepsis (P36), respiratory distress syndrome (P22.0, P22.8, P22.9, P96.8),
NICU admission and a 5-minute APGAR score lower than 5.

2.3. Statistical analysis

Descriptive statistics were computed for baseline demographics and
compared between groups using Poisson regression. Dichotomous out-
comes are presented as number and percentage; continuous outcomes as
median (interquartile range (IQR)) or mean (standard deviation (SD)) as
appropriate. For statistical analyses, missing data was imputed by
multiple imputation with chained equations. Due to a large proportion
of women with gestational diabetes mellitus (GDM) not being diagnosed
until 28 weeks’ gestation, as well as the limited number of women
delivering in the second trimester, we restricted our analyses to women
delivering after 28 weeks’ gestation. As some women had more than one
comorbidity, all regression analyses adjust for the presence of other

&%
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comorbidities.

2.4. Pregnancy complications

For women with pre-eclampsia, we calculated adjusted relative risks
between the presence of co-morbidities and specified maternal outcomes
using modified Poisson regression, with age, BMI, country of birth,
smoking status, parity and other comorbidities considered as
confounders. We performed subgroup analysis of women delivering
between 28-32, 33-36, and 37 or more weeks’ gestation.

2.5. Neonatal complications

We calculated raw relative risks for each neonatal outcome. We then
used causal-mediation analysis to separate the effects of gestation at
delivery and maternal comorbidities on neonatal outcomes.

Causal mediation involves segmenting the overall effect of an
exposure (in this study, maternal comorbidities), into a natural direct
effect and a natural indirect effect.

The natural direct effect (NDE) is the effect of the exposure when
keeping the mediator at the level it would have been at without the
exposure (19). For example, the increase in risk of neonatal morbidity as
a result of having a comorbidity, if gestation at delivery was the same as
it would have been without a comorbidity.

The natural indirect effect (NIE) is the difference in the risk of the
outcome if all subjects were exposed, and the mediator was set to the
value it would take if unexposed. In our study, that is the difference in
risk between women with comorbidities who deliver at a given gesta-
tional age, compared to their risk if they had delivered at the gestational
age they would have if they did not have a comorbidity.

Thus, the NDE reflects the effect on neonatal morbidity due to
maternal comorbidities, and the NIE the effect on neonatal morbidity of
the earlier gestation at birth due to these comorbidities. Relative risks
for each of these two can be calculated.

The proportion of increased morbidity that is due to preterm birth
can be calculated by [20]:

]
RRnpe(RRyie — 1
Y%mediated by prematurity = NDEASENIE
RR  *RR— lpk

*100

We performed these analyses usmrg the medflex package [21].
Further details regarding causal mediation analysis can be found online
[19,21-23].

All statistical tests were two tailed, and a p value of <0.05 was
considered statistically significant. Analyses were performed in R
version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Study population

A total of 17,824 women with preeclampsia were included in the
study. Of these, 9,898 (55.5%) had no comorbidities; 1790 (10.0%) had
chronic hypertension; 2,363 (13.3%) had pregestational or gestational
diabetes mellitus and 5,772 (32.4%) had obesity. A total of 7,926
(44.5%) of women had at least one comorbidity.

There was missing data for BMI (1753 women (9.6%)), parity (109
women (0.6%)), smoking (2888 women (15.9%)), and maternal age (6
women (0.03%)).

3.2. Baseline demographics

Baseline demographics of study participants are in Table 1. Maternal
hypertension and diabetes were associated with older maternal age
(both p < 0.001); maternal hypertension, diabetes and obesity were
associated with a higher BMI (all p < 0.001). Women with comorbidities
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Table 1
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Baseline demographics by co-morbidity status for the study population. Data given as mean #* standard deviation, median (interquartile range), or number (pro-
portion). *P < 0.001, YyP < 0.05 compared to women without a comorbidity.

Demographics No comorbidity Chronic Hypertension (n = 1,790) Diabetes Mellitus (n = 2,363) Obesity Any comorbidity
(n=9,898) (n=5,772) (n=7,926)
Age (years) 30.2 £ 5.7 32.2 £ 5.7* 32.4 £ 5.6% 30.6 £ 6.0 31.0 £ 5.9*

BMI (kg/m?)
Nulliparous (%)
Smoking (%)
Region of birth
Australia

Europe

South Asian
Oceania

South East/East Asia

Africa/middle east
Americas
Other/unspecified

Gestation at delivery

243 (22.1 - 26.8)
6,976 (70.5%)
423 (4.3%)

6780 (69.1%)
456 (4.6%)
855 (8.7%)
258 (2.6%)
770 (7.8%)
522 (5.3%)
95 (1.0%)

79 (0.8%)

28.8 (24.6 — 34.4)*
1,018 (57.4%)*
74 (4.8%)

1,276 (71.3%)
69 (3.9%)
133 (7.4%)
53 (3.0%)
139 (7.8%)
90 (5.0%)

27 (1.5%)¢

3 (0.2%)

Weeks 38.0 (36.0 — 39.0) 37.0 (34.0 — 38.0)*
28 — 32 weeks 661 (6.7%) 306 (17.1%)*

33 - 36 weeks 2406 (24.3%) 581 (32.5%)*

37+ weeks 6831 (69.0%) 903 (50.4%)

Caesarean section
Total (%)
< 37 weeks (%) #

5103 (51.6%)
2311 (23.3%)

1188 (66.4%)
734 (41.0%)

30.5 (25.5 - 36.6)*
1,356 (57.9%)*
99 (4.8%)

1,453 (61.5%)
97 (4.1%)
311 (13.2%)*
101 (4.3%)*
231 (9.8%)*
134 (5.7%)*
28 (1.2%)

8 (0.3%)

37.0 (35.0 — 38.0)*

34.8 (32.0 - 38.9)*
3,337 (57.4%)*
337 (6.9%)*

4,655 (80.6%)
178 (3.1%)
242 (4.2%)
287 (5.0%)
142 (2.5%)
193 (3.4%)*
51 (0.9%)Y
24 (0.4%)*

37.0 (36.0 — 39.0)

33.0 (30.1 - 37.4) *
4610 (58.2%)*
413 (5.20)*

5914 (74.6%)
268 (3.4%)
558 (7.0%)
333 (4.2%)
415 (5.2%)
327 (4.1%)
80 (1.0%)

31 (0.4%)

37.0 (36.0 — 39.0)*

169 (7.2%)
858 (36.3%)*
1336 (56.5%)

341 (5.9%)
1451 (25.1%)
3980 (69.0%)ys

626 (7.9%)*
2163 (27.3%)*
5137 (64.8%)

1613 (68.3%)
829 (35.1%)

3458 (59.9%)
1416 (24.5%)

4885 (61.6%)*
2229 (28.1%)*

were less likely to be nulliparous (58.2% vs 80.5%, p < 0.001) than
those without comorbidities, while mothers with obesity were more
likely to smoke (6.9% vs 4.3%, p= 0.03). Compared to women without
comorbidities, women with obesity were more likely to be born in
Australia (80.6% vs 69.1%, p < 0.001) or Oceania (5.0% vs 2.6% p <
0.001); women with chronic hypertension in the Americas (1.5% vs
1.0%, p < 0.001). Women with diabetes were significantly less likely to
be born in Australia (61.5% vs 69.1%) and more likely to be born in
South (13.2% vs 8.7%) or South-East Asia (9.8% vs 7.8%) (all p <
0.001).

Women with hypertension and diabetes delivered at a median (IQR)
gestational age of 37.0 (34.0 — 38.0) weeks and 37.0 (35.0 — 38.0) weeks
respectively, both significantly earlier than women without comorbidities
(38.0 (36.0 — 39.0) weeks’ gestation)). Obesity was not associated with
earlier gestation at delivery (median (IQR) 37.0 (36.0 — 39.0) weeks).

Chronic hypertension significantly increased the risk of birth prior to
33 weeks’ gestation (aRR 3.27, 95% CI 2.86 — 3.73) and before 37
weeks’ gestation (1.52, 1.42 — 1.64). Maternal diabetes increased the

Antenatal composite
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risk of preterm birth (aRR 1.32, 95% CI (1.22 — 1.40)), while obesity
reduced the likelihood (0.94, 0.89 — 0.99). Hypertension (aRR 1.15, 95%
CI 1.08 — 1.22), diabetes (1.15, 1.10 — 1.22) and obesity (1.12, 1.08 -1.17)
were all associated with increased caesarean section rates. Maternal
hypertension and diabetes were also associated with a higher risk of a
caesarean prior to 37 weeks’ gestation (aRR 1.61, 95% CI 1.49 —

1.75 and 1.33, 1.23 — 1.44 respectively)).

4. Pregnancy complications

Fig. 1 and Table 2 compare the occurrence of complications between
women without comorbidities and with each comorbidity; Fig. 2 and
Table S1 compare women with any comorbidity against women without
comorbidities.

A total of 797 (10.0%) of women with a comorbidity suffered the
composite antenatal outcome, compared to 1236 (12.5%) of women
without comorbidities (aRR 0.78, 95% CI 0.72 — 0.86). This was largely
due to lower rates of HELLP syndrome (aRR 0.70, 95% CI 0.62 — 0.79)
and placental abruption (0.61, 0.45 — 0.82) among women with a

Placental abruption

. . No comorbidities

33-36 37 Pre-existing hypertension

weeks weeks weeks

.Req. high dependency care

Diabetes mellitus

Obesity

28-32
weeks

33-36 37+
weeks weeks

1 Gestational age at delivery

Fig. 1. Proportion of women with pre-eclampsia delivering who suffered complication prior to delivery, displayed by gestational age at delivery. Women without
comorbidities in black. * indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001, compared to women without that comorbidity. Adjusted relative risks and

confidence intervals for each comparison are in Table 2.
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Table 2

Antenatal outcomes for women with pre-eclampsia and each comorbidity. Relative risks calculated with Poisson regression, adjusted for age, BMI, country of birth,
smoking status, and parity. HELLP; haemolysis, elevated liver enzymes, low platelets syndrome. Composite antenatal outcome defined as one or more of eclampsia,
stillbirth, placental abruption, or HELLP syndrome.

No comorbidity (n = 9898) Hypertension (n = 1790) Diabetes (n = 2363) Obesity (n = 5772)
N (%) N (%) aRR (95% CI) N (%) aRR (95% CI) N (%) aRR (95% CI)
Eclampsia
Total 382 (3.9%) 81 (4.5%) 1.27 (1.01 - 1.59) 72 (3.0%) 0.77 (0.61 — 0.98) 204 (3.5%) 0.90 (0.76 — 1.06)
28 — 32 weeks 44 (6.7%) 22 (7.2%) 1.06 (0.94 — 1.19) 13 (7.7%) 1.12 (0.62 — 2.01) 27 (7.9%) 1.01 (0.90 — 1.12)
33 - 36 weeks 100 (4.2%) 21 (3.6%) 0.91 (0.58 — 1.42) 23 (2.7%) 0.61 (0.39 — 0.95) 62 (4.3%) 1.10 (0.80 — 1.52)
37+ weeks 239 (3.5%) 38 (4.2%) 1.27 (0.92 — 1.77) 36 (2.7%) 0.79 (0.56 — 1.11) 115 (2.9%) 0.78 (0.62 — 0.97)
Placental abruption
Total 126 (1.3%) 21 (1.2%) 1.13 (0.72 — 1.77) 15 (0.6%) 0.57 (0.33 - 0.97) 42 (0.7%) 0.63 (0.43 — 0.91)
28 — 32 weeks 35 (5.3%) 9 (2.9%) 0.61 (0.30 — 1.23) 6 (3.6%) 0.86 (0.36 — 2.06) 13 (3.8%) 0.80 (0.40 — 1.57)
33 — 36 weeks 47 (2.0%) 9 (1.6%) 1.14 (0.57 - 2.29) <5 (<0.5%) 0.29 (0.11 — 0.81) 14 (1.0%) 0.65 (0.37 — 1.14)
37+ weeks 46 (0.7%) <5 (<0.3%) 0.57 (0.18 — 1.81) 5 (0.4%) 0.66 (0.26 — 1.66) 15 (0.4%) 0.57 (0.31 — 1.04)
HELLP Syndrome
Total 760 (7.7%) 88 (4.9%) 0.74 (0.59 — 0.91) 152 (6.4%) 1.04 (0.88 — 1.23) 272 (4.7%) 0.66 (0.57 — 0.75)
28 — 32 weeks 170 (25.6%) 41 (13.4%) 0.44 (0.31-0.63) 35 (20.7%) 0.87 (0.58 — 1.30) 81 (23.8%) 0.98 (0.72 — 1.32)
33 — 36 weeks 296 (12.3%) 26 (4.5%) 0.43 (0.29 — 0.63) 67 (7.8%) 0.79 (0.61 — 0.99) 119 (8.2%) 0.77 (0.63 — 0.95)
37+ weeks 301 (4.4%) 21 (2.3%) 0.69 (0.45 — 1.07) 50 (3.7%) 1.31 (0.98 — 1.76) 72 (1.8%) 0.44 (0.34 - 0.56)
Stillbirth
Total 42 (0.4%) 7 (0.4%) 1.06 (0.48 — 2.31) 6 (0.3%) 0.65 (0.28 — 1.51) 18 (0.3%) 0.89 (0.48 — 1.66)
28 — 32 weeks 17 (2.6%) <5 (<1.5%) 0.58 (0.20 — 1.68) <5 (<3.0%) 0.26 (0.04 — 1.94) 7 (2.1%) 1.07 (0.39 — 2.94)
33 - 36 weeks 19 (0.8%) <5 (<0.5%) 0.83 (0.25 — 2.73) <5 (<0.5%) 0.33 (0.08 — 1.41) 7 (0.5%) 0.81 (0.35 — 1.87)
37+ weeks 6 (0.1%) 0 (0%) NA <5 (0.5%) 2.45 (0.64 — 9.33) <5 (<0.1%) 0.93 (0.26 — 3.35)
Composite antenatal
Total 1236 (12.5%) 190 (10.6%) 0.93 (0.81 — 1.07) 241 (10.2%) 0.90 (0.79 — 1.03) 526 (9.1%) 0.76 (0.69 — 0.84)
28— 32 weeks 242 (36.6%) 69 (22.5%) 0.61 (0.57 — 0.64) 52 (30.8%) 0.92 (0.87 — 0.98) 120 (35.2%) 1.00 (0.96 — 1.04)
33— 36 weeks 426 (17.7%) 60 (10.3%) 0.66 (0.51 — 0.84) 96 (11.2%) 0.69 (0.56 — 0.85) 197 (13.6%) 0.87 (0.74 — 1.03)
37+ weeks 578 (8.5%) 61 (6.8%) 0.94 (0.73 — 1.21) 93 (7.0%) 1.02 (0.83 — 1.25) 209 (5.3%) 0.63 (0.54 — 0.73)
Birthweight <3rd centile
Total 556 (5.6%) 96 (5.4%) 1.14 (0.93 — 1.40) 94 (4.0%) 0.75 (0.61 — 0.93) 214 (3.7%) 0.79 (0.67 — 0.92)
28— 32 weeks 36 (5.5%) 16 (5.2%) 0.99 (0.57 — 1.70) 8 (4.7%) 0.88 (0.43 — 1.81) 16 (4.7%) 0.84 (0.47 — 1.50)
33— 37 weeks 159 (6.6%) 32 (5.5%) 0.99 (0.69 — 1.43) 41 (4.8%) 0.78 (0.56 — 1.10) 60 (4.1%) 0.73 (0.54 — 1.00)
37 + weeks 363 (5.3%) 48 (5.3%) 1.23 (0.93 — 1.64) 45 (3.4%) 0.67 (0.50 — 0.91) 138 (3.5%) 0.76 (0.63 — 0.93)
HDU admission
Total 1245 (12.6%) 518 (28.9%) 2.48 (2.25 — 2.73) 359 (15.2%) 1.12 (1.00 — 1.26) 712 (12.3%) 0.82 (0.75 — 0.90)
28 — 32 weeks 212 (32.1%) 182 (59.5%) 1.71 (1.43 - 2.04) 166 (48.7%) 0.99 (0.77 — 1.27) 69 (40.8%) 1.11 (0.91 — 1.34)
33— 36 weeks 459 (19.1%) 167 (28.7%) 1.61 (1.36 — 1.91) 264 (18.2%) 1.07 (0.90 — 1.28) 176 (20.5%) 0.83 (0.71 — 0.96)
37+ weeks 574 (8.4%) 169 (18.7%) 2.51 (2.12 — 2.96) 282 (7.1%) 1.04 (0.85 — 1.27) 114 (8.5%) 0.73 (0.63 — 0.84)
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Fig. 2. Proportion of all women with pre-eclampsia delivering who suffered complication prior to delivery, displayed by gestational age at delivery. Antenatal
composite outcome refers to any of eclampsia, placental abruption, HELLP syndrome and stillbirth. * indicates P < 0.05; *** indicates P < 0.001, compared to women
with no comorbidity. Adjusted relative risks ratios and confidence intervals for each comparison are in Table S1.

comorbidity. Stillbirth and eclampsia rates did not differ significantly difference in the antenatal composite outcome overall, but those who
between women with and without comorbidities. delivered preterm were significantly less likely to have suffered the
For women with chronic hypertension there was no significant antenatal composite outcome — largely due to low rates of HELLP
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syndrome — and in contrast, they were more likely to develop eclampsia.
Chronic hypertension was also associated with a greater rate of high
dependency care.

Similarly, women with diabetes who delivered preterm were less
likely to have suffered a complication prior to birth. They had lower
rates of eclampsia and placental abruption at all gestational ages, while
there was no significant difference in stillbirth, HELLP syndrome, or
need for high dependency care compared to women without
comorbidities.

In contrast, obesity was associated with fewer complications among
women delivering at term, but not at preterm gestations. They had
significantly lower rates of placental abruption and HELLP syndrome
overall, and lower rates of eclampsia at term. They were also no more
likely to require high dependency care.

Women with obesity or diabetes were less likely to deliver a baby
with a birthweight below the 3rd centile, while there was no significant
difference for women with hypertension.

4.1. Neonatal outcomes

Raw relative risks for neonatal outcomes for mothers with each co-
morbidity are shown in Table S2. Maternal hypertension was associated
with increased rates of respiratory distress syndrome (RR 2.04, 95% CI
1.82 — 2.29), sepsis (2.09, 1.64 — 2.67) and NICU admission (3.37, 2.98 —
3.82). Diabetes was also associated with more respiratory distress syn-
drome (RR 1.35, 95% CI 1.20 — 1.52), sepsis (1.51, 1.18 — 1.93) and
NICU admission (1.26, 1.09 — 1.47). Obesity was associated with an
increased likelihood of respiratory distress syndrome (RR 1.23, 95% CI
1'1%5u%é316r21”e311%t1r%)%t gﬁgﬁ}gi?% r{g([)]ng(tia outeomes is shown in Table 3.

After adjustment for confounders (RRrotal effect), maternal hyper-
tension was associated with an increased risk of RDS (aRR 1.95, 95% CI
1.74 — 2.20), neonatal sepsis (2.08, 1.62 — 2.67), and NICU admission
(3.30, 2.91 - 3.75). This was predominantly mediated through preterm
birth, with 81%, 59% and 78% of the increase in risk, respectively,
attributable to earlier gestation at birth. The likelihood of a low APGAR
score was significantly increased (RRnie 1.39, 95% CI 1.27 — 1.52) by the
earlier gestation at birth associated with hypertension, but not by the
presence of hypertension itself (RRnoe 0.73, 95% CI 0.47 — 1.16).

Diabetes was similarly associated with increased rates of RDS (aRR
1.25,95% CI 1.10 — 1.41) and sepsis (1.44, 1.12 — 1.86), with 33.7% and
24.4% of the increase attributable to earlier gestation at birth. Earlier
delivery also increased the likelihood of a low APGAR score (RRni 1.11,
95% CI 1.08 — 1.14), but diabetes itself did not (RRnpe 0.68, 95% CI 0.44
-1.07).

Maternal obesity increased the likelihood of respiratory distress
syndrome, purely a result of the natural direct effect. Maternal obesity
did not significantly affect the likelihood of neonatal sepsis, NICU
admission or a low APGAR score.

5. Discussion
5.1. Main findings

We have assessed on a population level the association between
medical comorbidities and maternal and neonatal complications for
women with preeclampsia. This is the largest study exploring this rela-
tionship to date. We have shown that among women diagnosed with
preeclampsia, the presence of comorbidities is associated with fewer
maternal complications, but poorer neonatal outcomes. This discrepancy
likely arises, at least in part, due to women with comorbidities receiving
a greater degree of intervention than those without comorbidities —
demonstrated by earlier gestation at birth, a higher caesarean section
rate, and more frequent receipt of high dependency care. Our causal
mediation analysis shows that this earlier gestation at delivery is a
major driver of the increase in neonatal morbidity. Given these
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Table 3

Neonatal outcomes for women with pre-eclampsia and co-morbidities compared
with no co-morbidity: Causal mediation analysis results. RR, relative risk; NDE,
natural direct effect: the effect of maternal comorbidities independent of
gestation at delivery; NIE, natural indirect effect, the effect of gestation at de-
livery independent of comorbidities. Relative risks adjusted for age, BMI,
ethnicity, parity and smoking status

Perinatal morbidity Respiratory Neonatal NICU 5-minute
— causal mediation distress sepsis admission APGAR
analysis syndrome <5

No comaorbidities (n
=9,898)

N (%) 889 (9.0%) 195 (2.0%) 598 (6.0%) 110
(1.1%)
Hypertension (n =
1,790)
N (%) 354 (19.8%) 79 (4.4%) 343 21 (1.2%)
(19.2%)
RR7otal effect 1.95 (1.74 - 2.08 (1.62 3.30 (2.91 1.02 (0.65
2.20) -2.67) -3.75) —1.61)
RRnpE 1.18 (1.08 - 1.45 (1.15 1.59 (1.44 0.73 (0.47
1.29) -1.84) -1.75) —1.16)
RRnie 1.65 (1.55 - 1.43 (1.33 2.06 (1.86 1.39
1.77) -1.54) -2.28) (1.27 -
1.52)
% mediated by 81% 59% 78% 100%
gestation at
delivery
Diabetes (n =
2,363)
N(%) 327 (13.8%) 78 (3.3%) 203 (8.6%) 22 (0.9%)
RRrotal effect 1.25 (1.10 - 1.44 (1.12 1.12 (0.96— 0.76 (0.48
1.41) -1.86) 1.31) -1.19)
RRnDE 1.16 (1.04 — 1.33 (1.04 1.19 (1.05 0.68 (0.44
1.28) -1.69) -1.35) -1.07)
RRnig 1.07 (1.01 - 1.08 (1.05 0.94 (0.85 111
1.13) -1.12) —1.05) (1.08 -
1.14)
% mediated by 34% 24% 0% 100%
gestation at
delivery
Obesity (n = 5,772)
N(%) 688 (11.9%) 151 (2.6%) 366 (6.3%) 66 (1.1%)
RRrotal effect 1.11 (1.01 - 1.04 (0.84 0.98 (0.87 1.20 (0.87
1.23) —1.28) -1.12) —1.66)
RRnDE 1.18 (1.09 - 1.08 (0.88 1.01 (0.92 1.21 (0.88
1.29) -1.32) -1.12) —1.66)
RRnig 0.96 (0.92 — 0.97 (0.94 0.95 (0.87 0.98 (0.94
1.01) —1.00) —1.04) —1.03)
% mediated by 0% 0% 0% 0%
gestation at
delivery
Any comorbidity (n
= 7,926)
N (%) 1021 (12.9%) 222 (2.8%) 656 (8.3%) 90 (1.1%)
RRrotal effect 1.41 (1.29 - 1.49 (1.23 1.37 (1.22 1.00 (0.76
1.54) -1.81) -1.53) -1.31)
RRnpE 1.29 (1.20 - 1.38 (1.11 1.22 (1.11 0.93 (0.71
1.39) -1.61) -1.33) -1.22)
RRnig 1.10 (1.05 - 1.08 (1.04 1.12 (1.04 1.07
1.14) -1.10) -1.21) (1.05 -
1.10)
% mediated by 31% 23% 40% 0%
gestation at
delivery

differences in outcomes, existing literature regarding the management
of preeclampsia may not represent best practice when women have
preexisting hypertension, obesity, or pregestational or gestational
diabetes.

5.2. Interpretation

The challenge of managing preeclampsia is balancing the needs of
the neonate through minimising prematurity against the increased risk
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to the mother associated with prolonging pregnancy.

Given the major contribution of preterm delivery to neonatal
morbidity in our cohort, marked neonatal improvements may be seen by
prolonging gestation. Further research should investigate whether this is
safe for mothers in some circumstances. There is currently sparse
research comparing the severity of preeclampsia between women with
and without comorbidities. Given the relatively small number of com-
plications seen in women with comorbidities — particularly among
women delivering preterm — it may be safe to prolong pregnancy for
some women without unduly compromising maternal health. However,
the higher rates of intervention and the more frequent need for high
dependency care could equally indicate a more severe clinical picture, or
a lower threshold to initiate delivery or closer monitoring, and so there
remains insufficient data to recommend such an approach.

Improvements in care could also be made for women with pre-
eclampsia in the late preterm period. The HYPITAT trial [24] suggested
that for women with mild hypertensive disease at or beyond 36 weeks’
gestation, induction of labour instead of expectant management reduced
maternal complications without increasing neonatal morbidity. However,
the significant contribution of prematurity to poor neonatal outcomes,
combined with the lower likelihood of maternal complications for
women with comorbidities, may mean prolonging pregnancy further
could improve neonatal outcomes in some cases.

The potential benefits of prolonging pregnancy in women with pre-
eclampsia and these co-morbidities are also reflected in the relatively
low rate of complications associated with placental insufficiency —
stillbirth, a birthweight below the third centile, and placental abruption.
Diabetes and obesity are associated with an increased risk of both
stillbirth and fetal growth restriction, and chronic hypertension is
associated with all three [5,25,26] — yet these relationships appear
muted, or reversed, among women with preeclampsia. These compli-
cations arise due to a combination of maternal and placental factors
[27,28]. As the contribution from maternal characteristics is likely to be
greater in women with comorbidities than in those without, our results
may indicate milder placental pathology in women with comorbidities.
A less hostile placental environment for these women would also explain
the greater improvements their neonates see with prolonging gestation.

5.3. Strengths and limitations

Strengths of our research include the large sample size, the elimi-
nation of selection bias as a result of the population nature of the dataset,
and data collection in the Victorian Perinatal Data Collection has been
well validated [29]. We have also untangled the effects of comorbidities
and prematurity on neonatal outcomes, highlighting important areas for
further research and improvements to clinical practice. However, our
work has limitations.

Population level data requires outcomes and medical conditions to
be accurately recorded, but this cannot be verified. As such, complica-
tions such as HELLP syndrome are based only off diagnostic codes, not
laboratory-confirmed criteria. This is also a challenge regarding the
diagnosis of preeclampsia; women with comorbidities are susceptible to
having a diagnosis of preeclampsia recorded, but fail to meet a strict
research definition of the disease. However, this renders our findings
pragmatic, more closely reflecting clinical decision making than would a
stricter definition.

We have also analysed gestational diabetes together with pregesta-
tional diabetes. This was a limitation of the population-level data and
also required the censorship of women delivering prior to 28 weeks,
women with the most severe forms of preeclampsia. This does not
unduly detract from our conclusions. There is typically less clinical
equipoise when women develop preeclampsia so early in pregnancy,
and the question of whether it is safe to prolong pregnancy in women
with comorbidities is less relevant than it is for women who develop
preeclampsia later in pregnancy.

Finally, our work cannot comment on the prospective risk of
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complications from preeclampsia, information that is more useful to
clinicians faced with a woman with preeclampsia. Further research is
needed to determine to what extent our findings are due to a milder
clinical phenotype, and to what extent they result from closer monitoring
and more intervention.

6. Conclusion

We have undertaken a large, population-based study of women with
preeclampsia to compare the likelihood of maternal and neonatal
complications between women with and without comorbidities. We
found that women with comorbidities receive earlier iatrogenic inter-
vention, and this leads to fewer maternal but more neonatal complica-
tions. Further research should determine whether and in what
circumstances pregnancy can safely be prolonged for women with
comorbidities, in order to improve neonatal outcomes.
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Table S1. Maternal and neonatal outcomes for women with preeclampsia

No comorbidity (n = 9,898)

Any comorbidity (n = 7,926)

Maternal N (%) N (%) aRR (95% CI)
Eclampsia

Total 382 (3.9%) 294 (3.7%) 0.96 (0.82 — 1.11)
28 — 32 weeks 44 (6.7%) 46 (7.3%) 1.10 (0.73 - 1.67)
33 — 36 weeks 100 (4.2%) 86 (3.9%) 0.96 (0.72 — 1.28)
37+ weeks 239 (3.5%) 161 (3.1%) 0.90 (0.73 — 1.09)

Placental abruption

Total 126 (1.3%) 68 (0.8%) 0.61 (0.45 — 0.82)
28 — 32 weeks 35 (5.3%) 23 (3.6%) 0.69 (0.41 - 1.17)
33 — 36 weeks 47 (2.0%) 24 (1.1%) 0.61 (0.37 — 1.00)
37+ weeks 46 (0.7%) 19 (0.4%) 0.52 (0.30 — 0.89)
HELLP Syndrome

Total 760 (7.7%) 429 (5.4%) 0.70 (0.62 — 0.79)
28 — 32 weeks 170 (25.6%) 127 (20.3%) 0.79 (0.63 — 0.99)
33 — 36 weeks 296 (12.3%) 172 (8.0%) 0.65 (0.54 — 0.78)
37+ weeks 301 (4.4%) 123 (2.4%) 0.55 (0.45 — 0.68)
Stillbirth

Total 42 (0.4%) 25 (0.3%) 0.73 (0.45 - 1.20)
28 — 32 weeks 17 (2.6%) 9 (1.4%) 0.56 (0.25 — 1.25)
33 — 36 weeks 19 (0.8%) 10 (0.5%) 0.60 (0.28 — 1.30)
37+ weeks 6 (0.1%) 6 (0.1%) 1.33 (0.43 - 4.12)

Composite antenatal
Total

28 — 32 weeks
33 — 36 weeks
37+ weeks

1236 (12.5%)
242 (36.6%)
426 (17.7%)
578 (8.5%)

797 (10.0%)
192 (30.7%)
286 (13.2%)
309 (6.0%)

0.78 (0.72 — 0.86)
0.83 (0.68 — 1.00)
0.75 (0.64 — 0.87)
0.71 (0.62 — 0.82)

Birthweight <3™ centile
Total

556 (5.6%)

342 (4.3%)

0.80 (0.70 — 0.92)

28 — 32 weeks 36 (5.5%) 32 (5.1%) 0.94 (0.58 — 1.51)
33 — 37 weeks 159 (6.6%) 103 (4.8%) 0.75 (0.58 — 0.96)
37 + weeks 363 (5.3%) 205 (4.0%) 0.82 (0.69 — 0.98)
HDU admission

Total 1245 (12.6%) 1200 (15.1%) 1.22 (1.13 - 1.33)
28 — 32 weeks 212 (32.1%) 312 (49.8%) 1.56 (1.31 — 1.86)
33 — 36 weeks 459 (19.1%) 439 (20.3%) 1.19 (1.02 - 1.40)
37+ weeks 574 (8.4%) 449 (8.7%) 1.41 (1.20 — 1.65)
Neonatal N (%) N (%) Raw RR (95% Cl)

Respiratory distress 889 (9.0%) 1021 (12.9%) 1.43 (1.31 - 1.57)
syndrome

Neonatal sepsis 195 (2.0%) 222 (2.80%) 1.42 (1.17 - 1.72)
NICU admission 598 (6.0%) 656 (8.3%) 1.37 (1.23 - 1.53)
5 minute APGAR <5 110 (1.1%) 90 (1.1%) 1.00 (0.76 — 1.32)
Adjusted relative risks presented for maternal outcomes; raw relative risks for neonatal outcomes.

50




Table S2. Raw relative risks for each comorbidity for neonatal outcomes.

No Chronic Diabetes Obesity
comorbidity hypertension mellitus (n =5,772)
(n = 9,898) (n = 1,790) (n = 2,363)
Outcome N (%) N (%) RR N (%) RR N (%) RR

Respiratory

distress syndrome

889 (9.0%)

354 (19.8%)

2.04 (1.82 — 2.29)

327 (13.8%)

1.35 (1.20 — 1.52)

688 (11.9%)

1.23 (1.12 - 1.36)

Neonatal sepsis

195 (2.0%)

79 (4.4%)

2.09 (1.64 — 2.67)

78 (3.3%)

1.51 (1.18 — 1.93)

151 (2.6%)

1.15 (0.94 — 1.41)

NICU admission

598 (6.0%)

343 (19.2%)

3.37 (2.98 - 3.82)

203 (8.6%)

1.26 (1.09 — 1.47)

366 (6.3%)

1.10 (0.96 — 1.26)

5 minute APGAR <5

110 (1.1%)

21 (1.2%)

1.05 (0.65 — 1.61)

22 (0.9%)

0.81 (0.50 — 1.23)

66 (1.1%)

1.21 (0.89 — 1.65)

NICU; neonatal intensive care unit.
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Further analyses
Introduction

We undertook further analyses, which were
not included in the published manuscript due
to space reasons.

Rationale

As guidelines®>*®  routinely recommend
delivery at 37 weeks for women with mild
hypertension in pregnancy, we evaluated whether
the presence of comorbidities influenced neonatal
outcomes beyond 37 weeks. A 2019 individual
patient data meta-analysis of five randomized
control trials that compared maternal and
neonatal outcomes between expectant
management and immediate delivery, at either
34 or 36 weeks’ gestation, found that
immediate delivery was associated with a lower
incidence of HELLP Syndrome or eclampsia (RR
0.33, 95% Cl [0.15 — 0.73]), but an increased
likelihood of respiratory distress syndrome (RR
1.9 [1.3 - 3.6]).

We reasoned that as women with
comorbidities may have a milder phenotype of
preeclampsia, their incidence of both HELLP
syndrome/preeclampsia and respiratory distress
syndrome would be lower, and thus it may be
beneficial, if possible to do so safely, to prolong
pregnancy from 37 to 38 or 39- weeks.
However, to determine if this is even worth
studying, it is first necessary to determine
whether neonatal outcomes, such as respiratory
distress syndrome, would indeed be better, as
prolonging
increased risk of developing complications from

pregnancy always carries an

preeclampsia.

Methods

We compared gestational-age specific risks
of complications in the term period for women
with and without comorbidities using chi-square
tests for trend. Gestational age was treated as
an ordered categorical variable, consisting of

delivery at 37, 38, 39, or 40 or more weeks’
gestational age.

Results

The proportion of neonates born at each
gestational week beyond term who suffered
respiratory distress syndrome, sepsis, required
NICU admission or had a low APGAR score are
shown in Figure 3.

For neonates born to mothers without
comorbidities, delivery beyond 37 weeks’
gestation was associated with less respiratory
distress syndrome (x> = 5.8, p = 0.02) but an
increase in neonatal sepsis (x> = 114, p <
0.001), with no significant change to either NICU
admission rates (x> = 2.1, p = 0.55) or low
APGAR scores (x> = 0.4, p = 0.54).

However, for neonates born to women with
comorbidities, analysed as a group, delivery
beyond 37 weeks’ gestation was associated with
lower rates of both RDS (x> = 22.0, p < 0.001)
and sepsis (x> = 4.1, p = 0.04), though no
change to NICU admission (x> = 1.3, p = 0.26)
or low APGAR scores (x* = 1.2, p = 0.27).

For neonates born to women with
hypertension, delivery beyond 37 weeks was
associated with a significant decrease in RDS (x?

= 7.3, p = 0.01), but no change to sepsis (x> =
0.5, p = 0.56), NICU admission (x> = 2.2, p =
0.14) or low APGAR scores (x*2 = 0.5, p = 0.47).

If mothers had diabetes, longer gestation was
associated with less RDS (x> = 5.4, p = 0.02),
but no change in sepsis (x> = 1.3, p = 0.25),
NICU admissions (x> = 0.54, p = 0.46) or low

APGAR scores (x? = 0.94,p = 0.33). If mothers
had obesity, longer gestation was associated with
a fall in both RDS (x> = 25.9, p < 0.001) and
sepsis (x>= 5.1, p = 0.02), without changing NICU
admission (x> = 0.5, p = 0.47) or low APGAR
scores (x> = 0.7, p = 0.42).

Conclusion

For mothers without comorbidities,

delivering beyond 37 weeks’” gestation was



associated with a minor decrease in respiratory
distress syndrome, but a slight increase in
neonatal sepsis. In contrast, for women with
comorbidities, delivery beyond 37 weeks was
associated with lower rates of respiratory
distress and sepsis. Future research should
assess how prolonging gestation influences
maternal complications, given the potential for
neonatal benefits.
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Figure 3. Proportion of live births to mothers with and without comorbidities who suffered complications at term.

Proportion of live births
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Neonatal morbidity
Neonates born at 37 weeks in black; 38 through 40+ weeks in sequentially lighter grey. * indicates P < 0.05, ** indicates P

< 0.01, *** indicates P < 0.001, calculated using chi-square test for trend.
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Summary

Studies two and three complemented each other. Where study two looked at a small
cohort in great depth, study three looked at a large cohort in less detail. Across both,
we found comorbidities were associated with a lower rate of complications from
preeclampsia. This effect was strongest for women delivering earlier in gestation. We
surmised that this could be due to clinicians intervening — either diagnosing
preeclampsia, or initiating further management — at a lower threshold, due to a
presumption that these comorbidities would convey an increased risk of poor outcomes.
This makes sense, given the elevated risk these women face of pregnancy complications
in general. However, if these women are being unnecessarily diagnosed with
preeclampsia, this perception of elevated risk may be misguided. This could easily lead
to unnecessary intervention.

We've spent two studies looking at complications from preeclampsia. But now to the
other side of the same coin. Studying how any factor interacts with complications or
prognosis must be complemented by studying how that factor interacts with diagnosis.
The effect of improving prognosis must be separated from the effect of increasing the
apparent prevalence of a disease or syndrome, such as preeclampsia, without having a
bearing on outcomes. Imagine if, for every 1000 women, 10 developed eclampsia (the
true rate is far lower). If in one population we diagnosed 100 women with preeclampsia,
then the complication rate would be 10%; if in another population we diagnosed 200
women, the complication rate would be 5%. A “better prognosis” can simply mean a higher
apparent prevalence of a disease/syndrome, with no bearing on complications.

And so it is that diagnosis and prognosis are intertwined. Thus in Chapter Four we
studied how maternal characteristics would influence the course of blood pressure
through pregnancy. Blood pressure is the central element of preeclampsia, so formed
our primary outcome. We hypothesised that if, owing to maternal characteristics, there
were systematic differences in the trajectory and average level of blood pressure
throughout pregnancy, there would be systematic differences in the likelihood of
different women being diagnosed with preeclampsia, and thus systematic differences
in the prognosis for different women.
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Chapter Four

“Highly organized research is guaranteed to produce nothing new.”

— Frank Herbert, Dune

Introduction

In Chapters Two and Three, we demonstrated that among women diagnosed with
preeclampsia, comorbidities are associated with fewer complications. This could reflect an
increased likelihood of being diagnosed; a protective effect once the syndrome has set in; or
both. In this chapter we examine how maternal characteristics might affect the former.

If baseline maternal characteristics have a significant effect on the normal, physiological
course, using the exact same criteria for diagnosing preeclampsia would lead to some
women being unnecessarily diagnosed and thought to be at risk of complications; and
others not being diagnosed, despite being at high-risk, but not receiving the additional care
they might require.

Instead of restricting our cohort to women with a diagnosed comorbidity — such as
hypertension or obesity — we treated baseline blood pressure and BMI as continuous
variables. And while we were at it, we looked at some other maternal factors — age, parity,

whether or not they smoked during pregnancy, and region of birth.

Let's jump into Chapter Four.
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The association of maternal characteristics with
blood pressure variation through pregnancy

Michael Tanner!, Maya Reddy’?, Kirsten R. Palmer!?, Mary-Ann Davey!, Ben W. Mol*

!Department of Obstetrics & Gynaecology, Monash University, Clayton, Australia.
2Monash Women’s, Monash Health, Clayton, Australia.

Abstract

Objective: Recent work has questioned the use of 140/90mmHg as a uniform threshold to
diagnose hypertension in pregnancy. Maternal characteristics may contribute to unnecessary
diagnoses of hypertensive disorders of pregnancy.. Thus we evaluated the relationship
between the trajectory of blood pressure during pregnancy, and maternal characteristics
including blood pressure and body mass index.

Design: Retrospective cohort study.

Setting: One tertiary referral and two secondary hospitals.

Population: All women receiving antenatal care with at least one blood pressure
measurement taken prior to 16 weeks gestation (n =18,915).

Methods: We modelled blood pressure across pregnancy using mixed-effects linear spline
models. We used each maternal characteristic as a stand-alone predictor and as an
interaction with gestational age, to show their effects on both average blood pressure and
weekly change in blood pressure.

Main Outcome Measures: Systolic and diastolic blood pressure at a given gestational age.

Results: There was an inverse correlation between baseline blood pressure and the weekly
change in blood pressure in the first half of pregnancy. Blood pressure on average fell for
women with higher blood pressures, and increased for women with lower blood pressures.

Body mass index, age and other maternal characteristics had a smaller influence throughout
pregnancy.

Conclusions: Haemodynamic adaptation to pregnancy is influenced by maternal
characteristics, particularly blood pressure and body mass index. This may lead to
unnecessary diagnoses of hypertensive disorders of pregnancy.

Funding: None
Keywords: hypertension, haemodynamic, longitudinal, blood pressure, preeclampsia
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Introduction

The maternal cardiovascular system undergoes
major changes during pregnancy.! In the first five
weeks of pregnancy, dilation of the systemic
vasculature begins, leading to a fall in Systemic
Vascular Resistance (SVR), reaching a nadir in the
late second trimester.! This is accompanied by a
rise in Cardiac Output (CO). These haemodynamic
adaptations are crucial to ensuring adequate
uteroplacental perfusion.

A suboptimal endothelial adaptation can in the
second half of pregnancy manifest as hypertensive
(HDoP).2  Endothelial

dysfunction secondary to placental insufficiency

disorders of pregnancy
results in vasoconstriction and hypertension, and
when severe enough, preeclampsia. How blood
pressure changes across gestation may thus be
underlying pathology.
characterising its trajectory may help predict the

HDoP,

indicative of Accurately

development of or subsequent
complications.
It is widely held that blood pressure declines

through the first half of pregnancy, reaching its

lowest point at approximately 20-24 weeks
gestation.> However, this perspective was initially
supported by only a small number of studies

published in the mid-twentieth century.* °> More
recent research indicates that while diastolic blood
pressure (DBP) does indeed fall during the first half
of pregnancy, systolic blood pressure (SBP) may
follow a different trajectory. A recent meta- analysis®
and a large prospective study’ concluded that SBP
was at its lowest at around 10-12 weeks gestation,
while DBP did indeed reach a nadir at 20-21 weeks.
Other groups, however, have found that blood
pressure is indeed lowest at around 20 weeks for
both SBP and DBP. However, the difference between
first-trimester and mid-pregnancy was approximately
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1.5-2mmHg, a far cry from the 10- 15mmHg that has
been reported.®® Maternal characteristics have also
been shown to influence the course of blood pressure
through pregnancy.® In particular, risk factors for HDoP
such as obesity and older age are associated with
higher blood pressure in the first trimester, as well
as greater increases in blood pressure later in
pregnancy. This suggests that HDoP represents the
upper end of the spectrum of endothelial adaptation
to pregnancy, and resultant changes in blood
pressure and endothelialfunction.’

We link these developments to our work that
has evaluated whether a uniform blood pressure
threshold (i.e. 140/90mmHg) is appropriate for a
relation to
this

expert

diagnosis of HDoP, specifically with

preeclampsia. Guidelines recommending

threshold commonly cite statistical limits,
opinion or simplicity — not always primary data.!?
And risk factors such as hypertension and obesity,
that increase the likelihood of preeclampsia, may be
better but

neonatal outcome following a diagnosis. This could

associated with a maternal worse

suggest women being diagnosed and receiving
intervention at a lower clinical threshold. Thus our
interest was focused on the role of blood pressure
and body mass index (BMI).
We evaluated how maternal characteristics and
blood pressure are associated with the trajectory of
blood We

hypothesised that the course of blood pressure

pressure through pregnancy.
through pregnancy would vary depending on a
woman’s baseline blood pressure (bBP), as well as

her other characteristics including BMI and age.
Methods

This retrospective cohort study was undertaken
the
Melbourne,

at largest maternity service provider in

Australia. Monash Health provides

maternity care across one tertiary referral and two



secondary hospitals. Data on women receiving

pregnancy care is collected using the Birthing
(BOS)

clinicians fill in

Outcomes Summary database. During
data in 46

prespecified forms, across maternal personal and

antenatal care,
health details; pregnancy care requirements; blood

pressure measurements; medical and obstetric
history; and maternal and perinatal outcomes.

We used BOS database records to study all
woman who gave birth at Monash Health between
January 1, 2016 and December 31, 2019 to a fetus
at or after 20 weeks’ gestation, or greater than 400
birthweight

unknown. We excluded women with a multiple

grams if gestation at birth was
pregnancy and pregnancies complicated by a major
congenital fetal anomaly. We supplemented this
data with electronic medical records where key
Ethics
granted by Monash Health Human Research Ethics

Committee (#713135).
Outcomes

information was missing. approval was

Our primary outcomes were SBP and DBP at a
given gestational age in pregnancy.

Blood pressure is routinely measured and
recorded by trained midwifery and obstetric staff ,
with an appropriately sized cuff and the woman
seated. We excluded the small number of blood
pressure measurements that were implausible:
SBPs over 200mmHg or below 60mmHg at baseline,
and DBPs over 160mmHg at any time in pregnancy,
or below 35mmHg at baseline.

The predictors we used were gestational age
the blood pressure was measured (weeks); maternal
age (years), body mass index (kg/m?), region of
birth, smoking, parity and bBP. We only included
women with a first blood pressure measurement
prior to 16weeks’ gestation, and used the first blood

pressure available as the bBP. We then randomly

62

selected one blood pressure reading in each two
week period after 12 weeks’ gestation, to ensure
with a number of clustered

women large

measurements were not overrepresented.

Other predictors were recorded at the first
antenatal visit. Smoking was categorised as either a
current or non- smoker. Our database records
country of birth, which we used as a proxy for
ethnicity. We grouped these observations into
regions: Australia/New Zealand; South and East Asia
(including China); Africa; the Middle East; South and
Central America; Western Europe and North America;
and other. Parity was coded as nulliparous or
We also collected data on preexisting
comorbidities  (Obesity, Chronic
Diabetes Mellitus) and HDoP.

We included women who developed HDoP,
which differs

interested in

parous.
Hypertension,

from other studies. We were
the blood

pressure and body mass index on a continuous

association between
scale, viewing HDoP as the upper end of the

spectrum of suboptimal cardiovascular and
endothelial adaptation to pregnancy. Under this
approach, excluding women who developed HDoP
would bias our sample, as it would preferentially
exclude women with elevated blood pressure early
in pregnancy, leading to an overrepresentation of
women with lower blood pressures who are less

likely to be diagnosed with HDoP.
Statistical analysis

We modelled weekly blood pressure change
using a linear spline model relating blood pressure
to gestation. Knots were at 18, 32 and 36 weeks’
gestation. We identified the approximate locations
of the knots by using polynomial models to graph
the
gestation, then selected the knots that minimised

relationship between blood pressure and

the log-likelihood of the model.



We then used linear mixed-effects models to
analyse the association of each predictor with
average blood pressure and weekly blood pressure
The
represented the fixed effects, and each woman’s

change through pregnancy. predictor(s)
unique study identifier was a random effect.
We first

function of gestation alone to calculate the weekly

modelled blood pressure as a

change in blood pressure in each period in
pregnancy. We then added each predictor to the
model as both a constant term and as an
interaction with gestation. We scaled gestation to
have a value of zero at 12 weeks, which means
that the B for the constant term represents the
difference associated with that predictor at 12
weeks gestation. The B for the interaction with
the that
predictor with weekly change in blood pressure for
each spline segment (<18, 18 — 32, 32 — 36, or 36+

weeks’ gestation). The exception is for bBP, which

gestation represents association of

we added as a constant and interaction term

separately, which means the B represents the
difference on average throughout pregnancy.

We then created a multivariate model, which
included constant terms and interactions with
gestation for each predictor. We used backwards
stepwise selection with a p-value threshold of 0.10
to identify terms to remain in the final model.

For Figures 1 and S1, we used our models to
predict each woman’s blood pressure at week 12,
then used these to separate women into deciles.
Statistical analyses were performed in R version

4.0.2, using packages Ispline, Ime4 and ImerTest.
Results

We identified 31,077 women, with 185,178 BP
measurements. After excluding women without a
BP taken prior to 16 weeks’ gestation (n=12,173
(n=9,769

women) and clustered measurements
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measurements), we included 18,915 women with
116,829 BP measurements. Women had a median
7 (interquartile range [IQR] 4-7) visits. The median
gestation at first antenatal visit was 13.4 weeks
(11.9 — 14.6). Baseline data is in Table 1.

Table 1. Baseline demographics of the study
population (n=18,915)

Age (years) 31.2 (5.0)

BMI (kg/m?) 24.7 (22.0 - 28.8)
Nulliparous 7,541 (39.8%)
Smoker 1,765 (9.4%)
Region of birth

Australia 7,155 (37.9%)
South and East Asia (incl. 6,895 (36.5%)
China)

Middle East 1,698 (9.0%)
Africa 1,123 (5.9%)

1,903 (10.1%)
103 (0.5%)

Western Europe/North America
South and Central America

Other 132 (0.7%)
Comorbidities

Obesity 3,909 (20.7%)
Hypertension 198 (1.1%)
Diabetes 264 (1.4%)

Data given as mean (standard deviation), median
(interquartile range) or number (%).

Average blood pressure level and trajectory

through pregnancy

Across the whole cohort, mean SBP and DBP
decreased prior to 18 weeks gestation (SBP B =
-0.05, 95% confidence interval (Cl) [-0.09, -0.01];
DBP, B = -0.23 [-0.26, -0.20]). They both increased
between 18-32 weeks (SBP B = 0.20 [0.19, 0.22]
and DBP B = 0.13 [0.12, 0.14]), before accelerating
between 32-36 weeks (B = 0.50 [0.45, 0.55], and B
= 0.60 [0.56 — 0.64], respectively), and after 36
weeks gestation (B =1.03 [0.96, 1.10] and B = 0.77
[0.72, 0.82], respectively) (Table 2, Figures 1 and 2).



Table 2. Univariate analysis results for the relationship between each predictor and average blood pressure

Predictors Systolic Diastolic

Gestation B (95% Cl) P B (95% Cl) P
<18 weeks -0.05 (-0.09, -0.01) 0.01 -0.23 (-0.26,-0.20) <0.001
18-32 0.20(0.19, 0.22) <0.001 0.13(0.12,0.14) <0.001
32-36 0.50 (0.45, 0.55) <0.001 0.60 (0.56, 0.64) <0.001
36+ weeks 1.03 (0.96, 1.10) <0.001 0.77 (0.71, 0.82) <0.001
Baseline BP 0.55(0.55, 0.56) <0.001 0.47 (0.46, 0.48) <0.001
BMI (kg/m?) 0.69 (0.60, 0.78) <0.001 0.49(0.42,0.57) <0.001
Age (years) 0.34(0.22, 0.45) <0.001 0.24 (0.15, 0.34) <0.001
Nulliparity 1.07 (0.13, -2.26) 0.08 -0.30(0.66, -1.26) 0.54
Smoking 2.97 (0.64, 5.30) 0.01 0.85(-1.03, 2.72) 0.38
Region of birth

Australia Ref Ref Ref Ref
Africa -5.83 (-6.35, - 5.30) <0.001 -2.48 (-2.84,-2.11) <0.001
South/East Asia -5.70 (-5.98, -5.42) <0.001 -2.39 (-2.59,-2.20) <0.001
Middle East -6.86 (-7.30,-6.42) <0.001 -3.80(-4.10, -3.49) <0.001
South/ Central -2.73 (-3.93,-0.62) 0.007 -1.80(-2.96, -0.64) 0.002
America

Europe/America -2.10(-2.52,-1.68) <0.001 -0.88 (-1.18, -0.59) <0.001
Other -6.94 (-10.77,-3.12) <0.001 -3.60 (-6.29, -0.91) 0.009

Data given as mean (standard deviation), median (interquartile range) or number (%). B indicates association
with average blood pressure across pregnancy
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Figure 1 Trajectory of systolic blood pressure through pregnancy (A), separated into deciles of predicted systolic blood pressure at week 12 (B).
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Figure 2. Systolic blood pressure trajectory based on quartile of BMI and age; region of birth; and parity.
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Association of baseline blood pressure with

blood pressure trajectory

Data for the association between bBP and
blood pressure trajectory can be found in Tables 2
and 3 and Figure 1. bBP was positively associated
with a higher mean SBP and DBP through
pregnancy (B = 0.55, 95% Cl [0.54, 0.56] and B =
0.47 [0.46, 0.48], respectively) (Table 2).

Prior to 18 weeks, a bBP was negatively
associated with weekly change in both SBP and
DBP (B = -0.083 [-0.086, -0.080] and B = -0.101
[-0.104, -0.097]). The mean change per week prior
to 18 weeks for SBP was 10.13 — 0.093 x bBP, and
for DBP was 7.30 — 0.11 x bBP (Table 3).

Where these equal zero — 109mmHg for SBP,
66mmHg for DBP — is the threshold, above which,
prior to 18 weeks, blood pressure would on
average fall, and below which blood pressure
would on average rise (Figurel & Figure 2).

bBP was negatively associated with weekly
change in SBP and DBP between 18 and 32 weeks.
Baseline SBP was also negatively associated with
32-36 weeks,

after

weekly change between and

positively associated again 36 weeks

gestation. (Table 3).
Association of maternal characteristics

with blood pressure trajectory

Data for the association between maternal
characteristics and blood pressure trajectory can
be found in Tables 2and 3 and Figure 2.

A higher body mass index was associated with
a higher SBP and DBP at 12 weeks gestation (B =
0.69, 95% CI [0.60, 0.78] and B = 0.49, [0.42, 0.57],
respectively). A higher BMI was also associated
with a higher weekly change in SBP prior to 18
weeks, and a lower weekly change in both SBP and
DBP between 18 and 32 weeks.
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Older age was associated with a higher SBP
and DBP at 12 weeks (B = 0.34 [0.22 — 0.45] and
B = 0.24 [0.15, 0.34]),respectively.

Age was also associated with a lower weekly
SBP change prior to 18 weeks; a lower weekly
change for SBP and DBP between 18 and 32
weeks; and a higher weekly SBP change after 36
weeks (Table 2). Australian-born women had, on
average through pregnancy, the highest SBP and
DBP. Women born in the Middle East had the
lowest SBP and DBP. Region of birth had no
association with BP trajectory.

Smoking was associated with a higher SBP at
12 weeks (B = 2.97, [0.64, 5.30]), as well as a
lower weekly change between 18-32 weeks for
both SBP and DBP.

Nulliparity was not associated with a SBP or
DBP at 12 weeks. It was associated with a higher
weekly change prior to 18 weeks for SBP, and
between 18- 32 weeks for both SBP and DBP, and
after 36 weeksfor SBP.

Multivariate analysis

Table 4 displays results of our multivariate
analysis. For our final SBP model, there were
constant terms for bBP, BMI, smoking and region
of birth and interaction terms for baseline SBP,
BMI, and nulliparity. A higher baseline BP was
associated with a lower weekly change prior to 18
weeks and between 18 — 32 weeks. A higher BMI
was associated with a lower SBP at 12 weeks, but
a higher weekly change prior to 18weeks. Older
age was associated with a higher weekly SBP
change prior to 18 weeks gestation, but a lower
weekly change between 18 — 32 and 32 — 36
weeks. Nulliparity was associated with a higher
weekly SBP change prior to 18 weeks, between 18
— 32 weeks, and after
Smoking was associated with a higher SBP at 12

36 weeks’ gestation.



Table 3. Interaction of individual predictors with gestation

Predictors Systolic Diastolic
Baseline BP Spline segment B (95% Cl) P value B (95% Cl) P value
Gestation <18 weeks 9.07 (8.74,9.41) <0.001 6.49 (6.28, 6.74) <0.001
18— 32 weeks 0.59(0.46,0.73) <0.001 0.24(0.15, 0.33) <0.001
3236 weeks -0.08(-0.53,0.38) 0.74 0.43(0.13,0.74) <0.001
36+ weeks 1.86(1.21,2.51) <0.001 0.89(0.46,1.32) 0.005
Interaction <18 weeks -0.083 (-0.086, -0.080) <0.001 -0.101 (-0.104, -0.097) <0.001
18— 32 weeks -0.004 (-0.005, -0.003) <0.001 -0.002 (-0.003, -0.001) 0.007
32 -36 weeks 0.005 (0.001, 0.010) 0.01 0.003 (-0.002, 0.007) 0.23
36+ weeks -0.008 (-0.014, -0.002) 0.01 -0.002 (-0.009, 0.004) 0.49
BMI
Gestation <18 weeks -0.22 (-0.49, -0.03) 0.02 -0.24 (-0.39, -0.09) 0.001
18— 32 weeks 0.42(0.35,0.49) <0.001 0.26(0.20,0.31) <0.001
32 -36 weeks 0.44(0.21, 0.68) <0.001 0.54(0.36,0.73) <0.001
36+ weeks 1.00 (0.67, 1.33) <0.001 0.78(0.51, 1.05) <0.001
Interaction <18 weeks 0.007 (0.001, 0.013) 0.018 0.002 (-0.003, 0.007) 0.53
18— 32 weeks -0.009 (-0.011, -0.006) <0.001 -0.005 (-0.007, -0.003) <0.001
32 -36 weeks 0.003 (-0.006, 0.011) 0.53 0.003 (-0.04, 0.010) 0.47
36+ weeks 0.001 (-0.012, 0.014) 0.88 -0.006 (-0.011, 0.010) 0.91
Age
Gestation <18 weeks 0.39(0.13, 0.66) 0.004 -0.06 (-0.28, 0.15) 0.55
18— 32 weeks 0.43(0.33,0.52) <0.001 0.30(0.22,0.38) <0.001
3236 weeks 0.09(-0.22,0.41) 0.56 0.53(0.27,0.78) <0.001
36+ weeks 0.69(0.24, 1.15) 0.003 0.82(0.45,1.18) <0.001
Interaction <18 weeks -0.01 (-0.021, -0.006) <0.001 -0.005 (-0.012, 0.001) 0.08
18— 32 weeks -0.007 (-0.010, -0.004) <0.001 -0.005 (-0.008, -0.003) <0.001
3236 weeks 0.013 (0.003, 0.023) 0.01 0.002 (-0.006, 0.011) 0.57
36+ weeks 0.01 (-0.004, 0.025) 0.14 -0.002 (-0.013, 0.010) 0.79
Nulliparity
Gestation <18 weeks -0.07 (-0.004, 0.17) 0.013 -0.25 (-0.29, -0.21) <0.001
18— 32 weeks 0.17(0.05,0.11) <0.001 0.09(0.08,0.11) <0.001
3236 weeks 0.52(-0.12, 0.08) <0.001 0.61(0.56, 0.66) <0.001
36+ weeks 0.94(0.04,0.32) <0.001 0.68(0.60, 0.75) <0.001
Interaction <18 weeks 0.08(0.002, 0.020) 0.04 0.01(-0.05, 0.07) 0.77
18— 32 weeks 0.08(0.05,0.11) <0.001 0.10(0.08,0.13) <0.001
32 -36 weeks -0.02(-0.12,0.08) 0.73 -0.01(-0.09, 0.07) 0.78
36+ weeks 0.18(0.04,0.32) 0.01 0.17(0.06, 0.29) 0.003
Smoking
Gestation <18 weeks 0.05(-0.02,0.11) 0.16 -0.27 (-0.32,0.22) <0.001
18— 32 weeks 0.17(0.15, 0.20) <0.001 0.14(0.12,0.16) <0.001
32 -36 weeks 0.53(0.45, 0.60) <0.001 0.61(0.55, 0.67) <0.001
36+ weeks 1.01(0.91,1.11) <0.001 0.75(0.67,0.83) <0.001
Interaction <18 weeks -0.02 (-0.17, 0.13) 0.79 -0.02 (-0.14, 0.11) 0.81
18— 32 weeks 0.13(0.07,0.19) <0.001 0.07(0.02,0.12) 0.01
32 -36 weeks -0.18(-0.38,0.03) 0.09 -0.05(-0.21,0.12) 0.57
36+ weeks 0.10(-0.19, 0.38) 0.51 -0.04(-0.27,0.19) 0.76

Weekly change in blood pressure during each period of pregnancy equals the B for gestation plus the B for the predictor.
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Table 4. Multivariate analysis results
Predictors Systolic Diastolic
Constant terms B (95% Cl) P value B (95% Cl) P
Gestation
<18 weeks 9.47 (8.93, 10.02) <0.001 6.49 (5.89, 6.43) <0.001
18— 32 weeks 0.73(0.50, 0.96) <0.001 0.20(0.08, 0.32) <0.001
32-36 weeks -0.24 (-1.09, 0.62) 0.59 0.51(0.06, 0.96) 0.03
36+ weeks 0.53(-0.51, 1.57) 0.32 0.37(-0.37, 1.11) 0.13
Baseline BP 1.04 (1.02, 1.06) <0.001 1.06(0.99, 1.02) <0.001
BMI -0.09(-0.13,0.68) | <0.001 | -0.05(-0.08,-0.02) 0.002
Smoking during pregnancy 0.35(0.02, 0.68) 0.04 * *
Region of birth
Australia Ref Ref
Africa -2.51(-3.06,-2.15) | <0.001 | -1.12(-1.38,-0.86) | <0.001
South and East Asias -1.99 (-2.40,-1.87) <0.001 -0.85 (-0.98, -0.70) <0.001
Middle East -2.73(-3.35,-2.57) | <0.001 | -1.66(-1.88,-1.44) <0.001
South and Central America -1.31(-2.54, 0.26) 0.07 -0.85 (-1.68, -0.03) 0.08
Europe/North America -0.61 (-1.02, -0.20) 0.04 -0.42 (-0.63,-0.21) 0.31
Other -0.54 (-4.91, 3.83) 0.66 -1.59 (-3.51, 0.34) 0.69
Interactions with gestation
Baseline <18 weeks -0.12(-0.12, -0.11) <0.001 -0.14 (-0.13,-0.13) <0.001
BP 18 - 32 weeks | -0.003 (-0.005,-0.001)] 0.008 | 0.001 (-0.001, 0.002) 0.83
32-36 weeks | 0.005(-0.003,0.012) 0.22 0.000 (-0.005, 0.006) 0.21
36+ weeks -0.008 (-0.067, 0.051) 0.79 -0.02 (-0.07,-0.21) 0.42
BMI <18 weeks 0.11(0.10,0.12) <0.001 0.06 (0.06, 0.06) <0.001
18 —-32 weeks | -0.004 (-0.009, 0.002) 0.06 0.000 (-0.006, 0.001) 0.002
32 -36 weeks | -0.007 (-0.023,0.008)| 0.34 0.000 (-0.008, 0.009) 0.93
36+ weeks 0.073 (-0.005, 0.197) 0.24 0.018(0.003, 0.032) 0.02
Age <18 weeks 0.013 (0.005, 0.020) | <0.001 | 0.018(0.014,0.022) <0.001
18 - 32 weeks | -0.006 (-0.010, -0.002)[ 0.005 | -0.003(-0.005,-0.001)] 0.019
32-36 weeks | 0.012(-0.004,0.027) 0.14 0.001 (-0.009, 0.009) 0.92
36+ weeks -0.21(-0.34,-0.07) 0.002 | -0.031(-0.107,0.004) 0.42
Nulliparity <18 weeks 0.16 (0.08, 0.23) <0.001 0.04 (-0.03, 0.10) 0.25
18 — 32 weeks 0.07 (0.02,0.11) 0.003 0.11 (0.06, 0.11) <0.001
32 - 36 weeks 0.02(-0.14, 0.19) 0.78 0.02(-0.08, 0.11) 0.76
36+ weeks 0.22(-1.58, 1.15) 0.02 0.18(-0.60, 0.97) 0.02

B for constant term indicate association with week 12 blood pressure; coefficients for interactions indicate association with weekly
change in blood pressure. * = not included in final model.
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weeks. Australian-born women had the highest
SBP at 12 weeks, and women born in the Middle-
East the lowest.

For our final DBP model, there were constant
terms for baseline DBP, BMI and region of birth,
and interaction terms for baseline DBP, BMI, age
and nulliparity. A higher baseline DBP was
associated with a lower weekly change in DBP
prior to 18 weeks’ gestation. A higher BMI was
associated with a lower DBP at week 12, but a
higher weekly change prior to 18 weeks’
gestation. Age was associated with a higher weekly
change prior to 18 weeks. Nulliparity was
associated with a higher weekly change between
18 — 32 weeks and after 36 weeks’ gestation.
Australian-born women had the highest DBP at 12
weeks, and women born in the Middle-East the
lowest.

Discussion
Main Findings

Our data show an inverse relationship between
bBP and the magnitude of blood pressure change in
the first half of pregnancy; and relationships
between maternal characteristics, particularly BMI,
on blood pressure change throughout pregnancy.

The relationship between blood pressure early
in pregnancy and its subsequent course has been
observed, but the implications not discussed, in
existing literature. The ALSPAC! and
INTERGROWTH-2112 projects were large,
prospective studies that measured blood pressure
longitudinally during pregnancy, with the aim of
developing pregnancy-specific reference ranges. In
sub- analyses, the former found that for every
10mmHg higher a woman’s SBP was at 12 weeks, the
average difference was only 4mmHg at 20 weeks and
3mmHg at 37 weeks’ gestation.13 The latter
observed that women with a bBP in the lowest
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quartile experienced increasing blood pressure
throughout pregnancy, while the highest quartile
had falls in blood pressure in the second trimester
before increasing to pre-pregnancy levels at term.”
These observations indicate the same inverse
relationship as we have.

A limitation of both studies, and ours, was the
lack of preconception blood pressure
measurements. Haemodynamic adaptation begins
in the early weeks of pregnancy, and women
infrequently have pre-pregnancy blood pressure
measurements available. However, Shen et al'*
measured blood pressure from pre-conception to
post-birth in 1282 women, and found that the
lower a woman’s preconception blood pressure,
the less it fell (or the more it rose) during the first
half of pregnancy.

All three sets of data are in line with an
inverse relationship between bBP and its trajectory
in the first half of pregnancy. Reason and evidence
give us a possible explanation.

Pregnancy is a stress-test on the maternal
vascular system.’® The expansion of plasma volume,
a fall in SVR, and a compensatory rise in CO are key
to ensuring adequate uteroplacental perfusion.! It
is logical that the better a woman’s vascular
function prior to pregnancy, the more pronounced
her adaptive haemodynamic response to the stress
of pregnancy will be. Any system that has not been
stressed will have a bigger response to a stimulus
than a system that is already adapted to the same
stress.

Prospective research agrees. Elevated blood
pressure in younger people (e.g. pregnant women) is
driven by a higher CO, with relatively normal SVR.
This pattern reverses with age, as arteries stiffen and
SVR becomes the driver of elevated blood
pressure.’®’And there is a minimal difference in CO
during pregnancy between women with and without



pre-existing hypertension.'® Differences in blood

pressure during pregnancy are predominantly due to

a higher SVR for women with preexisting
hypertension.® This suggests an inverse relationship
between bBP and vasodilating capacity during

pregnancy — which would manifest as an inverse
relationship between bBP and the change in blood
pressure across gestation.

This hypothesis also fits with the effect of BMI
we have highlighted. Pregnancy-specific data on the
relationship between BMI and haemodynamics in
pregnancy remain sparse. However small prospective
that
haemodynamics are indexed to a woman’s body

studies indicate during pregnancy, when
surface area, obesity is associated with lower CO
SVR index.?%2! But

among people with the same blood

index and higher outside
pregnancy,
pressure, those with obesity tend to have a higher
CO but lower SVR; while among women with a
similar BMI, hypertension is associated with lower
CO and higher SVR.22 And from our data, among
women with the same blood pressure, those with a
higher BMI had a more rapid increase in blood
pressure in the first half of pregnancy, which would
result from an attenuated fall in SVR. This would
also result in a lower CO index and higher SVR index
for women with obesity.

A possible alternative explanation is that women
with a lower bBP have had their haemodynamic
adaptation occur earlier in pregnancy. If this were
true, then we would expect to see difference in the
timing of the mid-pregnancy plateau and third-
trimester inflection. But our data does not show this.
And a recent meta-analysis suggests that only 54-56%
of change in CO and SVR during pregnancy happens
prior to 14 weeks gestation.”?> Haemodynamic
adaptation may begin early in pregnancy, but it does

not stop until the third trimester.
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Strengths and limitations

That this was a retrospective study, with the
limitations they inherently entail, should limit the
conclusions drawn from it. However, our key results
align with prospective research and are plausible.

It has
blood pressure patterns we observed simply reflect

been suggested that the diverging
regression to the mean.!® Individual measurements
that are more extreme are likely to be followed by
measurements that are closer to the mean, leading
to all groups coalescing in a similar range. While
this pattern must be present to some extent, it
cannot fully explain our data. Interactions in our
models between gestation and blood pressure
that the

throughout pregnancy is dependent on where it

indicate course of blood pressure

began. Further, using mixed-effects models
accounts for the inherent correlation in a given
woman’s measurements.

We did not look at any outcomes that are in
and of themselves of relevance to clinician or
woman — stillbirth, or eclampsia, for example. For
our results to be meaningful, we must be able to
attribute to BMI or blood pressure a difference in

adverse outcomes, such as complications from

HDoP.
Implications

The internationally accepted threshold for
diagnosing hypertension in pregnancy is
140/90mmHg.2* But there is little compelling

evidence that it is the ideal cut-off, nor that we
should have a uniform threshold for all women. Its
continued use has been justified by statistical
limits,>> expert opinion, or ease of application.?

HDoP are best thought of as the upper end of
the spectrum of pregnancy-related changes in
endothelial function and blood pressure. Dose-

response relationships between HDoP and risk



factors such as blood pressure and BMI indicate
that
women with diagnosed chronic hypertension or

a“continuum of risk”%® is not isolated to
obesity, for example. These risk factors also shift
statistical limits — two standard deviations away
from the mean will be very different for a woman
with a BMI of 35kg/m? and a bBP 135/85mmHg, to
woman with a BMI of 20kg/m? and a bBP of
100/60mmHg. For many vyears, a rise in blood
pressure by >30mmHg systolic or 15mmHg diastolic
was considered sufficient to diagnose HDoP. 27-2°
This was abandoned in the late 1990s, when a

number of studies demonstrated that such a rise in

women who remained normotensive was not
associated with a higher rate of adverse
outcomes.3%31 A rise of this magnitude was

considered to fall “within the normal statistical
range”.”> However, the INTERGROWTH-21 project
observed that during pregnancy, fewer than 10% of
women had a rise in SBP by 24mmHg or DBP by
had a rise of
>34mmHg/26mmHg, at any time during pregnancy.’

18mmHg, and fewer than 3%
Perhaps abandoning relative blood pressure as a
criterion was hasty?

Our data is insufficient to answer this. And our
results are relevant only if what we have observed
translates into different outcomes from HDoP.
Preliminary work suggests that among women
diagnosed with preeclampsia, those with risk factors
such as chronic hypertension and obesity may
suffer fewer complications.3>33 This could reflect
over-diagnosis. Further research is needed as to
whether these differences in haemodynamics result

in any meaningful difference in severe morbidity.
Conclusion

The blood
pregnancy depends on baseline blood pressure, on

course of pressure  through
BMI, and on other maternal characteristics. This
likely indicates differences in the haemodynamic

adaptation to pregnancy. This could influence
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which women are diagnosed with HDoP. If this
results in any differences in clinical outcomes, that
should prompt a rethink of how we diagnose HDoP.
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Summary

Baseline blood pressure, body mass index, age and parity all influence the course of blood
pressure through pregnancy. But I’'m most interested in baseline blood pressure and BMI.
First, because their association with subsequent blood pressure is the strongest; and
second, because we have data tying both a high baseline blood pressure (i.e. essential
hypertension) and a high BMI (i.e. obesity) to fewer complications from preeclampsia.

As we discussed, fewer complications indicates that either these characteristics imbue a
protective effect on women with preeclampsia, or they contribute to a propensity for being
diagnosed with preeclampsia. Our data from Chapter Four indicates a logical explanation for
the latter. There are systematic differences in blood pressure throughout pregnancy
depending on maternal characteristics. And this will lead to systematic differences in how
likely women are to be diagnosed with preeclampsia. This leads to both under- and over-
diagnosis.

Consider two women at 34 weeks’ gestation, presenting with a blood pressure of
135/85mmHg and proteinuria. Should we be more concerned about the woman who has
obesity and type 2 diabetes and began pregnancy with a blood pressure of 130/80mmHg;
or the woman who had a baseline blood pressure at 90/60mmHg and has a low BMI? The
latter case is likely to be more concerning. But if the first woman has an ever-so-slightly
higher blood pressure, or sees a clinician who is concerned due to her obesity and diabetes,
she may be diagnosed (unnecessarily) while the second woman, who is likely at far higher
risk of complications, remains undiagnosed.

Furthermore, the associations we have seen between blood pressure and BMI are not
restricted to only those women above a certain threshold. The relationship is direct. A
woman does not need to have obesity or essential hypertension to expect to have her
blood to be influenced by these characteristics. There is a difference between a woman with
a BMI of 22 and a BMI of 27, just as there is between a woman with a BMI of 27 and a
woman with a BMI of 32. If, on a continuous scale, we see differences in blood pressure
associated with maternal characteristics, we will likely also see differences in the diagnosis
of preeclampsia and in the likelihood of complications.

Thus in Chapter Five we circled back to Chapter Two and Three. But this time we looked at
the direct relationship between baseline blood pressure and BMI and complications from
preeclampsia looked at the direct relationship between complications from preeclampsia, and
baseline blood pressure and BMI.
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Chapter Five

“We look for medicine to be an orderly field of knowledge and procedure. But it is
not. It is an imperfect science, an enterprise of constantly changing knowledge,
uncertain information, fallible individuals, and at the same time lives on the line.
There is science in what we do, yes, but also habit, intuition, and sometimes plain
old guessing. The gap between what we know and what we aim for persists. And
this gap complicates everything we do.”

Atul Gawande, Complications: A Surgeon's Notes on an Imperfect Science

Introduction

We observed in Chapters Two and Three a significant association between the presence
of comorbidities and the likelihood of complications from preeclampsia. We have
suggested that this association could arise due to systematic differences in either the
prognosis or the diagnosis of preeclampsia.

In Chapter Four we showed that there were direct, continuous relationships between
baseline BMI and blood pressure and the trajectory of blood pressure subsequently in
pregnancy. And so in Chapter Five we put these findings together. We look at the
women diagnosed with preeclampsia in Chapter Four, and we assess the relationship
between baseline blood pressure and BMI and complications from preeclampsia.

We hypothesised that given these differences in blood pressure trajectory, there would
be differences in the likelihood of complications from preeclampsia; and that those
women with a higher blood pressure and BMI at baseline would suffer fewer complications.
Not because these features are protective, but because these women may have been
diagnosed with preeclampsia unnecessarily.
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Key points

Question: Do maternal body mass index and baseline blood pressure influence the
likelihood of complications from preeclampsia?

Findings: Among women diagnosed with preeclampsia, a higher body mass index and a
higher blood pressure in the first half of pregnancy were associated with a lower
incidence of severe complications.

Meaning: Maternal characteristics are strongly associated with the likelihood of
complications  from preeclampsia. Using for all women the same threshold to
diagnose preeclampsia risks mischaracterising the prognosis of the syndrome.
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Abstract

Importance: Obesity and elevated blood pressure are risk factors for developing
preeclampsia. However, evidence is sparse regarding their effect on the outcomes from
preeclampsia.

Objective: To determine whether body mass index and blood pressure influence the
outcomes of women diagnosed with preeclampsia.

Design: This retrospective cohort study involved women giving birth following a diagnosis
of preeclampsia between 2016- 2019.

Setting: One tertiary and two secondary maternity hospitals.

Participants: Women diagnosed with preeclampsia (n = 671), identified via maternity
records.

Exposure: Body mass index and blood pressure.

Main outcome and measures: A composite of maternal complications, stillbirth, or a
birthweight below the third centile. Maternal complications included eclampsia, placental
abruption, haemolysis, elevated liver enzymes low platelets syndrome, death, or
intensive care unit admission. We evaluated the association between complications and
body mass index and blood pressure, using them first as continuous predictors, then
using them to divide the women into groups.

Results: Of the 671 women with preeclampsia we studied, 76 (11.3%) suffered a severe
complication. Higher body mass index and baseline blood pressure were associated with
fewer complications (risk ratio for an increase of 5kg/m? in body mass index 0.76, 95%
confidence interval [0.61, 0.93]; risk ratio for 10mmHg increase in mean arterial pressure
0.73 [0.59, 0.89]). The lowest rate of complications was seen in women with obesity
and a higher baseline blood pressure (6/149, 4.0%); the highest, women without obesity
and with a lower baseline blood pressure (48/293, 16.4%, OR 4.69 [2.10 — 12.4]).
Conclusions and relevance: Heavier women with a higher blood pressure are suffer
fewer complications following a diagnosis of preeclampsia. Some may be unnecessarily
diagnosed. This should spark a review of how we diagnose preeclampsia. Maternal
characteristics should form part of the equation.
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Introduction

Preeclampsia, the onset of hypertension and
organ dysfunction in pregnancy,! is associated
with 10-15% of maternal®>® and 10% of perinatal
mortality* globally. It develops when impaired
remodelling of the uterine spiral arteries leads
which

inflammatory and anti-angiogenic proteins into

to a hypoxic placenta, releases pro-

the maternal circulation.> Widespread endothelial

dysfunction develops, followed by organ
damage.®’
There remains no diagnostic test for

preeclampsia. Clinicians rely on clinical diagnosis,
which can be subjective. Two women may have
both hypertension and proteinuria, the cardinal
signs of preeclampsia; but the severity of their
syndrome, and their prognosis, may be vastly
different. A higher body mass index (BMI) is
associated with a higher blood pressure® and
proteinuria’® and
blood

associated with proteinuria.l%!! Proteinuria and

more through pregnancy;

higher pressure is independently

hypertension may, for heavier women with
higher blood pressures, reflect a physiological
response to pregnancy. In contrast, a woman
low BMI rapidly develops
hypertension and proteinuria in the early third

high

with a who

trimester is likely to be at risk of

complications.
Despite their differences, these women are

diagnosed and treated under the same
framework. There is little research observing
how their outcomes may differ. We thus

evaluated how maternal BMI and blood pressure
influence the likelihood of complications for

women diagnosed with preeclampsia.

Methods

Monash Health Humans Research Ethics
Committee approved the study (#73135). Data
were retrieved from Birthing Outcomes System
(BOS) database records. Clinicians record data
throughout pregnancies on BOS, including
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maternal demographics, pregnancy care, and
complications.

Women were included if they had delivered at
our institution between 2016 and 2019, were
diagnosed with preeclampsia, and had at least one
BP measurement taken prior to 16 weeks gestation.

Systolic and diastolic blood pressure and BMI
were taken from the first recorded visit. Mean
arterial pressure (MAP) was calculated as 1/3
2/3

and

systolic  plus diastolic blood pressure.

Preeclampsia other complications were
recorded as documented by treating staff. Our
primary outcome was the frequency of a composite
outcome of severe maternal complications,
stillbirth, a birthweight below the third centile, or
birth prior to 34 weeks gestation. Severe maternal
complications included maternal death, intensive
care unit (ICU) admission, placental abruption, or

eclampsia. Other outcomes included a 5 minute

APGAR score <7, neonatal ICU admission,
birthweight and gestation at delivery.
We wused Poisson regression to evaluate

associations between baseline MAP and BMI as
continuous variables and the likelihood of suffering
a complication. We then identified the BMI and
MAP cut-offs that had the highest area under
receiver operating curve (AUC) for identifying
women who did not develop complications. We
used these two cut-offs to divide the cohort into
four groups.

For each outcome, we calculated unadjusted
odds ratios (OR) and 95% confidence intervals (Cl).
We compared the highest risk with the lowest-risk
group; and the highest and lowest risk groups with
the other three groups.

Results

There were 671 women in our study. The
mean (standard deviation) age was 31.8 (5.6) years
and BMI 28.7 (6.6) kg/m?;, 54% were nulliparous
(Table 1); and 107 (15.9%) of women or their
neonates suffered a complication (Table 1).



Table 1. Baseline

Study

demographics and population
outcomes (n = 671)
Age (years) 31.8 (5.6)
Body mass index (kg/m?) 28.7 (6.6)

Parity
0

1-3
4+

358 (53.5%)
286 (42.6%)
27 (4%)

Region of birth
Australia

East/South East Asia
Middle East
Europe/North America
South/Central America
Africa

335 (49.9%)
199 (29.7%)
37 (5.5%)
67 (10.0%)
3 (0.4%)
30 (4.5%)

Smoked during pregnancy

52 (13.2%)

Any severe complication

107 (15.9%)

Maternal complication 17 (2.5%)
Placental Abruption 4 (0.6%)
Eclampsia 5 (0.7%)
ICU admission 8 (1.2%)
Stillbirth 4 (0.6%)
Birthweight <3™ centile 55 (8.2%)
Birth <34 weeks gestation 57 (8.5%)
Birth <37 weeks gestation 180 (26.8%)
NICU admission 57 (8.5%)
5 minute APGAR <7 22 (3.3%)

NICU, neonatal intensive care unit admission; Data

given as number (%) or mean (standard deviation).

A higher baseline MAP was associated with a
significant reduction in the odds of a severe
complication, (B = 0.97 [0.95, 0.99], p < 0.001); a
maternal complication (B = 0.95 [0.90, 0.99], p = 0.03);
and a birthweight below the third centile (B = 0.97
[0.94, 0.99], p = 0.019). There was no significant
association between baseline MAP and birth before
34- or 37- weeks gestation.

Group-wise analysis

A BMI cut-off of 30.5kg/m? and a MAP cutoff of
86mmHg (equal to 120/70mmHg) gave the highest
AUC for identifying women who suffered
complications. Thus we had four groups: Group 1
(n = 173) had a baseline MAP >86mmHg and BMI
>30.5kg/m?; Group 2 (n = 201), a baseline MAP
>86mmHg and BMI <30.5kg/m?; Group 3 (n = 59), a
MAP <86mmHg & BMI >30.5kg/m?; Group 4 (n =
238), a MAP <86mmHg, BMI <30.5kg/m?. (Figure
1).

Figure 1. Scatterplot of baseline MAP and BMI

BMI and baseline blood pressure

A higher baseline BMI was associated with a
significant reduction in the odds of any severe
complication (B = 0.95, 95% confidence interval
[0.91, 0.99], p = 0.01) and a birthweight below the
3rd centile (B = 0.95 [0.91, 0.99], p = 0.04); a
significantly higher birthweight (B = 20 [12-29], p <
0.001). Baseline BMI had no significant association
with maternal complications or birth before 34 or
37 weeks gestation.
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Table 2. Core maternal and neonatal outcomes, grouped by body mass index and mean arterial pressure.

Group 1 2 3 4 Risk Ratio/6 (95% CI)

N 172 202 58 239 4 versus 1 ‘ 4 versus 1-3 ‘ 2-4 versus 1
Core Outcomes

Any Severe complication 12 (7.0%)  30(14.9%) 11(19.0%) 54 (22.6%)| 3.89(2.08—-7.86)t | 2.09(1.37-3.17)f | 3.14 (1.74-6.16)%
Any maternal complication 2 (1.2%) 2 (1.0%) 0 (0.0%) 13 (5.4%) | 4.89(1.33-31.54)* | 6.15(2.15—-22.05)t| 2.63(0.73 —16.83)
Abruption 1(0.6%) 1(0.5%) 0 (0%) 2 (0.8%) - - -
Eclampsia 0 (0%) 1(0.5%) 0 (0%) 4 (1.7%) - - -

ICU Admission 1(0.6%) 0 (0%) 0 (0%) 7 (2.9%) - - -
Stillbirth 1 (0.6%) 1 (0.5%) 1(1.7%) 1 (0.4%) 0.72 (0.03 -18.20) 0.60(0.03-4.71) 1.03 (0.13 —20.90)
Birthweight <3™ centile 3 (1.7%) 17 (8.5%) 8(13.6%) 27 (11.3%)| 6.48(2.29-27.12)t | 1.74(1.02-2.96)* | 5.97 (2.20 —24.54)t
Birth <34 weeks gestation 8 (4.7%) 17 (8.4%)  8(13.8%)  24(10.0%)| 2.29(1.04-5.56)f | 1.35(0.77-2.33) | 2.23(1.09 —5.19)*

Other Outcomes

Birth <37 weeks gestation

44 (25.6%)

61 (30.2%)

14 (24.1%)

61 (25.5%)

1.00 (0.64 — 1.57)

0.90 (0.63 - 1.29)

1.09 (0.74 — 1.63)

NICU admission 11 (6.4%)  20(10.0%) 5 (8.5%) 21(8.8%) | 1.37(0.68-2.96) | 1.05(0.61—1.79) | 1.44(0.78-2.93)

5 minute APGAR <7 4 (2.3%) 9 (4.5%) 2 (3.4%) 7 (2.9%) 1.26 (0.38 - 4.81 0.84 (0.32-2.00) | 1.55(0.58-5.37)

Birthweight (g) 3155 (666) 2862 (746) 2975(931)  2851(793)| -305 (-155, -454)+ -140 (-261, -18)* | -289(-421,-157)+

Birth GA (weeks) 37.6 37.4 385 37.9 -0.2 (-0.7,0.3) 0.04 (-0.4, 0.4) -0.3(-0.7,0.2)
(36.9,39.0) (36.5,38.4) (37.1,39.9) (36.9,39.1)

left half of the table gives number (%), mean (standard deviation) or median (interquartile range) of each outcome; the right half gives risk ratios
ulated using Poisson regression or B coefficient calculated using linear regression and 95% confidence intervals. ICU, intensive care unit admission,
centile, birthweight below the third centile. 3™ centile, birthweight below the third centile; NICU, neonatal intensive care unit; Birth GA, Gestational
at birth. * denotes p < 0.05; T, p <0.01; #, p < 0.001. Group 1 had a baseline MAP >86mmHg and BMI >30.5kg/m?; Group 2 a baseline MAP >86mmHg
BMI <£30.5kg/m?; Group 3, a MAP <86mmHg & BMI >30.5kg/m?; Group 4, a MAP <86mmHg, BMI <30.5kg/m?.
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In Group 1, 12/172 women (7.0%) suffered
a severe complication, lower than women in
Group 2 (30/202, 14.9%); (11/58,
19.0%). A complication was most common in
Group 4 (54/238, 22.6%) (Table 2). Maternal
complications were rarest in Groups 1 -3 (0 —

Group 3

1.2%) and most common in Group 4 (5.4%).
Group 1 also had the lowest (1.7%) rate of
birthweights below the 3™ centile. Group 2’s
(8.5%),
Groups 3 and 4 were significantly higher (13.6%
and 11.3%).
resulting in delivery prior to 34 weeks gestation
was similar in Groups 2 — 4 (8.4% - 13.8%),
in Group 1 (4.7%).
However, rates of birth before 37 weeks gestation

was not significantly different while

The proportion of pregnancies

significantly higher than

were similar in all groups.

There were no significant differences in the
rate of NICU admission or a low APGAR score,
in the
between the groups.

nor differences length of gestation,

Discussion

In this retrospective cohort study of women
diagnosed with preeclampsia, a higher BMI and
blood pressure at baseline were strongly
associated with higher birthweights and a lower
likelihood of severe maternal complications or a
birthweight below the third centile.

Key findings

These findings likely reflect differences in
pathophysiology. There is a wealth of literature
cataloguing the differences between early-onset
preeclampsia, which arises before 34 weeks’
gestation, and the late- onset subtype, which
34

associated with

develops after weeks. Early-onset

preeclampsia is placental

insufficiency and angiogenic imbalance!? and

results in a severe syndrome.!® Late-onset

preeclampsia is linked to pre-existing maternal
endothelial dysfunction, and is associated with
fewer severe complications. The pathophysiology
different, as is the

for these women s

83

management they receive. Based on our data,

maternal characteristics may run parallel to
gestation at diagnosis; that is, the differences
between early-and late-onset preeclampsia are
likely to be the same as the differences between
women diagnosed with preeclampsia with and
without vascular risk factors.

This work questions how we diagnose
preeclampsia. The purpose of a diagnosis is to
characterise, and identify ways to alter, the
course of a pathological process.’* The low rate
of complications in women with a high BMI and
blood pressure suggests these women may be
the label of

preeclampsia is applied without these women

unnecessarily diagnosed, as

being at a correspondingly increased risk of

complications. The ideal management of
preeclampsia may differ depending on
maternal characteristics. Unnecessary
diagnoses and interventions can lead to

iatrogenic harm.

An alternative hypothesis is that women
starting pregnancy with a low BMI and blood
pressure are receiving inadequate monitoring, due
to a perception that they are at low risk of
complications. If this were to completely explain
the variance in frequency of complications, we
would expect to see the subgroups with the highest
rate of complications to have the lowest rate of
preterm birth, and vice-versa. However, our data
indicates that Group 1, with the lowest risk of
complications, also had the lowest risk of birth
prior to 34 weeks’ gestation. This indicates a
difference in clinical severity, not merely
surveillance practices. On the other hand, birth
prior to 37 weeks was similarly common in all
groups (24.1% - 30.2%). This suggests some role for
the variable surveillance hypothesis.
Strengths and limitations

This study is limited by its small sample size.
the

should compel further research. Our work could

However, large differences we observed

also be criticised for its reliance on the accurate



coding of preeclampsia diagnoses. Clinicians may
record a diagnosis of preeclampsia, even if a
strict research definition is not met. This is
selection bias. It means less-sick women are
likely to be identified as having preeclampsia,
and this is most likely to happen to women with
higher BMI and BP.

However, this bias pervades every diagnosis
of preeclampsia. As the diagnostic criteria has
widened to place organ dysfunction alongside
proteinuria,’>® the diagnosis of preeclampsia
has become more subjective. Women are more
likely to be diagnosed with preeclampsia if they
are heavier, with a higher BP. They are more
likely to be diagnosed, even if a strict research
definition is not met. This bias towards over-
diagnosis is what results in the vastly discrepant
outcomes from preeclampsia.

If we look again at data from Groups 1
and 4 again, complications occurred in 12/173
(7.0%) and 54/238 (22.6%). For this difference
to be purely due to selection bias, then the
expected complication rate would be 22.6% in
both groups. With 12 complications in Group 1,
the number diagnosed would have to be 53 -
leaving 120 (69%) of 173 women unnecessarily
diagnosed. But if 69% of diagnoses are
unnecessary, then of what value is the diagnosis?

Our data and conclusions are pragmatic. A
diagnosis should be easily and universally
applicable. A strict research definition may be
creating the problem it is trying to solve — that is,
ensuring all “like” cases are alike — by creating a

III

divide between “clinica and  “research”
preeclampsia. This reduces the generalisability of
research findings. It is better to have a single
definition that can be appropriately interpreted

in both contexts.

Conclusions

Maternal characteristics significantly
influence the likelihood of complications for
women diagnosed with preeclampsia. Diagnostic
criteria should account for this.
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Summary

The results from Chapter Five are striking. Fewer than 3% of women in the lowest-risk
group suffered complications — we may in fact be better off diagnosing not a single
one of these women with preeclampsia! In contrast, nearly 1 in 5 women who
developed preeclampsia with a low baseline blood pressure and BMI suffered
complications.

This indicates that women with a high blood pressure and BMI are being diagnosed
unnecessarily. There is no plausible explanation for why these comorbidities would
genuinely offer a protective effect. But it is highly plausible, and in line with our prior
expectations and findings throughout this thesis, that these characteristics are associated
with an increased likelihood of being diagnosed with preeclampsia.

Above all else, this raises the question — for those women in the lowest risk group,
should we even be diagnosing preeclampsia? | argue no. But even if the answer were
yes, should we be treating these two groups of women — with risks of complications
of 3% and 17% — the same? Surely not. If a diagnosis is to characterise the likelihood
of complications and guide treatment accordingly, these two prognoses must be
separated.

Chapter Five is my last analytical chapter. In Chapter Six, The Evolution of the Diagnostic
Criteria of Preeclampsia-Eclampsia, we review and appraise the evidence that has
underpinned the diagnostic criteria for preeclampsia through the past century, tying
together our findings and putting them into context.
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Chapter Six

“Writing laws is easy, but governing is difficult.”
Leo Tolstoy, War and Peace

“There is room enough for an awful lot of people to be right about things and still
not agree.” Kurt Vonnegut, The Sirens of Titan

Introduction

While most theses begin with a literature review, this thesis ends with one. The
executive summary of my thesis is that women with vascular risk factors are more
likely to be diagnosed with preeclampsia, but many of these diagnoses are unnecessary.
This demonstrates a flaw in how we diagnose preeclampsia. Different women with
highly variable prognoses are considered the same — in diagnosis, in management and
in research.

And so in Chapter Six we review the evidence that has guided the diagnostic criteria
of preeclampsia as it evolved through the second half of the 20th and the early 21st
century. How did we end up with this set of criteria? Is it the best we can do? And
if not, what should we do differently in the future, both in clinical practice and
research?

Chapter Six is my favourite chapter in this thesis, and it is the proudest | have been
of a piece of work. | hope you enjoy reading it as much as | enjoyed writing it.
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Introduction

Preeclampsia has a long history. It is a
major cause of maternal and perinatal
morbidity and mortality worldwide,
preceding complications ranging from
eclampsia and stroke to fetal growth re-
striction, prematurity, and stillbirth. As
clinicians’ understanding of the disease
has evolved, so too have the criteria by
which we diagnose the syndrome. The
so-called classic triad of hypertension,
proteinuria, and edema has been super-
seded with hypertension and organ
dysfunction, be it renal, hepatic, hema-
tological, neurologic, or placental, and it
1s now sufficient for a diagnosis. How-
ever, in recent guidelines, the diagnostic
criteria  for  preeclampsia  have
commonly been updates of previous
guidelines, often based on expert
opinion and consensus. Ideally, diag-
nostic categories should be based on
facts that help answer questions such as

the following: which characteristics
contribute to the patient’s prognosis?
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As the understanding of the pathophysiology of preeclampsia has improved, its diag-
nostc criera hare ero red. The c assca trad of nypertens on, edema, and prote nur a
has become hypertension and organ dysfunction—renal, hepatic, neurologic, hema-
0 0g ca, or uterop acenta . Ho wever, the most recent def n t ons have largely been
based off consensus and expert op non, not pr mary research. nth s review, we explore
ho 1/ the cr ter a hase e /o /ed, partcu ary through the second na f of the 20t and the
beginning of the 21st century and offer a critical appraisal of the evidence that has led the
crierato where they stand today. Some key themes are the fo o ng the debate be-
tiieen harng a s mpe and conven ent b ood pressure cutoff /s a b ood pressure cutoff
that accounts for nfuenc ng factors such as age and we gnt, whether a un form b ood
pressure threshold, a rise in blood pressure, or a combination is most discriminatory;
tnether ex st ng e/ dence supports b ood pressure and prote nur a thresnods n d ag-
nos ng preec amps a, and «hether us ng fow-charts and dec s on trees m gnt be more
appropriate than a single set of criteria. We also discuss the future of a preeclampsia
d agnos s. We cha enge the move to ward a broad (vs restr ct ve) d agnos s, argu ng
instead for criteria that directly relate to the prognosis of preeclampsia and the response
to treatments.

Key words: crter a, d agnos s, hstory, hypertens ve d sorders, management,

preeclampsia

And which therapeutics do we have to
improve that prognosis? In this review,

we explore the history of preeclampsia or
eclampsia and critically appraise the ev-
idence that brought us to the current
diagnostic criteria. We discuss how pre-
eclampsia might be diagnosed in the
future and how ongoing and future
research should be structured to best
answer the 2 key questions of prognosis
and treatment.

Pre-20th Century

Hippocrates, who lived between 460 BC
and 370 BC, said that headaches,
drowsiness, and convulsions were of
serious  significance in pregnancy.’
“BEclampsia” comes from the Greek
“€klamji2” which means a “light burst,”
and it 1s thought to have been first
documented by the physician Johannes
Varandeus in 1619.” In the 1700s, it was
recognized that delivery was crucial for
recovery, whereas eclampsia and epilepsy
were distinguished by the middle of the
century, with headaches identified as a
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prodromal symptom of the former.’ By
the end of the century, a link between

edema and eclampsia was described,
followed in the mid-1800s by the asso-
ciation of proteinuria and eclampsia.’

The Early 20th Century

In the late 19th and early 20th centuries,
there was much speculation as to the
etiology of preeclampsia. It was thought
to be a renal disorder; compression of
the uterus; epilepsy; or a bacterium
coined as Bacillus eclampsiae, which
turned out to be Proteus vulgaris." Ahl-
feld from Germany, in 1894, was perhaps
the first to propose that preeclampsia
was because of toxins produced in the
placenta. The clinical presentation indi-
cated as much, with Allbutt from Cam-
bridge remarking in The Lancet in 1897
that the  “vomiting, - .nervous  dis-
turbance, - .albuminuria, then enlargement

of the heart” that are typical of
preeclampsia would, if seen in a
nonpregnant person, lead to the

conclusion that “there is a circulating
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toxin in the body.™ As DeLee reflected in
1905, “_eclampsia is the disease of
theories. - .only one point seems to be
generally conceded, that eclampsia is
because of the action of a toxin in the
blood upon the nerve centres.”

By 1938, toxemia in pregnancy had
been divided into mild preeclampsia,
preeclampsia, and eclampsia, whereas
nephritic toxemia remained a part of but
separate to the rest of the spectrum.’
Headache, vertigo, visual disturbances,
retinal change, albuminuria, edema, and
hypertension had been identified as
manifestations, whereas convulsions
indicated eclampsia and renal failure
nephritic toxemia. The common feature
was hypertension, defined “by conven-
tion” as a systolic blood pressure of 140
mm Hg and/or a diastolic pressuge of
=90 mm Hg. o

Because of the “lack of uniform ter-
minology,” the American Committee on
Maternal Welfare (ACMW) 1n 1940
developed a classification for the toxe-
mias of pregnancy.” The classification
separated disorders not “peculiar” to
pregnancy, which are, hypertensive and
renal disease, from those “peculiar” to
pregnancy, which are, preeclampsia and
eclampsia. Preeclampsia was divided
into mild and severe subtypes. Mild
preeclampsia was characterized by hy-
pertension 140/90 mm Hg, with slight
or absent edema, and proteinuria of <6
¢/L (equivalent to 2 ). Two of hyper-
tension, proteinuria,+and edema were
required. Two or more of moderate to
severe edema, a blood pressure 160/
100 mm Hg, or proteinuria greatex.than
6 g/l (3e4+) constituted severe
preeclampsia.

1950s

The Toxemias of Pregnancy by William J
Dieckmann, Professor at the University
of Chicago, is a textbook published in
1952 that explores in detail the toxemias
of pregnancy. Interestingly, Dieckmann’
rejected the notion of a circulating toxin,
stating that “the term toxemia is not well
chosen because it suggests a circulating
toxin which is probably not correct.”
The textbook reproduces the “widely
accepted” classification of the toxemias
of pregnancy from the AC MW. The
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“general consensusZ was that the blood
pressure must be 140/90 mm Hg or
more “for some time.” The textbook
offers no source for this. However, there
is debate about whether a uniform cutoff
is appropriate. Dieckmann' references a
1943 study from Master et al’ from
Mount Sinai Hospital, which found that
both increasing age and weight were
associated with higher blood pressure
measurements. Master et al’ proposed
that there should not be a single blood
pressure cutoff to define hypertension
but that it should be a statistical defini-
tion: a reading of 2 standard deviations
or more from the mean, given a certain
age and weight.

Dieckmann notes that this means
that a uniform cutoff for hypertension in
pregnancy will unnecessarily diagnose
women, particularly older mothers, with
preeclampsia or hypertensive disease.
“Systolic and diastolic blood pressure
level for classification of toxemia cannot
be an arbitrary one, but must be adjusted
to the patient’s age and weight.”

He suggests that proteinuria of more
than 0.3 g per 24 hours for 3 or more
days is abnormal. It is unclear where this
threshold originated. In a 1940 paper, he
asserts that “usual qualitative tests reveal
no protein in the urine of normal preg-
nancy patients, but a quantitative deter-
mination will yield O to 0.3 g per 24
hours.” Edema was considered abnormal
if it extended to the face and/or hands, or
the ankles and/or tibia, despite being in
bed. ;

Dieckmann  acknowledges that this
set of criteria identifies women—those
with only slight hypertension, or only a
trace of proteinuria—as having pre-
eclampsia, when they “should be classi-
fied as having pseudopreeclampsia.”
However, for simplicity’s sake, he pro-
poses that these women be included in
the mild preeclampsia group.

Simplicity continued to be valued in
the following years. Nelson, from
Aberdeen Maternity Hospital, in a
1955 paper titled A Clinical Study of
Pre-eclampsia, proposed the following
definition of preeclampsia that would
still be in use 3 decades later: a rise in
the diastolic blood pressure to 90 mm
Hg or more on 2 separate occasions
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separated by at least a day. Neither
proteinuria nor edema were required.
The presence of proteinuria raised the
classification to “severe.” He defended
the “extreme simplicity” of this
schema, as “any investigation - which
is almost entirely retrospective, must
be kept to a simple set of rules which
can be rigidly applied so that there is
no temptation for the investigator to
use their ‘judgment’”, which could
cause “inconsistencies of diagnosis and
grading.”

Future research sought to evaluate the
associations between blood pressure,
proteinuria, and perinatal mortality.
MacGillivray,” from the University of
Aberdeen, in 1961, concluded that an
increase in the diastolic blood pressure
after 20 weeks’ gestation of as little as 5
mm Hg was associated with increased
perinatal mortality, and that the likeli-
hood of developing proteinuria was
associated with a diastolic blood pressure
level of 90 mm Hg and not with a
change ireblood pressure. Women with a
higher blood pressure early in pregnancy
had a high likelihood of developing
proteinuria. He thus supported Nelson’s
diastolic blood pressure cutoff of 90 mm
Hg for diagnosing preeclampsia.

1970s

The American College of Obstetricians
and Gynecologists (ACOG) published a
comprehensive  definition of  pre-
eclampsia in 1972. As reported by
Chesley,” preeclampsia required the
development of hypertension (s 140/90
mm Hg or a rise of>30/15 mm Hg) and
significant proteinuria or edema after 20
weeks’ gestation. However, the source of
this threshold, Obstetric-Gynecologic
Terminology by Edward Hughes, ’ does
not offer any primary data in support. In
the ensuing years, these criteria were
only taken up intermittently.

Friedman and Neff,” in 1976, from
Harvard Medical School, attempted to
define the criteria for diagnosing hy-
pertensive disorders of pregnancy that
were based on “objective data” by
developing thresholds that correlated
with a risk of complications. In a cohort
of 38,636 pregnancies, a maximum dia-
stolic blood pressure of 75 to 84 mm Hg



during pregnancy correlated with the
lowest rate of fetal mortality. Fetal mor-
tality increased with a maximum dia-
stolic blood pressure of 85 to 94 mm Hg,
and above this level, there was a more
marked increase. Fetal mortality was also
increased with 2, or more proteinuria,
independent of blood pressure.

Increased blood pressure and pro-
teinuria had a synergistic effect. A dia-
stolic blood pressure of >95 mm Hg plus
trace or less proteinuria, or a diastolic
blood pressure of 8 mm Hg combined
with 2, or more proteinuria, were
associated with an approximately 4-fold
increased risk of fetal death. A diastolic
blood pressure 85 mm Hg and pro-
teinuria of at 1€ast 1 was associated
with a 7-fold increaded risk of fetal
mortality. The authors concluded that
these findings “provide the basis for a
proposed classification of hypertensive
states in pregnant women.” However,
this did not lead to a widely accepted set
of criteria.

A review by Davies' published in
1979 for the World Health Organization
provided updated classifications from
the ACMW. This classification differed
from the existing ACOG criteria, chiefly
because it “accepts hypertension or sig-
nificant proteinuria or edema of the face
and arms,” whereas the ACOG guide-
lines required hypertension plus pro-
teinuria or edema. Issues with this “babel
of schemata,” as Davies' described the
conflicting criteria, were being noted,
with a British Perinatal Mortality Survey,
showing that 6.1% to 35.3% of women
developed preeclampsia, depending on
the criteria utilized."”

1980s

In 1986, the ACOG updated their 1972
criteria of Pregnancy-Induced Hyper-
tension (PIH). As reported by Dildy and
Cotton,” the diagnostic criteria were
unchanged, including hypertension—
either absolute or relative—and signifi-
cant proteinuria or edema (Table 1).
This guideline introduced the following
criteria for severe PIH: involving signif-
icant hypertension (systolic 160 mm
Hg or diastolic 110 mm H%) or hy-
pertension cordbined  with organ
dysfunction.

A 1987 World Health Organization
guideline study group report’ reiterated
a diastolic blood pressure of 90 mm Hg
as a ‘“reasonable” cutoff for the
diagnosis of hypertension in pregnancy.
This was based off data from Friedmann
and Neff,” as 90 mm Hg is halfway
between 85 mm Hg (associated with
perinatal mortality when seen with
proteinuria) and 95 mm Hg (associated
with perinatal mortality regardless of
proteinuria) and off data from Mac-
Gillivray, as it is also associated with the
later development of proteinuria.”’
However, if proteinuria is to remain
part of the diagnostic criteria, why
should a blood pressure threshold be
chosen on the basis that is predicts
proteinuria? It 1s more relevant to
identify a blood pressure level that
predicts adverse maternal and/or peri-
natal outcomes.

Conflicting proposals for the diag-
nosis of preeclampsia were published in
April 1988. Davey and MacGillivray,
from the University of Cape Town,
published theirs in the American Journal
of Obstetrics & Gynecology, and Redman
and Jefferies,” from John Radcliffe
Hospital, Oxford, published in The
Lancet.

Davey and MacGillivray’s” guidelines
had been approved by the International
Society for the Study of Hypertension in
Pregnancy (ISSHP) and by the Interna-
tional Committee of ISSHP in 1986 and
also by the International Federation of
Gynecology and Obstetrics in 1985.
They considered the spectrum of hy-
pertensive disorders to include gesta-
tional hypertension without proteinuria,
gestational proteinuria without hyper-
tension, and gestational proteinuric hy-
pertension (preeclampsia).

They defined hypertension as a dia-
stolic blood pressure>90 mm Hg on 2
consecutive readings, at least 4 hours
apart, or a single reading>110 mm Hg.
The use of a rise in blood pressure was
abandoned, as “a rise of - 30 or 40 mm
Hg may - fall within the normal sta-
tistical range,” and “the absolute level of
blood pressure provides the best guide to
fetal and maternal prognosis and the
development of proteinuria.” The
threshold of 90 mm Hg was given for 3
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reasons. First, “simplicity, precision and
convenience;” second, “it corresponds
with defined statistical limits: 3 standard
deviations above the mean in early
pregnancy; 2 standard deviations above
the mean between 34 and 38 weeks; and
1.5 standard deviations above the mean
at term;” and third, “It corresponds to
the point of inflection of the curve
relating diastolic blood pressure to
mortality.”

There 1s some nuance to these con-
clusions. Firstly, as described by Mas-
ter, statistical limits are influenced by
maternal characteristics such as age and
body mass index. Secondly, the point of
inflection of the curve relating diastolic
blood pressure to mortality, according
to Friedmann and Neff who the authors
cite, 1s strictly speaking, between 75 and
84 mm Hg. Finally, this curve is heavily
influenced by the development of pro-
teinuria. In sum, the criteria are not
firmly rooted in either the prognosis or
the management of preeclampsia.

Davey and MacGillivray rejected sug-
gestions that different cut-offs for hy-
pertension should be used at different
stages of pregnancy or different pop-
ulations, as it would “confus(e) and
vitiate (spoil or impair the quality of)
comparison of results.” They conclude
that it 1s better to have 1 diagnosis with
various interpretations in different pop-
ulations, stages of pregnancy and clinical
circumstances, as opposed to varjous di-
agnoses with one interpretation.”

In contrast, Redman and Jefferies”
attempted to devise a classification that
not only identified women at an elevated
risk of adverse outcomes, but it also did
so 1n such a way that accounted for the
fact that preeclampsia is a disease pre-
dominantly, but not exclusively, seen in
nulliparous women.

The authors proposed that a classifi-
cation should focus on diastolic blood
pressure, as nulliparous women tended
to have a higher systolic, but not dia-
stolic, blood pressure at booking than
did multiparous women. In a cohort of
15,000 women, they found that when
women had a large increase in diastolic
blood pressure, those with a lower
booking blood pressure were more likely
to be nulliparous. Similarly, among
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TABLE 1

Brief summary of the evolution of various diagnostic criteria for preeclampsia

Author Year Definition of preeclampsia Hypertension criteria Proteinuria/edema criteria
Dieckmann? 1952 One of edema, proteinuria, hypertension, >140 mm Hg systolicand/or 290 mm
symptoms Hg diastolic
Nelson?® 1955 Gestational hypertension >90 mm Hg diastolic
ACOG!? 1972 Gestational hypertension plus proteinuria Rise of 30 mm Hg Systolic or 15 mm Hg Proteinuria—0.3 g/L in 24-h urine
diastolic or > 140/>2>90 collection
Davies'4 1979 Gestational hypertension or significant +2>30/15 or >140/90 Edema: edema of the face and arms
proteinuria or edema of the face and arms, Proteinuria: 2+ on dipstick
orany 2
ACOG'® 1986 Gestational hypertension plus edema and/or +2>30/15 or >140/90 Edema: > 1+ pitting edema after 12 h of
proteinuria bedrest; weight gain of >5 pounds in 1
week
Proteinuria: >300 mgin a 24-h collection;
urine protein concentration >1 g/L
WHOY 1987 Gestational hypertension plus proteinuria >140/90 Proteinuria: 300 mgin a clean-catch or
midstream specimen or in a 24-h collection
Davey and MacGillivray'® 1988 Gestational hypertension plus proteinuria 290 diastolic Proteinuria: > 300 mg per 24 h, or 2
dipstick x2
Redman and Jefferies® 1988 Gestational hypertension plus rise in blood +2>25 to >90 diastolic, from a booking Nil
pressure <90
NHBPEWG?° 1990 Gestational hypertension plus proteinuria +2>30/15; if no reading from early in Proteinuria: 0.3 g or more in a 24-h
pregnancy available, >140/90 specimen or 1+ dipstick in a random urine
determination
ASSHP21 1993 Gestational hypertension; +2>25/15 or >140/90
Severe preeclampsia = severe Severe preeclampsia: >170/110
hypertension  organ dysfunction
CHSC?2 1997 Gestational hypertension plus proteinuria >90 Diastolic Proteinuria: >0.3 g in 24-h urine collection
NHBPEWG?3 2000 Gestational hypertension plus proteinuria >140/90 Proteinuria: 1+ dipstick or 0.3 gin 24 h
ASSHP24 2000 Gestational hypertension plus organ >140/90 Table 2
dysfunction
ISSHP2> 2001 Research definition: Gestational >140/90 Proteinuria: urinary excretion of 0.3 g
hypertension plus proteinuria protein or higher in a 24-h urine specimen
Clinical definition: Gestational hypertension
plus organ dysfunction
ACOG?® 2002 Gestational hypertension plus proteinuria >140/90 Proteinuria: Urinary excretion of 0.3 g

Tanner. Evolution of the diagnosis of preeclampsia. Am J Obstet Gynecol 2022.

protein or higher in a 24-h urine specimen

(continued)
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TABLE 1

Brief summary of the evolution of various diagnostic criteria for preeclampsia (continued)

Proteinuria/edema criteria

Hypertension criteria

>140/90

Definition of preeclampsia

Year

Author

Proteinuria: Urinary excretion of 0.3 g

Gestational hypertension plus organ
dysfunction

2013

ACOG?”

protein or higher in a 24-h urine specimen,

or 1+ dipstick

Table 2

>140/90

Gestational hypertension plus organ
dysfunction

2014

ISSHP?#

Table 2

>140/90

Gestational hypertension plus organ
dysfunction

2018

ACOG*

Table 2

>140/90

Gestational hypertension plus organ
dysfunction

2018

ISSHP??

+>30/15 means a rise in systolic blood pressure of 30 mm Hg systolic or diastolic of 15 mm Hg; >140/90 means an absolute systolic blood pressure of >140 mm Hg systolic or 90 mm Hg diastolic.

ACOG, American College of Obstetricians and Gynecologists; ASSHP, Australasian Society for the Study of Hypertension in Pregnancy; CHSC, Canadian Hypertension Society Conference; ISSHP, International Society for the Study of Hypertension in Pregnancy;

NHBPEWG, National High Blood Pressure Education Working Group; WHO, World Health Organization.

Tanner. Evolution of the diagnosis of preeclampsia. Am J Obstet Gynecol 2022.

women who recorded a high maximum
diastolic blood pressure, those with a
greater increase were also more likely to
be nulliparous. Nulliparity was thus
associated with both a higher rise in and
maximum diastolic blood pressure. Any
subsequent classification of hypertensive
disorders should thus involve both.

They found that perinatal mortality
and the rate of proteinuria increased
significantly among women, with a rise
in the diastolic blood pressure of at least
30 mm Hg; and that birthweight, but not
gestational age at delivery, was lower in
those with a rise of >25 but <29 mm Hg.
Thus, they suggested that a rise in the
diastolic blood pressure of at least 25
mm Hg, from a booking diastolic blood
pressure of <90 mm Hg to >90 mm Hg,
should be diagnostic of preeclampsia.
No proteinuria would be required.

The authors applied this to a second
dataset of 15,000 women. Compared
with Nelson’s criterion, this criterion
diagnosed preeclampsia in fewer women
(11.5% vs 26.3%). The extra women
diagnosed by Nelson’s criteria were
older, heavier, developed less protein-
uria, and delivered at a later gestation;
their babies had higher birthweights and
lower mortality. Overall, the new crite-
rion identified a more severe form of
disease. However, the authors did not
compare their criterion against the more
specific 1972 ACOG classification. Nel-
son’s criterion had already received
criticism for offering too broad a
definition.

The debate over the appropriate clas-
sification of preeclampsia prompted an
editorial in The Lancet in 1989, which
challenged the idea that the hypertensive
disorders of pregnancy required labeling
and classification. “It is sufficient to
know the risks and appropriate treat-
ment of the various manifestations of
hypertension in pregnancy,” the editorial
argues. It suggests that flow diagrams
and decision analysis, with their use of
data at the time of decision-making and
their incorporation of the probability of
adverse outcomes, are more pragmatic
for management than strictly assigning
women to having preeclampsia or not.
Davey and MacGillivray ' rejected the
idea that a classification precludes the
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use of flow diagrams, decision analysis,
and further observations, arguing that
classifying preeclampsia was “the first
step ensuring that doctors and nurses
mean the same things by the same
words.”

1990s

The 1990s saw consensus reports on
hypertension in pregnancy from a range
of groups, including the National High
Blood Pressure Education Working
Group (NHBPEWG) in 1990”; The
Australasian Society for the Study of
Hypertensive Disorders in Pregnancy
(ASSHP) in 1993,” The American Col-
lege of Obstetricians and Gynecologists
(ACOG) in 1996 and The Canadian
Hypertension ~ Society ~ Conference
(CHSC) in 1997.” Table 1 summarizes
the similarities and differences.

The NHPEWG report defined hyper-
tension as a rise in blood pressure of
>30/15 mm Hg or an absolute blood
pressure of > 140/90 mm Hg. The
ASSHP defined hypertension as a rise of
< 25/15 mm Hg, or an absolute level
> 140/90 mm Hg. The ACOG’s 19961
guidelines used >140/90 mm Hg, and
the CHSC only a diastolic>90 mm Hg.
They also differed in the definition of
preeclampsia. The NHPEWG and CHSC
required gestational hypertension plus
proteinuria; the ASSHP, only gestational
hypertension, with organ dysfunction
(including proteinuria) leading to a
diagnosis of severe preeclampsia. The
ACOG did not define preeclampsia but
defined only PIH with organ dysfunc-
tion and/or severe hypertension, war-
ranting a diagnosis of severe PIH.

2000s
New and updated guidelines from the
NHBPEWG, the ASSHP, the ACOG, and
the ISSHP followed in the early 2000s.
A few key changes were introduced to
the NHBPEWG Report of 2000.” It
abandoned the use of a rise in blood
pressure as sufficient to diagnose hy-
pertension. This followed work by North
et al” in 1999, and Levine et al,” in
2000, who determined that women who
experienced a rise in blood pressure of
30/15 mm Hg to a level <140/90 mm
g, were not at a higher risk of
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complications  than  normotensive
women without such a rise. Edema too
was abandoned because of its high
prevalence among healthy pregnant
women.

The ASSHP consensus statement of
2000 was the first to offer a clinical
diagnosis of preeclampsia, which
included organ dysfunction beyond
proteinuria (Table 1). Renal, hepatic,
neurologic, hematological, and utero-
placental dysfunction were considered to
be diagnostic of preeclampsia. This
guideline maintained a 140/90 mm Hg
cutoff for diagnosing hypertension in
pregnancy, as it was “outside 2 standard
deviations of the blood pressure mean in
the normal pregnant population.”

The ISSHP in 2001 concluded that
further research comparing maternal
and fetal outcomes between a “restric-
tive” definition of hypertension and
proteinuria and an “inclusive” definition
of hypertension and other organ
dysfunction was warranted and that the
criteria should remain restrictive. The
ACOG's 2002 criteria” were based off
the NHBPEPWG report from 2000,
defining preeclampsia as elevated blood
pressure plus significant proteinuria.
Organ dysfunction was still considered a
feature of “severe preeclampsia.”

A decade later, there was a shift toward
the “inclusive” definition of preeclamp-
sia. The ACOG’s 2013 guidelines aban-
doned the reliance on proteinuria for
diagnosing preeclampsia, with other or-
gan dysfunction now sufficient.”” The
ISSHP’s updated recommendations in
2014" followed suit. An important
distinction was that ISSHP considered
uteroplacental dysfunction, such as fetal
growth  restriction, as diagnostic,
whereas the ACOG did not. Conversely,
pulmonary edema was included in the
ACOG'’s but not the ISSHP’s guidelines.
Other differences were minor, such as
cut-offs for platelet counts (<100,000/
mL for ACOG, <150,000/mL for ISSHP)
and liver enzymes (transaminases
twice the upper limit of normal for >
ACOG, 40 IU/L for ISSHP). Table 2
summariges the criteria for organ
dysfunction. In 2018, both the groups
published updated guidelines, ™’ which
remained largely unchanged.
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Subtypes of Preeclampsia
Preeclampsia is commonly classified into
an early-onset or a late-onset disease
(arising before or after 34 weeks gesta-
tion). The 2 subtypes have been
described as “qualitatively different.””
Early-onset preeclampsia is associated
with a high-resistance, low-output he-
modynamic state, whereas late-onset
disease demonstrates a low-resistance,
high-output state.” They share some
but not all risk factors, and the effect of
each risk factor differs. Angiogenic bio-
markers that have prognostic value are
higher in early- than late-onset disease,”
and maternal and perinatal outcomes are
worse in early-onset disease.”

However, these differences exist on a
spectrum. The earlier preeclampsia de-
velops, the more severe the angiogenic
imbalance and the worse the outcomes
are. The ASpirin for evidence-based
PREeclampsia prevention trial showed
that aspirin reduces the incidence of
preterm preeclampsia but has no influ-
ence on term disease.” However, it is
not clear whether this reflects a protec-
tive effect, or whether aspirin delays the
onset of preeclampsia, meaning women
give birth before it develops.

No clear pathologic evidence differ-
entiates early- and late-onset pre-
eclampsia. There 1s an ongoing debate as
to whether preeclampsia is a placental
disorder that leads to disruption of the
maternal endothelial system or if
placental dysfunction 1S secondary to
suboptimal maternal cardiovascular
adaptation to pregnancy.” Both are
likely true, and so 1t is the varying extent
to which each process occurs that leads
to disparate prognoses. Gestation at
onset is a useful heuristic for judging the
likely prognosis of preeclampsia, but it
must be remembered that 34 weeks 1s
not a hard cutoff.

Summary and Future Directions

The criteria defining preeclampsia have
not changed significantly in recent years,
but the evidence underpinning them
has.

Blood Pressure

The evidence underpinning blood pres-
sure thresholds in the most recent ACOG



and ISSHP criteria can be retraced
through guidelines to the 2000 and
1990 NHBPEWG reports and to a 1988
report from the Joint National Com-
mittee on the Detection, Evaluation, and
Treatment of High Blood Pressure 'that
focused on the nonpregnant population.
This report has been superseded by
the 2017 American Heart Association/
American Cardiology Society guidelines,
which lowered the threshold for stage 1
hypertension to 130 mm Hg systolic and/
or 80 mm Hg diastolic, instead of 140
and 90 mm Hg, respectively. Recent ev-
idence for pregnant women, too, sug-
gests that 130/80 mm Hg 1s the threshold
above which the risk of permatal com-
plications begins to rise.”" This raises
the question whether 140/90 mm Hg is

> 14,30 mg/dL; urine PCR > 30 mg/mmol (0.3 mg/

mg)
clonus; severe headaches; persistent visual scotomata
abnormal umbilical artery Doppler wave form analysis,

Uteroplacental dysfunction (fetal growth restriction,
stillbirth)

Eclampsia; altered mental status; blindness; stroke;
Platelets < 150,000/mL; disseminated intravascular

Tranquilli et al,?® 2014; Brown et al,*® 2018
coagulation, hemolysis

Alanine aminotransferase or aspartate

Creatinine >90 mmol/L (1 mg/dL)
aminotransferase >40 I1U/L
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Finally, measuring proteinuria is
challenging. A 24-h collection 1is
considered as gold-standard but is
“frequently inaccurate”'. Urine PCR is
also imperfect. Two meta-analyses sug-
gest that a cutoff of 0.26-0.30 has a
sensitivity of 81% to 83% and specificity
of 76% for detecting proteinuria >300
mg in a 24-hour collection.”” How-
ever, even if these tests were perfect,
sparse to nonexistent data ties protein-
uria to outcomes from preeclampsia.

Other Organ Dysfunction

Research into links between organ
dysfunction and complications is also
limited. Reddy et al” showed that
women meeting the ACOG’s 2018
thresholds for low platelets and elevated
liver enzymes had odds ratios (OR) for
complications of 3.70 (95% confidence
interval [CI], 1.98-6.89) and 2.32 (95%
CI, 1.39-3.87), respectively. Women
meeting the ISSHP’s less restrictive
thresholds had lower ORs, of 2.09 (95%
Cl, 1.34-3.24) and 1.66 (95% (I,
1.04-2.67). Symptoms such as headache
were not associated with complications.
Future research should take a follow a
similar approach.

Future Criteria

The diagnostic criteria of preeclampsia
are again becoming a “babel of sche-
mata”", and once more, there is debate
about what the goals of a preeclampsia
diagnosis should be.

A recurring theme in prospective
studies™” is that compared with a narrow
definition (ie, hypertension and protein-
uria), a broad definition has a higher
sensitivity for identifying women who
suffer complications but a lower specificity.
Authors have supported this, as “the pur-
pose of classification is to identify groups of
women who require specific care,”” such
as closer monitoring.

This makes sense. However, it implies
that if a woman does not meet the
diagnostic criteria, they would not
require closer monitoring. However,
preeclampsia represents a spectrum of
disease. Those who fall immediately on
either side of the criteria’s dividing line
are similar. Clinical judgment should be
applied, and the lack of a diagnosis
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should not exclude a woman from closer
surveillance.

There are other implications to
broadening the criteria. Evidence-based
guidelines are only useful insofar as the
population they are applied to reasonably
mimics the population they were devel-
oped in. If women are diagnosed with
preeclampsia without meeting a strict
research definition, the guidelines will be
less applicable. Varying definitions also
make it difficult to compare the inci-
dence, outcomes, and prognosis between
studies. There are also economic impli-
cations—closer monitoring of women at
a low risk of complications stretches the
resources of hospitals and clinicians.

The diagnosis and classification of
preeclampsia should instead be rooted in
a relationship with prognosis and treat-
ment. Prognostic studies and random-
ized controlled trials should be
developed around the following 2 ques-
tions: what is the natural course of pre-
eclampsia, and how can treatment alter
it?

Angiogenic biomarkers are potentially
valuable here.””" However, much work

has focused on a diagnosis of pre-
eclampsia and not its complications as
the outcome.™” Ruling out a diagnosis
of preeclampsia in the ensuing weeks may
reduce unnecessary interventions and
admissions but has limited bearing on
prognosis. Knowing the likelithood of a
woman suffering a serious complication
in the coming weeks 1s far more impor-
tant. This is where research should focus.
Research into treatments should
focus on how women respond and why.
The Control of Hypertension in Preg-
nancy Study trial” showed that in
women with hypertension in preg-
nancy, tight blood pressure control was
not associated with better outcomes
than less-tight control. But as Lees and
Ferrazzi remarked “Would it not have
been instructive - to understand the
underlying differences in womens’ car-
diovascular status and in this light the
response to treatment?”.”

This reflects a difference in how we
think in the clinical and research set-
tings. Clinicians make a diagnosis such
as preeclampsia, then move to treatment,
deciding (for example) whether
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induction of labor or expectant man-
agement is best. This leads to a descrip-
tive criteria for preeclampsia, as we
identify and record how the disease
manifests. In contrast, research begins
with the intervention, then identifies
those who respond to it. Consider the
HYPITAT trial, which found that in-
duction at 37 weeks improves maternal
outcomes for women with mild hyper-
tensive disease.” Treatment first, then
the population who benefit.

How we diagnose and manage pre-
eclampsia will continue to evolve in the
future, but it should always be guided by
following the most important questions
in medicine: what 1s the prognosis of this
patient? What can we do about it? m
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Summary

The core conclusion of Chapter Six is that how we diagnose preeclampsia has largely been
based off expert consensus, simplicity or statistical limits. Sparse data links the diagnostic
criteria to the likelihood of complications.

If we believe that a diagnosis should communicate a given likelihood of a certain
outcome (i.e., the prognosis), then how we currently diagnose preeclampsia is flawed.
How to improve it? We must focus, in research and in clinical practice, on two key
questions: what is the prognosis of the syndrome? And what can we do to alter it?

Characteristics that predict complications should form the diagnostic criteria; and
characteristics that indicate a certain response to treatment should form further
classification. Contrast this with the approaches through the 20th and early 21st
centuries.

Chapter Six wraps up the most important ideas of our thesis. It leads nicely to our

discussion, where | explore, in a wider context, the ideas generated by this thesis, offering
interpretations and recommendations for future research and clinical practice.
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Discussion

“We want progress in medicine to be clear
and unequivocal, but of course it rarely is.
Every new treatment has gaping unknowns —
for both patients and society — and it can be
hard to decide what to do about them.”
— Atul Gawande, Complications: A
Surgeon's Notes on an Imperfect Science

Key findings

So, to summarise our key findings. Chapter
but suggested that
compared to women without comorbidities,

One was inconclusive,
women with comorbidities may require a lower
SFLT-1: PIGF ratio preeclampsia to be diagnosed.
that with
comorbidities suffered fewer complications, and

Chapter Two found women
would be diagnosed with preeclampsia with a
milder clinical picture. Chapter Three argued
that women with comorbidities suffered fewer
complication, and that earlier intervention by
clinicians likely plays a role. It also showed that
this earlier intervention led to higher rates of
neonatal complications. Chapter Four showed
that women would have differences in blood
pressure trajectory depending on their baseline
and Chapter

suggested that these difference likely have a

blood pressure and BMI; Five
major effect on the rate of adverse outcomes.
Finally, Chapter Six claims that the diagnostic
criteria for preeclampsia have often not been

based on data linking criteria to adverse
outcomes.
From here, | will summarise and

contextualise our findings from a biological
perspective. | will then discuss in more detail

how, from an epidemiology perspective, an
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improved prognosis is indistinguishable from an
increased likelihood of diagnosis; why there is
an increasing rate of unnecessary diagnosis; and
the future implications of this pattern. | use this
to make recommendations for future research
and clinical practice. Finally, I discuss the overall
strengths and limitations of my work.

Preeclampsia: one syndrome, two

processes

In the final paragraphs of Chapter Six, |
remarked that: “No clear pathological evidence
differentiates early- and late-onset preeclampsia.
There is ongoing debate as to whether
preeclampsia is a placental disorder which leads
to disruption of the maternal endothelial system,
or if placental dysfunction is secondary to
suboptimal maternal cardiovascular adaptation
to pregnancy. Both are likely true, and so it is
the varying extent to which each process occurs

that leads to disparate prognoses.”

Early- and late-onset preeclampsia are
considered  “qualitatively  different”,  with
variation in haemodynamics, angiogenic
imbalance and the severity of disease.333®

However, these differences occur on a spectrum.
What these labels represent more generally are
the two processes that appear most responsible
for causing preeclampsia: placental insufficiency
secondary to

impaired remodelling of spiral

arteries, and suboptimal adaptation of the

maternal cardiovascular system to the demands
with

of pregnancy. These processes meet

systemic maternal endothelial dysfunction.



It has been hypothesised that the primary

placental insult occurs after the failure to
differentiate of the villous trophoblast, the cells
that cover the chorionic villi and facilitate gas
and nutrient exchange between fetus and
mother. This leads to placental insufficiency and
the

inflammatory proteins

release of anti-angiogenic and pro-

reactive
with
trophoblast,

and oxygen

species. However, even adequate
the
troublesome proteins are
And,

reasons, such as a suboptimal adaptation to the

differentiation  of these

released in some

amounts. for maternal, or extrinsic

demands of pregnancy, this can be enough to
trigger preeclampsia. Both these processes lead

to a positive feedback loop - worsening
endothelial function, leading to worsening
placental insufficiency, leading to worse
endothelial function. But there is a distinct

aetiological difference — whether the primary
insult is intrinsic to the placenta, or extrinsic,
related to the mother. This represents a marked
difference in prognosis. The placental contribution
to the syndrome is approximately represented by
the severity of angiogenic imbalance, such as the
sFLT-1: PIGF ratio, which itself correlates with the
likelihood of

severity of preeclampsia and

complications.

The early- and late-onset subtypes thus
represent preeclampsia dominated by intrinsic
and extrinsic processes respectively. And the
relationship between these processes and the
severity of preeclampsia means the gestation at
which preeclampsia is diagnosed is a useful
heuristic for identifying women at high risk of
complication and thus requiring specific, closer

management.’*

But while gestation at diagnosis is useful
insofar as it indicates the severity of disease, it
is clear from our work that adding maternal
characteristics to its interpretation can offer a
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more fine-grained picture. When in Chapter Two
we compared women diagnosed and induced at
the same gestational

age, the presence of

vascular risk factors was associated with a
milder phenotype. These maternal characteristics
are thus likely to be informative about the extent
to which the syndrome arises from intrinsic and
extrinsic processes. For a woman without risk
factors, it could be that preeclampsia should be
considered “early-onset”, and thus severe, if

diagnosed prior to 35 or even 36 weeks
gestation; but for a woman at high risk, perhaps
it would be best to consider it “late-onset”
unless diagnosed before

32 or 33 weeks. Maternal characteristics have
the potential to improve the value of gestation

at diagnosis as a simple heuristic.

Compare a 25-year-old expectant mother
without a normal BMI and blood pressure with
a 40 year-old with hypertension, diabetes and
obesity. If both women were diagnosed with
preeclampsia at 33*® weeks’ gestation, there is
likely to be a significant difference in the
intrinsic and extrinsic contributions, and thus a
difference in the severity and prognosis of
preeclampsia. Both women are considered to
have “early-onset” preeclampsia, even though
the underlying pathology and prognosis for the
second woman are likely to be closer to that of
if both

women were diagnosed at 35 weeks’ gestation,

“late-onset” preeclampsia. Similarly,
woman one is likely to have a phenotype closer
to “early-onset” disease, despite being diagnosed
with
diagnosis

late-onset preeclampsia. Gestation at

has proved useful to guide
management of preeclampsia, and will become
far more useful once interpreted in the context

of maternal characteristics.

The use of a hard cut-off at 34 weeks’
gestation also obscures the fact that these
subtypes occur on a spectrum. Preeclampsia



arising at 33 weeks’ gestation (“early-onset”) is
more similar in nature to preeclampsia arising at 35
weeks than it is to that arising at 24 weeks, even
though the latter but not the former is also
considered “early-onset” preeclampsia.

Imagine that a diagnosis of preeclampsia
was solely dependent on the degree of placental
insufficiency and angiogenic imbalance a woman
developed. A small proportion of women will
develop sufficient angiogenic imbalance to trigger
the onset of preeclampsia, regardless of their pre-
pregnancy endothelial function, with minimal
contribution from extrinsic or maternal factors
Another group of women will develop a milder
degree of angiogenic imbalance; a degree that will,
for women with adequate endothelial function, be

insufficient to trigger preeclampsia.

Vascular risk factors essentially shift the cutoff

for diagnosing preeclampsia. A degree of
angiogenic imbalance that would not lead to
diagnosis of preeclampsia now does. But given the
connection between angiogenic imbalance and the
severity of disease, the overall prognosis will have
changed minimally. These extra women are at no
higher risk of complications than those who go

undiagnosed.

Improved prognosis and
overdiagnosis: one and the
same?

We can explain the relationship between
unnecessary diagnoses and improved prognosis
more generally. In the summary of Chapter Four,
| wrote: “But now to the other side of the same
coin. Studying how any factor interacts with
be
complemented with studying how that factor

complications or prognosis must

interacts with diagnosis. The effect of improving
prognosis must be separated from the effect of
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increasing the apparent prevalence of a
disease, such as preeclampsia, without having a
bearing on outcomes. We discuss this in more
detail This

in the discussion.” idea warrants

further attention.

If a factor is associated with a lower or
higher risk of a complication from a disease,
then it either 1)
affecting diagnosis; 2) affects diagnosis without

affects prognosis without
affecting prognosis; or 3) affects both prognosis
and diagnosis, with effects adding or cancelling
If a the
prognosis of a disease or syndrome, but has no

out each other. factor improves
influence on whether someone is diagnosed with
the disease, then it is associated with a better
prognosis (i.e.a lower risk of complications).
But if a factor has no influence on the
prognosis of a disease/syndrome, but is
associated with a higher likelihood of a person
being diagnosed with the disease, then the
factor will also be associated with a better

prognosis. We can calculate the sensitivity and

specificity of a diagnosis, with the “gold
standard” being a complication from
preeclampsia — i.e. we only want to diagnose
women who are truly going to suffer a
complication.

Now consider a population of 1000
women. Some 100 are diagnosed with
preeclampsia; 899 are not; 10 develop
complications  from preeclampsia; and one
woman suffers eclampsia without a prior
diagnosis of preeclampsia. Now consider a
second population of 1000 women. In this

population, women are twice as likely to be
diagnosed with preeclampsia. But the same 11
women develop eclampsia. A diagnosis will
have a lower specificity and a lower positive
predictive value. A lower specificity means a
greater number of false positives, i.e. women

diagnosed who do not suffer eclampsia. This is



the same effect as a factor that reduces the
likelihood of complications following diagnosis -
more false positives, fewer true positives.

criteria is
test. It
reflects a given certainty about the prognosis of

A diagnosis based on clinical
indistinguishable from a diagnostic
a person. A diagnosis of preeclampsia suggests
that there is a certain likelihood a woman will
develop eclampsia, or fetal growth restriction,
or other organ failure. But the more women a
unnecessarily, the poorer

criterion identifies

these test characteristics.

There are two explanations for why vascular
risk factors would be associated with fewer
complications for preeclampsia. First, they could
genuinely have some protective role against
preeclampsia. However, there is no clear
biological reason why this should be the case,
which means our a priori probability is relatively
low. And such an effect would not be associated

with the incidence of preeclampsia for women
48-53
with vascular risk factors that we see

The second explanation is that these
comorbidities increase the likelihood of being

diagnosed with, but not suffering complications
from, preeclampsia. This has a strong basis in
both biology and epidemiology, and is the most
likely explanation.

This between and

prognosis can be extrapolated to all medicine.

interplay diagnosis
Research into factors that affect the prognosis
of a condition must always consider how that
factor influences diagnosis. We have seen this
with the mistaken conclusion that obesity is
protective against death from heart disease, for
example.”> Our data thus only tells us about

what happens after a diagnosis of
preeclampsia. Women with vascular risk factors
are more likely to be diagnosed with

preeclampsia, but the ramifications of a diagnosis
are less serious.
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Better safe than sorry (but not
always)

The magnitude of the difference in risk for
different groups of women indicates that this
overdiagnosis is a big deal. Separating women
on the basis of their baseline characteristics led
to rates of complications ranging from 3% to
17%. This
iatrogenic harm;

has consequences. It leads to

it can make research less
generalisable; and it has socioeconomic costs, for

both women and hospitals.

The potential for iatrogenic harm is clear.
As Chapter
diagnosed with preeclampsia,

when
with
comorbidities tended to receive intervention at

we showed in Three,

women
an earlier gestation than their
without comorbidities. And in in Chapter Five,

counterparts

there was no significant difference in gestation
at delivery between women in the lowest-risk
(high BMI, high BP) and highest-risk (low BMI,
low BP) groups, despite significant differences in
the
delaying

likelihood of complications. This suggests

intervention may be leading to
complications for women without vascular risk
that

fewer

intervention is
but
women

factors, and/or early

leading to maternal more
with

comorbidities. Either way there is harm that

neonatal complications  for
to be averted, through a

that is better linked

has the potential

diagnostic criteria to

outcomes.

More systemic issues arise as a result of
unnecessary diagnoses of preeclampsia. Broader
make  research  less

diagnostic  criteria

generalisable. This increases the demands and
and
the
the

population in which they were developed. If a

necessity of clinical judgement. Guidelines

research findings are wuseful insofar as

population they are applied to mimics



study suggests a given course of management
is beneficial for a given cohort of women, this
is only relevant to the woman in front of the
clinician if she is similar to the women included
in the study.

But research diverges from reality. Never
the
characteristics of a study population. And even

will  a patient perfectly reproduce
then, statistics tell us about a population, not a
person. So clinical judgement, as | define it, is
the process of bridging this knowledge gap. A
woman in front of a clinician; if she perfectly
represents the cohort from which evidence-based
guidelines have been derived, then the optimal
path forward is exactly what the guidelines
suggest. If there is no research pertaining to a
certain woman’s situation, then the clinician must
use their judgement alone. In practice, most

situations occur somewhere between these two.

The limitations of clinical
judgement

Clinical judgement is a key part of
medicine, but is subject to a host of cognitive
biases.”® When the consequences of a mistake
are particularly high, we should endeavour to
minimise the necessity for a clinician to grope
dark,

guidelines. When diagnostic criteria are broad,

in  the without  research-backed
they are more sensitive but less specific for
identifying those who will suffer complications.
In contrast, a strict, restrictive definition is less
sensitive but more specific. Fewer unnecessary
diagnoses, but more complications in women

not diagnosed.

This dichotomy has been used to argue
that it is most important to not miss any
women, and thus a broad diagnostic criteria is
preferred.”” But as we argued in Chapter Six,
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compared to a restrictive criteria, a broad
diagnosis results in women who are diagnosed

being less similar to other women diagnosed.

With restrictive criteria, fewer women will
be diagnosed with a disease. But a clinician can
be sure of the management of those who do
meet the criteria: they will be most similar to
the underlying population. With broad criteria,
but
subsequent management is more challenging.
With the
determining which women should be diagnosed,

clinicians can easily make a diagnosis,

restrictive criteria, hard part is
but subsequent management is easier, as the

evidence is closer to the women in practice.
Should we be forcing clinicians to rely on clinical
judgement when deciding whether or not to
induce a woman at 34 weeks’ gestation, or
when deciding whether or not to make a
diagnosis of preeclampsia in the first place? |
argue for the Ilatter. The stakes are lower.
Ensuring women in clinical practice are as similar

to women in research will improve outcomes.

The costs of overdiagnosis

Beyond iatrogenic harm and less generalisable
research, there are socioeconomic implications
from overdiagnosis. Hospital and clinician
resources are finite. More women diagnosed
with

receiving surveillance and early inductions, with

preeclampsia means more women
less flexibility in when to give birth and fewer
resources for those women who genuinely need
a higher level of care. Managing preeclampsia is
costly, largely due to resources required for
infants. Costs for the infant fall dramatically the

longer pregnancy can continue.”®

And just as hospital resources are finite, so,

too, are the resources of pregnant women:

patience, money, time, and the many other

stressors of pregnancy. These considerations are



rarely factored into decision making. Being
diagnosed with preeclampsia means a host of
extra burdens — blood pressure measurements,
blood tests, fetal monitoring — plus the stress
and worry of complications from a syndrome
about which women often know little! Pregnancy
is stressful enough. Many women diagnosed with
preeclampsia in one pregnancy do not become
pregnant again.”® This is likely due to some extent
to the unpleasantness of being unwell, with
headaches, oedema, nausea and vomiting
through pregnancy. But what role is played by
the many months of invasive, uncomfortable
and frustrating and persistent medical care,
scans and blood tests? It is important to ensure
But

costs must be considered. The

a safe and healthy pregnancy. these
psychosocial

harms of overdiagnosis come in many forms.

Rethinking preeclampsia (1):
diagnosis

Let us now discuss in more detail how to

better
Diagnosing and classifying preeclampsia (and

approach research into preeclampsia.
anything else in medicine) should be based on
factors that predict prognosis and response to

treatment, a point we have made ad infinitum.

Preeclampsia is often treated as an outcome
in research. It should not be. Preeclampsia does
not cause placental abruption or fetal growth
restriction in the same way that infection with
Neisseria Meningitis causes meningitis. It is more
accurate to say that

placental insufficiency

(among  other factors) causes placental

abruption. It is the initial insult, in the same way
that
cerebrospinal fluid is the cause of meningitis.

entrance of N. Meningitidis entering
Preeclampsia is a label that identifies indicators
that this process is ongoing, and that a placental
abruption and organ dysfunction is more likely. And
so we identify the indicators, such as hypertension,
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proteinuria, and so forth. Thus we should not
be trying to predict preeclampsia, but rather its
complications. We should be trying to predict
placental abruption, and eclampsia, and HELLP
and fetal restriction, and

syndrome, growth

stillbirth. But not preeclampsia itself.

And as some have begun to argue, a diagnosis
should be thought of as a screening test, not
an endpoint in and of itself.8 It indicates an
increased risk of a complication; it itself is not
necessarily a complication. Were preeclampsia
to be defined more narrowly, it may function
better
predicting its development would be worthwhile.

as a proxy for complications, and
But even then — if you can perfectly predict
preeclampsia but not predict its complications,
nor do anything to avert them — how much
that of

preeclampsia, in and of itself, is not nearly as

does actually help? A diagnosis

informative as an outcome.

When we see that preeclampsia is a label
suggesting that a given process is occurring, it
becomes clearer why we must focus on
prognosis and response to treatment. If we are
trying to identify which women are going
through a process that leads to complications,
clinical features are only worthy of note if they
give some information about the likelihood of
complications. But if what we are looking for
tells us nothing about what is going to happen,

then we should look elsewhere.

Rethinking preeclampsia (2):

Prognosis

A key piece of the puzzle is developing a
core outcome set for preeclampsia — both
maternal and neonatal. This might include

maternal death; eclampsia; placental abruption;
acute pulmonary oedema; acute kidney injury;
HELLP syndrome; ICU admission; fetal growth



stillbirth.  This
begun,®! but is as yet not widely generalised (I

restriction; and process has
concede | too have not used a fixed set of core
outcomes, a symptom of variable quality and
availability of data). This, too, is limited by the
but

the fullPIERS outcome set® is starting to gain

significant heterogeneity of preeclampsia;
traction. It is likely to be useful primarily in
the
unlikely

prospective research; many of more

uncommon outcomes are to be

captured in routinely collected data.

We should identify common characteristics that
precede
characteristics that are present in those women

these complications, as well as
who do not suffer a complication. If women who
suffer complications commonly have a low blood
pressure at baseline, low platelets, high blood
pressure in the third trimester and a high sFLT-1:
PIGF ratio, then these features should be included
in how we diagnose preeclampsia. Women who
develop adverse outcomes may have a lower blood
pressure in the third trimester if their BMI at
baseline is higher, and vice versa. Women with a
high-resistance, low-output haemodynamic state

may suffer more complications.

We
clusters of women,

can use these features to identify

which would indicate a
certain subtype of preeclampsia and a certain
identified
characteristics and their subsequent groups, we

prognosis. Once we have these
can compare different treatments among each.
An ACE inhibitor may be more appropriate than
a calcium channel blocker for preventing a
hypertensive crisis in one group of women, but
the reverse may be true in another. Metformin
may be effective at prolonging pregnancy for
some women,®® but research should look for
other agents for other women for whom
metformin does not work. And we know aspirin
the likelihood

diagnosed with early-onset preeclampsia,

reduces of women being

but
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not for women with preexisting essential
hypertension.?”8% But we should go further, and
ask if it prevents complications, and from there,

in which women it prevents complications.

What is crucial is that this entire process
should occur across all pregnant women, not
with

preeclampsia, nor women deemed at “high-risk”

solely among women  diagnosed
of preeclampsia. Selecting for women diagnosed
with preeclampsia introduces a form of selection
bias. There are systemic differences in those
diagnosed with preeclampsia, which influences
outcomes. But a future diagnosis, driven only by
features that predict prognosis, will mean a set
that the

characterisation of prognosis and subsequently

of criteria allow for accurate

more optimal management.
Angiogenic biomarkers — particularly the
SFLT-1: PIGF ratio — are of particular interest
here. All
some studies have occurred in women with a

significantly elevated sFLT-1: PIGF ratio.3”38 This
ratio should probably play a major role in future

complications from preeclampsia in

criteria. And if clinical diagnosis conflicts with
angiogenic imbalance, which should take priority
in assigning a given risk to a woman? Whichever
characteristic  better predicts a risk of
complications. And if that is the sFLT-1: PIGF
ratio, clinicians should not hesitate to give that
precedence, even if a woman does not meet
traditional diagnostic criteria.

This is particularly relevant for women with
vascular risk factors. Women without vascular
risk factors may not be diagnosed clinically,
despite having an elevated ratio; in contrast,

women with vascular risk factors may be
diagnosed clinically, in the absence of an
elevated ratio. This offers an  exciting

opportunity. The sFLT-1: PIGF ratio is currently
our strongest prognostic indicator. It will be



valuable to study women who have a conflict
between a clinical and biochemical diagnosis of
those who either meet the
but

or those who do not

preeclampsia -

clinical  criteria without  angiogenic

imbalance, meet the
clinical criteria but have angiogenic imbalance.
This is likely to identify the group of women
who are unnecessarily diagnosed (the former),
and who have a missed diagnosis (the latter).
And women with vascular risk factors — the
be

unnecessarily — are those most likely to have a

women most likely to diagnosed

conflict between angiogenic imbalance and a
Thus this
starting point for further incorporating the sFLT-1:

clinical diagnosis. is an excellent

PIGF ratio into decision- making.

Here and now

Smaller, concrete steps should be tackled
in the near future. If we are to continue using
the
preeclampsia, we should at least rethink specific
thresholds. Some have argued recently that
130/80mmHg should be the threshold at which
we diagnose preeclampsia, as this is the level

current framework to diagnose

above which the risk of perinatal complications
begins to rise.8>8 However, secondary analysis
of a randomized control trial undertaken in a
low-resource setting found that it was only
above 140/90mmHg that complications began
to rise.!” Wherever the benchmark eventually
both link thresholds

outcomes. This should be the new norm.

falls, arguments to

We can build on it by considering baseline
BMI and blood pressure when interpreting a
given threshold. The cut-off for diagnosing
be

130/80mmHg for women with a low BMI and

hypertension in pregnancy might
blood pressure; 140/90mmHg for those with low
BMI and high blood pressure or high BMI and

low blood pressure; and 150/100mmHg for
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those with a high BMI and high blood pressure.

Further work into how we

preeclampsia is

manage

pivotal. Recent work has

suggested that metformin prolongs pregnancy
for women with early-onset preeclampsia.®® Not
only should such studies be replicated, but they
should be looked at in greater detail to identify
which women respond to treatment. Similarly,
the

managing hypertension should be studied in the

choice of antihypertensive agent for

context of a woman’s underlying
haemodynamics. What is best for one may not
be best for all. Finally, of interest is apheresis,
or removal, of sFLT-1.88 If preeclampsia is caused
by a “toxin” in the blood, then removing that
toxin should be an effective means of treating
the disease. Should this be a fruitful area of
exploration, it too will be made ever more
valuable by identifying for which women there

will be a positive therapeutic response.

This thesis is
generating, but elements of our results can be

predominantly hypothesis-

incorporated into clinical practice. During
pregnancy, clinicians should begin to interpret a
woman’s blood pressure in the context of her
blood pressure and BMI at booking visits. They
should steer away from being trigger-happy in
labelling a woman with preeclampsia, and move
towards diagnosing preeclampsia only when the

diagnosis is clear.

On a
introduce a “balance” measure that penalises

systemic level, hospitals could

unnecessary intervention resulting in early

in the
restriction.

has been
fetal
Selvaratnam et al showed that reporting on

delivery. This investigated

management  of growth

missed cases of fetal growth restriction — i.e.,

reporting the false negative rate - was

associated with a reduced incidence of severe

fetal growth restriction and a subsequent



decrease in the stillbirth rate.®® However, this
came at the cost of a higher false positive rate,
with more appropriately grown babies induced
The
proposed this latter rate as a balance measure.

prior to term. authors subsequently

90
This means both false negatives (growth-restricted
detected)
(appropriately grown fetuses induced early) are

fetuses not and false positives

considered when evaluating  hospital-level
outcomes. A similar approach could be considered
for preeclampsia. The challenge is determining the
right indicators. A hospital-level measure, such as
number of women induced for suspected
NICU

admission, balances the costs and benefits across

preeclampsia whose fetuses require

both individuals and the institution.

However, in the cases of both growth
restriction and preeclampsia, these are a Band-Aid
over a major knowledge gap — our relative inability
to accurately detect complications. Measuring and
evaluating how we care for women is of interest;
but once the diagnosis and prognosis are
characterised on a granular level, we will not need
them. A balancemeasure is a blunt weapon, which
implies that the cost of one missed cases is the
same as one unnecessary diagnosis — an
evaluation we can make only once we better
understand the prognosis of a given woman and

her fetus.

Before | sign off this thesis, | will briefly

discuss the limitations and strengths of my
research.
Limitations

is the
reliance on retrospective data. This means we

The key limitation of this thesis

cannot ascribe causal relationships to my data,

only associative. Perinatal epidemiological is
fraught with sampling and survivorship biases®!

— consider that among low-birthweight babies,
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smoking has been shown to be associated with
a lower mortality. Why? Because those neonates
with a low birthweight whose mothers did not
smoke are for

likely to have, example, a

congenital malformation as their cause of low

birthweight, with worse outcomes than low
birthweight due to smoking.%?
| have used more advanced statistical

techniques — causal mediation, mixed-effects
models — to mitigate these challenges and
limitations inherent in perinatal epidemiology.
However, as much as in any field and perhaps
more than most, prospective research is crucial
validate observations made in

to any

retrospect.

Whether to define preeclampsia by a strict
research definition or by how it is recorded
by the treating clinician is an ongoing issue.
Which should be preferred? That this is even
a question highlights the issues of research
generalisability | have discussed.

In some studies | have used a strict research

definition; in others, | used diagnoses as
recorded by the clinician. That these can be
significantly different is problematic. A strict
research criteria would likely result in smaller
effect sizes than we have demonstrated. But
how we diagnose preeclampsia should not be
so different between research and clinical
practice. It is more relevant and better practice
to have a strict, but easily and widely
applicable definition, which can be used for
both. There is too much of a discrepancy
between how preeclampsia is diagnosed in the

literature and how it is seen in clinical practice.

Finally, there are my personal limitations. |
am a medical student and a PhD candidate,
not an obstetrician with years of experience
at the coalface, making difficult management



decisions. And so my arguments are by and
large made from a theoretical, not practical,
perspective. Some of my proposals may be
absurd. But at all times | have tried to make
good-faith interpretations, balancing equally
reason, data, and speculation. | may look back
on these observations in one, five or 10 years
and think them all wrong. But | am confident
there is at least something of value, a new
perspective, a new research direction, in these
papers.

Strengths

After all, there are significant strengths to
my work. There are three interacting qualities
— large sample sizes, a narrow scope of
research, and focused outcomes — that | have
leveraged to make this the best research | can.

Small datasets have hampered research into
preeclampsia. The large databases have offered
the opportunity to do some of the larger
studies into preeclampsia and its outcomes.
Furthermore, the scope of my research has
been narrow. It can be boiled down to two
key questions: how do maternal characteristics
influence 1) the diagnosis and 2) the prognosis
of preeclampsia?

Finally, | have focused on outcomes that are
directly tied to either diagnosis (sFLT-1: PIGF
ratio, blood pressure during pregnancy,
phenotype of preeclampsia) or prognosis
(maternal or neonatal complications). While
the outcomes | have studied varied through
this thesis, they were, in every study, true to
my overarching theme. Focused outcomes
within a narrow scope of research using large
datasets are a powerful trinity in research.
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Conclusion

“Literature not only illuminated another’s experience, it provided, | believed, the
richest material for moral reflection.”
— Paul Kalanithi, When Breath Becomes Air

Maternal characteristics significantly influence the diagnosis of preeclampsia. This
highlights a major limitation in how we diagnose preeclampsia: the criteria we use are
not linked to prognosis, or response to treatment.

We should diagnose preeclampsia based on the answers to two key questions: what is
this woman’s prognosis? And how will she respond to treatment? This will ensure
preeclampsia is a well-defined condition that offers an established framework for
management. The harms of unnecessarily diagnosing preeclampsia are perennially
underestimated. We must not forget this.
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Appendix 1

2020 was a unique year.

Due to the COVID-19 pandemic, a decision was made in the Obstetrics and
Gynaecology department of Monash Health to move much of the antenatal care
program to telehealth.

This was a momentous task, and the speed and efficiency with which it happened is
testament to the skill and experience of the staff at Monash Health. But as with any
health care intervention, safety is paramount. It is of little benefit saving a woman
hours waiting in the clinic and hundreds of dollars in parking fees if you increase her
risk of fetal growth restriction, or her preeclampsia goes undetected.

Minimising the risk to these women was of utmost importance.  Beyond minimising
the risk of complications from COVID-19, the transition to telehealth had the potential
to be transformative for women who are at high risk of, and go on to develop,
preeclampsia. Women with preeclampsia are typically subjected to an arduous battery
of monitoring, investigations, and frequent appointments.

| played a major role in the evaluation of the telehealth program, particularly the
data analysis. This culminated in a paper that was published in The Lancet in July
2021. Given the importance of this research and my significant time investment
during my PhD candidature, | am including it as an appendix.
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Widespread implementation of a low-cost telehealth service
in the delivery of antenatal care during the COVID-19
pandemic: an interrupted time-series analysis

Kirsten R Palmer, Michael Tanner, Miranda Davies-Tuck, Andrea Rindt, Kerrie Papacostas, Michelle L Giles, Kate Brown, Helen Diamandis,
Rebecca Fradkin, Alice E Stewart, Daniel L Rolnik, Andrew Stripp, Euan M Wallace, Ben W Mol, Ryan J Hodges

Summary

Background Little evidence is available on the use of telehealth for antenatal care. In response to the COVID-19
pandemic, we developed and implemented a new antenatal care schedule integrating telehealth across all models of
pregnancy care. To inform this clinical initiative, we aimed to assess the effectiveness and safety of telehealth in
antenatal care.

Methods We analysed routinely collected health data on all women giving birth at Monash Health, a large health
service in Victoria (Australia), using an interrupted time-series design. We assessed the impact of telehealth integration
into antenatal care from March 23, 2020, across low-risk and high-risk care models. Allowing a 1-month implementation
period from March 23, 2020, we compared the first 3 months of telehealth integrated care delivered between April 20
and July 26, 2020, with conventional care delivered between Jan 1, 2018, and March 22, 2020. The primary outcomes
were detection and outcomes of fetal growth restriction, pre-eclampsia, and gestational diabetes. Secondary outcomes
were stillbirth, neonatal intensive care unit admission, and preterm birth (birth before 37 weeks’ gestation).

Findings Between Jan 1, 2018, and March 22, 2020, 20 031 women gave birth at Monash Health during the conventional
care period and 2292 women gave birth during the telehealth integrated care period. Of 20 154 antenatal consultations
provided in the integrated care period, 10 731 (53%) were delivered via telehealth. Overall, compared with the
conventional care period, no significant differences were identified in the integrated care period with regard to the
number of babies with fetal growth restriction (birthweight below the 3rd percentile; 2% in the integrated care
period vs 2% in the conventional care period, p=0-72, for low-risk care models; 5% in the integrated care
period vs 5% in the conventional care period, p=0-50 for high-risk care models), number of stillbirths (1% vs 1%,
p=0-79; 2% vs 2%, p=0-70), or pregnancies complicated by pre-eclampsia (3% vs 3%, p=0-70; 9% vs 7%, p=0-15), or
gestational diabetes (22% vs 22%, p=0-89; 30% vs 26%, p=0-06). Interrupted time-series analysis showed a significant
reduction in preterm birth among women in high-risk models (-0:68% change in incidence per week [95% CI
-1:37 to -0-002]; p=0-049), but no significant differences were identified in other outcome measures for low-risk or
high-risk care models after telehealth integration compared with conventional care.

Interpretation Telehealth integrated antenatal care enabled the reduction of in-person consultations by 50% without
compromising pregnancy outcomes. This care model can help to minimise in-person interactions during the
COVID-19 pandemic, but should also be considered in post-pandemic health-care models.

Funding None.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Introduction

In March, 2020, health-care systems around the world had
to rapidly adjust to cope in response to the COVID-19
pandemic. Services for many subacute aspects of health
care were cancelled or completely shifted to telehealth
for care delivery; however, maternity care presented a
unique challenge, since it cannot be cancelled nor converted
to a completely digital format. In Australia, the antenatal
care schedule has remained largely unchanged since
introduction by the UK Government in 1929," with the
majority of antenatal appointments occurring within the
hospital environment, where up to 9G% of women in
Australia give birth.? In response to concerns that hospitals
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would be overwhelmed by COVID-19 cases, antenatal
care delivery had to be adapted to protect pregnant women
and staff from unnecessary exposure to SARS-CoV-2.

On March 13, 2020, the Australian Government
announced a temporary change in public health funding
through the Medicare Benefits Schedule to support
telehealth use in health-care delivery. Telehealth models
have previously been implemented in high-cost settings
that have extensive technological infrastructure and
support systems in place, or in specific patient groups
who live remote to specialist care.**

Little evidence is available on telehealth use in antenatal
care delivery;** thus, in response to the COVID-19
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Research in context

Evidence before this study

Telehealth has been implemented for the provision of
pregnancy care in high-income, low-income and, middle-
income countries. We searched PubMed and Ovid databases
from database inception to March, 2020, for articles published
in English, using the search terms “telehealth” OR
“telemedicine” AND “pregnancy” OR “antenatal care” OR
“obstetrics” OR “maternity”. Studies or reviews that focused
specifically on the use of telehealth or telemedicine for the
delivery of routine antenatal care were identified from abstract
review. A 2020 systematic review found that targeted telehealth
interventions have been associated with improved pregnancy
outcomes, such as smoking cessation and higher breastfeeding
rates. The use of telehealth interventions has also been
associated with a reduced number of unplanned in-person visits
in high-risk pregnancies, while maintaining similar pregnancy
outcomes. This review identified 19 studies done in low-risk
pregnancies (n=6827) and 13 studies in high-risk pregnancies
(n=1514); however, the majority of included studies focused on
targeted use of telehealth, such as for smoking cessation, health
and wellbeing in pregnancy, influenza vaccinations, or diabetes
management. Three studies were done in high-risk pregnancies
alone (n=353) that assessed the use of telehealth to minimise
in-person antenatal attendances. All three studies engaged
considerable infrastructure comprised of web-based support
tools for the management of blood sugar levels in gestational
diabetes, or remote monitoring devices, such as blood glucose
meters, blood pressure monitors, and pulse oximetry monitors.
The use of these tools across the three studies was associated
with a reduction in the number of unscheduled visits. None of
the included studies specifically assessed the virtual delivery of
routine antenatal care using telehealth. However, virtual
obstetric services have been developed, predominately within
the USA. Although evidence from these programmes indicate
that women provided with virtual care had similar pregnancy

pandemic, in the Australian state of Victoria a large
health-care network developed a new integrated antenatal
care schedule incorporating telehealth for consultation
delivery via voice calls or video calls across all models
of pregnancy care. On March 23, 2020, this integrated
antenatal care schedule was implemented across three
maternity hospitals within the Victorian health-care
system, with the aim of reducing in-person consultations
by up to GG%, while maintaining a high standard of
antenatal care.

Little evidence was available to inform this clinical
initiative; thus, we aimed to assess the uptake and safety
of telehealth integrated antenatal care for low-risk and
high-risk pregnancies. Since physical examination is not
possible during telehealth consultations, we hypothesised
whether the use of telehealth integrated antenatal care
might adversely impact on the ability to detect common
complications of pregnancy, particularly those contingent
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outcomes to those given conventional care and patient
satisfaction with virtual care is good, these models often
incorporated additional technological infrastructure to support
home monitoring and were used in small patient populations.

Added value of this study

The widespread integration of telehealth into the delivery of
antenatal care for both low-risk and high-risk pregnancy care
models is achievable. To our knowledge, this is the first low-cost
model of telehealth integrated antenatal care. We found that
telehealth integrated antenatal care was achievable in a publicly
funded health-care system. Rapid replacement of around
50% of in-person antenatal consultations with virtual
telehealth visits was not associated with a change in adverse
pregnancy outcomes or complications when compared with
conventional antenatal care. Although the motivation for this
change in care was driven by the COVID-19 pandemic,
pregnancy outcomes were not influenced directly by COVID-19
in pregnancy since no COVID-19 cases were reported in our
study population during the study period.

Implications of all the available evidence

Telehealth can be incorporated into antenatal care delivery for
both low-risk and high-risk pregnancies, not only for targeted
strategies such as diabetes management and smoking
cessation, but also for routine antenatal care visits. Our findings
indicate that antenatal care delivered using telehealth is likely
to result in the same or improved outcomes when compared
with conventionally delivered care; thus, future research is
needed to ensure these findings are maintained over a longer
period and after the COVID-19 pandemic. Existing literature
indicates that telehealth applications are associated with a high
level of patient satisfaction. Although this model of care will
assist with the development of resilient, personalised health
systems, the cost-effectiveness of telehealth in antenatal care
remains to be determined.

on physical examination, such as pre-eclampsia and fetal
growth restriction.

Although this new antenatal care schedule is crucial
during the current COVID-19 pandemic, evaluation of
the telehealth integrated care model might assist
other health services considering such a programme,
particularly with the observed resurgence in COVID-19
cases in many countries. Additionally, this evaluation
might guide the future use of telehealth integrated
antenatal care as part of building resilient health systems
better placed to withstand epidemics while providing
more individualised patient care.

Methods

Study design

We used an interrupted time-series analysis to compare
telehealth integrated antenatal care with conventionally
delivered care on pregnancy outcomes across a large
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health service in Victoria, Australia. Monash Health is
the largest publicly funded maternity service in
Melbourne (VIC, Australia), consisting of two secondary
and one tertiary referral hospitals. Monash Health
provides care for approximately 10 000 births with
around 100 000 antenatal consultations done annually.
This research was approved by Monash Health Human
Research Ethics Committee (RES-20-0000300Q-G4284);
the requirement for individual participant consent was
waived due to the use of de-identified data. The findings
of this study were reported in accordance with the
RECORD guidelines.®

Data sources

Births that occurred at or after 20 weeks’ gestation or with
a birthweight of 400 g or higher, if gestation was uncertain,
between Jan 1, 2018, and July 2G, 2020, were included in
the analysis. Data were extracted from the Birthing
Outcomes System (Melbourne Clinical and Translational
Sciences, Melbourne, VIC, Australia) raw database. The
Birthing Outcomes System is an electronic database used
to document maternal clinical information; antenatal,
intrapartum and post-partum details; and pregnancy
outcomes. The routinely collected health outcome data
had minimal missing data, with missing data for the
following variables: birthweight (n=1 [<1%]), neonatal
intensive care unit (NICU) admission (n=302 [1%]), and
body-mass index (BMI; n=1499 [7%]). The missing data
were excluded from their respective analyses. Data on
antenatal appointments and types were obtained from the
Monash Health business intelligence portal. Low-risk
care models included midwifery-led, shared care (with
hospital and general practitioner appointments) and
collaborative care (with obstetrician and midwifery
appointments) models. Obstetric specialist-led care was
defined as a high-risk care model.

Procedures

A multidisciplinary team of obstetric, midwifery,
and general practice providers developed a telehealth
integrated antenatal care schedule (figure 1). Telehealth

consultations were delivered by video call (Healthdirect
Australia, Haymarket, NSW, Australia) or via telephone,
on the basis of patient preference and a decision
support tool (appendix). Telehealth consultations were
supplemented with a suite of patient and staff infor-
mation sheets, and systems to support remote blood
pressure checks and fetal growth assessments. Blood
pressure was self-checked on purchased automated
blood pressure monitors, with local health providers, or
at the time of hospital ultrasound assessments. Remote
monitoring of fetal growth involved the introduction of
self-measured symphyseal-fundal heights weekly from
24 weeks’ gestation plotted on provided fetal growth
charts supported by educational material, and ultra-
sound assessment of fetal growth was done in hospital
according to national clinical care recommendations.”
Women were screened regularly for gestational diabetes
via an oral glucose tolerance test and if positive
monitored blood glucose levels during the conventional
care period; endocrinology consultations were delivered
via telehealth. We collected information on pregnancy
outcomes following telehealth implementation between
April 20 and July 2G, 2020. Data were extracted from
the Birthing Outcomes System raw database by the
health information team, who cleaned and validated
data, which was provided to investigators as an Excel
spreadsheet for all births within the requested time
period for all variables requested, including baseline
maternal demographics, maternal age, BMI, parity, and
smoking status. We also collected data on the number
and type of antenatal consultations done each week.
Telehealth appointments were defined as those done
via telephone or videoconferencing. The number of
appointments missed for in-person and telehealth
appointments was also recorded.

Conventional antenatal care at Monash Health was
provided in accordance with the National Health and
Medical Research Council guidelines on antenatal care
in uncomplicated pregnancies, which involves ten
antenatal consultations delivered in person across
pregnancy. Women with pregnancy complications could

Low-risk care models
First trimester Second trimester Third trimester
Telehealth Midwifery 16 weeks' 22 weeks' gestation- 31 weeks' 34 weeks' 38 weeks'
assessment clinic gestation first consultation with doctor gestation gestation gestation
In berson 28 weeks' 36 weeks' 240 weeks'
p gestation gestation gestation
High-risk care models
First trimester Second trimester Third trimester
Midwifery First consultation 22 weeks' 31 weeks' 34 weeks'
Telehealth - . X - X
assessment clinic with doctor gestation gestation gestation
In person 16-18 weeks' 28 weeks' 36 weeks' 38 weeks' | 240weeks'
P gestation gestation gestation gestation gestation

Figure 1: Telehealth integrated antenatal care schedule for low-risk and high-risk models of care
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have more consultations depending on clinical need. We
collected information for all women who gave birth at
Monash Health between Jan 1, 2018, and March 22, 2020,
which was defined as the conventional care period.
Integrated care incorporating telehealth was implemented
on March 23, 2020. The period March 23-April 19, 2020,
was defined as the implementation period. The period
April 20-July 2G, 2020, was defined as the integrated care
period.

Outcomes

The primary outcome was the safety of telehealth
integrated care compared with conventional care for the
detection and management of pre-eclampsia, fetal
growth restriction, and gestational diabetes.

For fetal growth restriction, singleton birthweight
percentiles (<3rd and <10th percentiles) were deter-
mined using local population charts.” A health service
performance indicator for undiagnosed fetal growth
restriction was used, defined as the proportion of babies
with a birthweight below the 3rd percentile born at or
after 40 weeks’ gestation divided by the number of
babies with a birthweight below the 3rd percentile
born at or after 32 weeks’ gestation.”” Additionally, we
determined the number of singleton pregnancies
induced for suspected fetal growth restriction. To ensure
any improvements in rates of fetal growth restriction

Conventional care Implementation Integrated care p value
(n=20031) period (n=685) (n=2292)
Age, years 31-29 (5-19) 31-36 (5-04) 3161 (5-31) 0-03
Body-mass index, kg/m? 25 (22-29) 25 (22-30) 25 (22-29) 0-08
Smoking in pregnancy 1253 (6%) 46 (7%) 147 (6%) 0-86
Nulliparous 7983 (40%) 271 (40%) 894 (39%) 073
Multiple pregnancy 375 (2%) 11 (2%) 51 (2%) 043
Maternal region of birth
Australia 8363 (42%) 292 (43%) 1012 (44%) 0-06
Africa 813 (4%) 23(3%) 109 (5%)
Southern Asia 5961 (30%) 209 (31%) 642 (28%)
Southeast and 3158 (16%) 109 (16%) 363 (16%)
eastern Asia
Central and western 266 (1%) 7(1%) 30 (1%)
Asia
Europe 907 (5%) 32 (5%) 72 (3%)
Other 563 (3%) 13 (2%) 64 (3%)
Antenatal visits
In person 165 256/165 263 (99-9%) 3667/5443 (68%)  9423/20154 (47%) <0-0001
Telehealth 107/165263 (0-06%) 1776/5443 (33%) 10731/20154 (53%)
Appointments not 8538/165 263 (5%) 500/5443 (9%) 1589/20 154 (8%) <0-0001
attended
In person* 8537/165 256 (5%) 358/3667 (10%) 682/9423 (7%) <0-0001
Telehealth* 1/107 (1%) 142/1776 (8%) 907/10 731 (8%) 0-02
Data are mean (SD), median (IQR), n (%), or n/N (%). *Denominators reflect the total number of appointments of that
type offered during the period.
Table 1: Maternal and antenatal care characteristics in the conventional and telehealth integrated care
periods
121
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were not the result of an increase in early-term births,
we assessed the proportion of women who were induced
for suspected fetal growth restriction before 39 weeks’
gestation who delivered a baby with a birthweight above
the 10th percentile.

For pre-eclampsia detection and management, we
assessed the proportion of women diagnosed with
pre-eclampsia; gestation at birth; and the incidence of
severe pre-eclamptic complications, defined as a com-
posite of eclampsia, placental abruption, haemolysis,
elevated liver enzymes, Haemolysis, Elevated Liver
enzymes and Low Platelets syndrome, acute pulmonary
oedema, admission to an intensive care unit, acute kidney
injury requiring dialysis, and stillbirth. Pre-eclampsia was
defined in accordance with the International Society for
the Study of Hypertension in Pregnancy’s guideline."

To assess gestational diabetes detection and manage-
ment, we analysed the proportion of women with
gestational diabetes who required insulin, and the
incidence of macrosomia, defined as a birthweight above
the 97th percentile. Gestational diabetes was diagnosed
in accordance with the Australasian Diabetes in
Pregnancy Society guidelines.*

Secondary outcomes were: stillbirth; NICU admission;
and preterm birth (birth before 37 weeks’ gestation).
Stillbirth was defined as the death of a baby from
20 weeks’ gestation, or with a birthweight of 400 g or
more if gestational age was unknown.

Statistical analysis

Due to the rapid implementation of this programme
during the COVID-19 pandemic, we did no power
calculations, but the outcomes for all women over this
time period were reported.

Continuous outcomes were presented as mean (SD)
for normally distributed variables and median (IQR) for
skewed data. Baseline characteristics were described for
the conventional, implementation, and integrated care
periods. The incidence of pre-eclampsia, fetal growth
restriction, and gestational diabetes in the three time
periods were described, and we compared differences
between the conventional and integrated care periods
using a x* test. We calculated weekly incidence of
dichotomous outcomes (singletons with birthweight
<10th percentile, singletons with birthweight <3rd per-
centile, singletons with birthweight <3rd percentile
born at or after 40 weeks’ gestation, singletons induced
for suspected fetal growth restriction, singletons
induced at <39 weeks for suspected fetal growth
restriction with birthweight >10th percentile, women
diagnosed with pre-eclampsia, women diagnosed with
gestational diabetes [all who required insulin and
women with a baby with macrosomia (birthweight
>97th percentile)], stillbirth, NICU admission, and
preterm birth [<37 weeks’ gestation]) stratified by model
of care (low risk or high risk) and did an interrupted
time-series analysis using a Prais—-Winsten generalised
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least-squares regression-based approach, accounting
for autocorrelation of the residuals and added robust
SEs to determine any changes in each of the outcomes
after telehealth implementation.”* We did not correct
for seasonality. We also assessed the Durbin-Watson
statistic as an indicator of how well the model corrected
for autocorrelation with a value of 2 indicating no
autocorrelation within the model; all models met this
assessment of accounting for autocorrelation. The coef-
ficients reported were the pre-trend slope (rate of change
in incidence of respective outcomes per week in the
conventional care period [ Jan 1, 2018—March 22, 2020]),
the intervention slope (difference in rate of change in
incidence of respective outcomes between April 20 and
July 2G, 2020, relative to the conventional care period),
and the post-trend slope (rate of change in incidence of
respective outcomes per week in the integration period
[April 20—]uly 2G, 2020]).

To minimise selection and misclassification bias, all
women who attended antenatal care at Monash Health
were assessed after giving birth. We used routinely
collected health outcome data, to minimise the risk of
missing data. In allowing an implementation period,
misclassification bias was minimised, since women
identified with pre-eclampsia and fetal growth restriction
in the conventional care period would have given birth
during the implementation period.

Two-tailed p values of less than 0-05 were considered
to indicate statistical significance. All statistical analyses
were done using Stata IC (version 12.0).

Role of the funding source
There was no funding source for this study.

Results

Between Jan 1, 2018, and March 22,2020, 20 031 women
gave birth at Monash Health with conventional care.
Telehealth was integrated into antenatal care delivery
across Monash Health on March 23, 2020; thus we
assessed comparative outcomes for 2292 women who
gave birth between April 20 and July 2G, 2020. Thus,
the total observational study period assessed outcomes
from 23 008 births, comparing all women who gave birth
during the 3-month telehealth integrated care with those
who gave birth in the 2G months before telehealth
implementation.

Women who gave birth during the telehealth integrated
care period were slightly older (31-G1 vs 31-29 years;
p=0-03) than those who gave birth during the con-
ventional care period. No other significant differences
between the groups were observed for BMI, smoking,
parity, or region of birth (table 1).

During the study period, the mean number of antenatal
consultations done remained stable at approximately
1400 per week. However, the proportion of consultations
delivered via telehealth increased rapidly during the
implementation period, with a mean of 7GG telehealth
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consultations done per week (7GG [53%] of 1400 con-
sultations via telehealth vs 0-9G [0-0G%] consultations
during the conventional care period; table 1, figure 2A).
Most of these consultations were by video call with
5% done via telephone (data not shown). In low-risk care
models women received a mean of five (5G%) of nine
visits by telehealth, whereas women in high-risk models
received four (40%) of ten visits via telehealth (figure 2B).
The total number of appointments that women did not
attend was significantly higher in the integrated care
period than the conventional care period (1589 [8%] of
20154 consultations vs 8538 [5%] of 1G5 2G3 consultations;
p<0-0001; table 1). However, during the integrated care
period, the overall number of appointments that were not
attended was similar for both telehealth and in-person
consultations (figure 3). A higher number of in-person
consultations were missed than telehealth consultations
in high-risk care models (figure 3A), whereas the number
of telehealth consultations missed was higher than in-
person consultations in low-risk care models (figure 3B).
Regarding fetal growth restriction, no significant
differences were identified in the proportion of babies
born with a birthweight below the 3rd percentile in
the integrated care period when compared with the
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Figure 2: Number of in-person and telehealth consultations delivered per week after telehealth
implementation on March 23, 2020

Absolute number of in-person and telehealth consultations (A) and the percentage of antenatal consultations
delivered by telehealth for low-risk and high-risk care models (B) between March 23 and July 20, 2020.

The implementation period was defined as March 23-April 19, 2020, and the integrated care period was defined as
the period April 20-July 26, 2020.
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Figure 3: Proportlon of consultatmns not attended per week following telehealth |mp|ementat|on
Proportion of missed appointments for in-person and telehealth consultations for high-risk care models (A) and
low-risk care models (B). Shaded areas indicate the periods of community lockdown in Melbourne (VIC, Australia)
during the COVID-19 pandemic.
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conventional care period for low-risk care models
(39 [2%] of 17G7 singleton births in the integrated care
period vs 322 [2%] of 15 470 singleton births in the
conventional care period; p=0-72) or high-risk models
(25 [5%] of 474 singleton births vs 192 [5%] of
418G singleton births; p=0-50). No significant dif-
ferences were identified in the proportion of babies
born with a birthweight below the 10th percentile in the
integrated care period when compared with the
conventional care period for low-risk care models
(1G7 [10%] of 17G7 singleton births in the integrated care
period vs 150G [10%] of 15 470 singleton births in the
conventional care period; p=0-71) or high-risk care
models (G1 [13%] of 474 singleton births vs 580 [14%] of
418G singleton births; p=0-55; table 2). In interrupted
time-series analysis, no significant differences were
identified in the rate of change per week in the number
of babies born with a birthweight below the 3rd
percentile after the introduction of telehealth
compared with the conventional care period in low-risk
care models (0-0G% change per week [95% CI
-0-07 to 0-20]; p=0-37) or high-risk care models (-
0-14% change per week [-0-41 to 0-13]; p=0-31; table
3). Similarly, no significant differences were identified
in the number of babies born with a birthweight below
the 3rd percentile born at or after
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40 weeks’ gestation for the conventional care period and
integrated care period (tables 2, 3). Compared with
the conventional care period, no differences in the
number of women who were induced for suspected
fetal growth restriction per week were identified during
the telehealth integrated care period for low-risk care
models (-0-19 [95% CI -0-40 to 0-03]) or high-risk care
models (-0-008 [-0-37 to 0-3G]), or for the number of
women who were induced before 39 weeks resulting in
a baby with a birthweight above the 10th percentile
(table 3).

Additionally, no significant differences were identified
in the incidence of stillbirth overall between the
integrated and conventional care periods (1% in the
integrated care period vs 1% in the conventional care
period, p=0-79 for the low-risk care models; 2% vs 2%,
p=0-70 for high-risk care models), or when crude rates
were assessed for either care model (table 2). A 0:22%
reduction in the number of stillbirths per week was
observed after the integration of telehealth in high-risk
care models when compared with conventional care
(95% CI -0-47 to 0-03; p=0-09), but this difference was
not statistically significant (table 3).

Compared with the conventional care period, in the
implementation period, an initial decline was observed in
the number of women diagnosed with pre-eclampsia in
both low-risk care models (six [1%] of 53G women in the
implementation period vs 455 [3%] of 15 493 women in
the conventional care period) and high-risk care models
(six [4%] of 149 women vs 328 [7%] of 4538 women;
table 2). However, the number of pre-eclampsia diagnoses
during the integrated care period was similar to that
in the conventional care period (49 [3%] of 17G8 women
in low-risk care models and 47 [9%] of 524 women in
high-risk care models; table 2). For pregnancies com-
plicated by pre-eclampsia, no significant difference in
the median gestation at birth was identified after tele-
health integration when compared with conventional
care for women in low-risk care models (384 weeks
[IQR 37-3-39-3) vs 38:2 weeks [37-2-39-3]; p=0-27) or
women in high-risk care models (37-1 weeks [32-G-38-1]
vs 3G-8 weeks [34-2-38-0]; p=0-99; table 2). The number
of women with pre-eclampsia who had severe com-
plications in the integrated care period was too low to
make any conclusive inferences, but was similar to that
for the conventional care period for the low-risk care
model (two [4%] of 49 women in the integrated care
period vs 20 [4%] of 455 women in the conventional
care period; p=0-94) and high-risk care models (two [4%]
of 47 women vs 23 [7%] of 328 women; p=0-48; table 2).
No significant differences in the number of pre-eclampsia
diagnoses per week were identified after the imple-
mentation of telehealth in low-risk care models
(0-15% change per week [95% CI -0-03 to 0-34]; p=0-10)
or high-risk care models (0-20% [-0-31 to 0-70];
p=0-44) when compared with the pre-trend slope for the
conventional care period (table 3).
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Conventional care Implementation Integrated care p value*
period period period
Low-risk care models
Fetal growth restriction
Singletons with birthweight <10th percentile 1506/15470 (10%) 58/535 (11%) 167/1767 (10%) 071
Singletons with birthweight <3rd percentile 322/15470 (2%) 12/535 (2%) 39/1767 (2%) 072
Singletons with birthweight <3rd percentile born at or after 74/306 (24%) 1/11 (9%) 8/34 (24%) 093
40 weeks’ gestationt
Singletons induced for suspected fetal growth restriction 665/15470 (4%) 32/535 (6%) 82/1767 (5%) 0-50
Singletons induced at <39 weeks for suspected fetal growth 213/13 705 (2%) 5/471 (1%) 28/ 1579 (2%) 0-51
restriction with birthweight >10th percentile
Pre-eclampsia
Women diagnosed with pre-eclampsia 455/15493 (3%) 6/536 (1%) 49/1768 (3%) 0-70
Gestation at delivery, weeks 38:2(37-2-39:3) 38:3(37-6-39-1) 38:4(37-3-39-3) 027
Women with pre-eclampsia with severe complication§ 20/455 (4%) 0 2/49 (4%) 094
Gestational diabetes
Women diagnosed with gestational diabetes 3405/15493 (22%) 113/536 (21%) 386/1768 (22%) 0-89
Requiring insulin 1242/3405 (36%) 43/113 (38%) 127/386 (33%) 012
Baby with macrosomia at birth (birthweight >97th percentile) 384/3405 (11%) 13/113 (12%) 33/386 (9%) 0-10
Perinatal morbidity or mortality
stillbirth 105/15 516 (1%) 1/537 (<1%) 11/1768 (1%) 0-79
NICU admission 237/15516 (2%) 10/537 (2%) 29/1768 (2%) 0-60
Preterm birth (<37 weeks’ gestation) 869/15 516 (6%) 30/537 (6%) 82/1768 (4%) 0-10
High-risk care models
Fetal growth restriction
Singletons with birthweight <10th percentile 580/4186 (14%) 30/139 (22%) 61/474 (13%) 0-55
Singletons with birthweight <3rd percentile 192/4186 (5%) 14/139 (10%) 25/474 (5%) 0-50
Singletons with birthweight <3rd percentile born at or after 17/161 (11%) 1/11 (9%) 1/19 (5%) 0-47
40 weeks’ gestationt
Singletons induced for suspected fetal growth restriction 207/4186 (5%) 7/139 (5%) 30/474 (6%) 0-19
Singletons induced at <39 weeks for suspected fetal growth 56/3217 (2%) 1/98 (1%) 5/368 (1%) 0-55
restriction with birthweight >10th percentile
Pre-eclampsia
Women diagnosed with pre-eclampsia 328/4538 (7%) 6/149 (4%) 47/524 (9%) 0-15
Gestation at delivery, weeks 36-8 (34-2-38:0) 37 (35-4-384) 37:1(32:6-38:1) 099
Women with pre-eclampsia with severe complication§ 23/328 (7%) 0 2/47 (4%) 0-48
Gestational diabetes
Women diagnosed with gestational diabetes 1178/4538 (26%) 41/149 (28%) 156/524 (30%) 0-06
Requiring insulin 584/1178 (50%) 22/41 (54%) 78/156 (50%) 092
Baby with macrosomia at birth (birthweight >97th percentile) 194/1178 (16%) 7/41 (17%) 27/156(17%) 079
Perinatal morbidity or mortalityq
stillbirth 99/4897 (2%) 2/159 (1%) 13/574 (2%) 070
NICU admission 723/4897 (15%) 23/159 (14%) 101/574 (18%) 0-01
Preterm birth (<37 weeks’ gestation) 1307/4897 (27%) 42/159 (26%) 164/574 (29%) 0-34

Data are n/N (%) or median (IQR). The conventional care period was defined as Jan 1, 2018, to March 22, 2020, the implementation period as March 23 to April 19, 2020,
and the integrated care period as April 20 to July 26, 2020. NICU=neonatal intensive care unit. *Conventional care period versus integrated care period. tCalculated as
number of singleton babies born with a birthweight below the 3rd percentile at or after 40 weeks’ gestation divided by number of babies born with a birthweight below the
3rd percentile after 32 weeks’ gestation. ¥Calculated as number of babies induced before 39 weeks’ gestation for suspected fetal growth restriction with birthweight above
the 10th percentile divided by the number of babies born after 35 weeks’ gestation with a birthweight above the 10th percentile. §Severe complication from pre-eclampsia
defined as a composite of haemolysis, elevated liver enzymes and low platelets syndrome, eclampsia, placental abruption, pulmonary oedema, and stillbirth. iDenominator

is all babies.

Table 2: Maternal and neonatal complications in low-risk and high-risk care models

An increase in the incidence of gestational diabetes
diagnosed in high-risk care models was observed after
telehealth implementation, but this difference was not
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significant (15G [30%] of 524 women in the integrated
care period vs 1178 [2G%] of 4538 women in the con-
ventional care period; p=0-0G), and no increase was
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Pre-trend slope* pvalue Interventiont pvalue Post-trend slopet p value
Low-risk care models
Fetal growth restriction
Singletons with birthweight -0-006% (-0-21 to 0-008) 0-42 -0-002% (-0-37 to 0-36) 0-99 —-0-083% (-0:38to-0-35) 096
<10th percentile
Singletons with birthweight —0-003% (~0-009 to 0-003) 0-26 0-06% (-0-07 to 0-20) 0-37 0-06% (—0-08to 0:19)  0-39
<3rd percentile
Singletons with birthweight <3rd percentile ~ —0:04% (-0-18 to 0-09) 057  —0-58% (—3-48t02-33) 070 -0-61 (-3:51to 2:28) 068
born at or after 40 weeks’ gestation
Singletons induced for suspected fetal —-0-009% (-0-02 to 0-001) 008 —0-19% (—0-40t0 0-03) 0-09 -0-19% (-0-41 to 0-02) 0-08
growth restriction
Singletons induced at <39 weeks for -0:02% (-0-36 to —0-04) 0-013  -0-25% (-3-51 to 3:02) 0-88 -0-45% (-3-70 to 2-80) 078
suspected fetal growth restriction with
birthweight >10th percentile
Pre-eclampsia
Women diagnosed with pre-eclampsia -0-001% (-0-001 to 0-009) 0-83 0-15% (-0-03 to 0-34) 0-10 0-15% (-0-03 to 0-:32) 0-10
Gestational diabetes
Women diagnosed with gestational 0-04% (0-016 to 0-054) <0-001 -0-02% (-0-52 to 0-47) 093 0-01% (-0-48 to 0-50) 095
diabetes
Requiring insulin —-0-04% (-0-09 to 0-02) 0-18 0-72% (-0-42 to 1-85) 0-21 0-68% (—0-44to 1-81) 023
Baby with macrosomia at birth —-0-05% (-0-09 to —0-21) 0-001  0-55% (—0-26 to 1-36) 0-18 0-49% (-0-31to 1-30) 0-22
(birthweight >97th percentile)
Perinatal morbidity or mortality
Stillbirth 0-001% (-0-002 to 0-005) 0-48 0-02% (-0-04t0 0-09)  0-52 0-02% (-0-04 to 0-08)  0-50
NICU admission 0-006% (-0-0003t0 0-01)  0-06 0-03% (-0-10to 0-15) 0-69 0-03% (-0-09to 0-15) 062
Preterm birth (<37 weeks’ gestation) 0-003% (—0-008 to 0-01) 0-62 0-12% (-0-10 to 0-35) 029 0-12% (-0-09 to 0-35) 027
High-risk care models
Fetal growth restriction
Singletons with birthweight 0-0005% (-0-03 to 0-03) 098  -0-14% (-0-91 to 0-63) 073 -0:14%(-0-90to 0-63)  0-73
<10th percentile
Singletons with birthweight 0-01% (-0-003 to 0-03) 010  -0-14% (-0-41 to 0-13) 031 -0-12% (-0-39 to 0-14) 036
<3rd percentile
Singletons with birthweight -0-03% (-0-19 to 0-12) 0-66 0-55% (-0-48 to 1-57) 0-30 0-51% (-0-51 to 1:53) 0-32
<3rd percentile born at or after 40 weeks’
gestation
Singletons induced for suspected fetal 0-002% (-0-15 to 0-02) 076 —-0-008% (-0-37 to 0:36) 0-97 -0:01% (-0-37 to 0-36) 098
growth restriction
Singletons induced <39 weeks for 0-03% (-0-19 to 0-25) 080  -0-70% (-6-47 to 5-08) 0-81 -0:67% (—6-44 to 5-10) 0-82
suspected fetal growth restriction with
birthweight >10th percentile
Pre-eclampsia
Women diagnosed with pre-eclampsia -0-003% (-0-03 to 0-02) 0-79 0-20% (-0-31 to 0:70) 0-44 0:19% (-0-31 to 0:71) 0-44
Gestational diabetes
Women diagnosed with gestational 0-04% (-0-001 to 0-74) 0-06 0-38% (-0-51to 1-27) 0-40 0-42% (-0-47 to 1-31) 034
diabetes
Requiring insulin 0-13% (0-02 to 0-25) 003  -0-51%(3-49to 2-46) 0-73 -0-38% (-3-35 to 2-59) 0-80
Baby with macrosomia at birth -0:03% (-0-12 to 0-06) 047  -0-72% (-2-85 to 1:41) 051 -0:75% (-2-88 to 1:38) 0-49
(birthweight >97th percentile)
Perinatal morbidity or mortality
Stillbirth 0-002% (—0-008 to 0-01) 070  -0-22% (-0-47 to 0-03) 0-09 -0-22% (-0-47 to 0-03) 0-09
NICU admission —0-0003% (-0-03 to 0-03) 098  -0-44% (-1-04 to 0-16) 0-15 -0-43% (~1-04 to 0-16) 0-15
Preterm birth (<37 weeks’ gestation) -0:03% (-0-07 to 0-006) 0-10 -0-68% (-1-37t0-0-002) 0-049  -0-71% (-1-40to-0-03) 004

Data are percentage change per week (95% Cl). NICU=neonatal intensive care unit. *Change in rate of respective outcomes per week during the conventional care period.
tChange in incidence of respective outcomes per week during the telehealth integration period compared with the conventional care period. ¥Change in rate of respective
outcomes per week during the integrated care period.

Table 3: Interrupted time-series analysis for maternal and neonatal outcomes in conventional and integrated care periods for low-risk and high-risk care

models
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observed among women in low-risk care models
(38G [22%] of 17G8 women vs 3405 [22%] of 15493;
p=0-89; table 2). No changes were observed in the
proportion of women with gestational diabetes requiring
insulin or giving birth to a baby with a birthweight above
the 97th percentile in the low-risk or high-risk care
models (table 2). Across the conventional care period, a
small increase in the number of women diagnosed with
gestational diabetes per week was observed in low-risk
care models (0-04% increase [95% CI 0-02-0-05];
p<0-001), with no significant change observed following
the introduction of telehealth (p=0-93; table 3). Similarly,
in high-risk care models, the number of women with
gestational diabetes requiring insulin increased by
0-13% per week (95% CI 0-02-0-25; p=0-03) in the
conventional care period, but this increase was not
significantly altered with telehealth integration (p=0-73;
table 3).

No significant differences were identified in the
proportion of babies requiring NICU admission born to
women in the low-risk models of care (29 [2%] of
17G8 babies in the integrated care period vs 237 [2%)] of
15 51G babies in the conventional care period; p=0-GO0;
table 2), or the weekly change in rate of NICU admission
in the conventional or intergrated care periods. Among
women in high-risk care models, a significantly higher
proportion of babies were admitted to NICU in the
integrated care period than in the conventional period
(101 [18%)] of 574 babies vs 723 [15%] of 4897 babies;
p=0-01; table 2); however, in interrupted time-series
analysis no significant differences in the rate of weekly
NICU admission were identified after telehealth inte-
gration compared with conventional care (-0-44% change
per week [95% CI -1-04 to 0-1G]; p=0-15; table 3).

The proportion of babies born preterm was similar for
all time periods for both low-risk care models (82 [4%] of
17G8 babies in the integrated care period vs 8G9 [G%] of
15 51G babies in the conventional care period; p=0-10)
and high-risk care models (1G4 [29%)] of 574 babies vs
1307 [27%)] of 4897 babies; p=0-34; table 2). However,
for women in high-risk care models, the number of
preterm births reduced by 0-G8% per week (95% CI
-1-37 to -0-002; p=0-049) after telehealth integration
compared with the conventional care period (table 3).

Discussion

We found that our telehealth programme delivered around
50% of antenatal consultations via telehealth without
affecting the detection and management of common
pregnancy complications, including pre-eclampsia, fetal
growth restriction, and gestational diabetes, when com-
pared with conventionally delivered antenatal care.

The COVID-19 pandemic has been the catalyst for
change in antenatal care delivery, prompting reduced
in-person interactions, but also stimulating funding for
telehealth services by the Australian Government.'
Investment in telehealth integration into health care has
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been suggested not only to enhance preparedness for
disasters,"® particularly when infrastructure remains
intact, as observed in the current pandemic,' but also to
improve the delivery of patient-centred care."” Evidence
in many areas of medicine shows that care delivered
via telehealth results in similar health outcomes to
traditional in-person consultations.”® In this study, we
showed that pregnancy outcomes following the imple-
mentation of telehealth in antenatal care seem to be
similar to those with conventional in-person care.

Although telehealth has been increasingly used in the
21st century, particularly to access specialist care for
individuals who live in rural or remote areas, and has
been shown to result in similar or improved clinical
outcomes to in-person delivered care," telehealth has
seldom been used in antenatal care.***" The available
literature has mainly focused on the use of telemonitoring
or mobile health applications for targeted approaches,
such as smoking cessation, influenza vaccination, blood
pressure monitoring, blood sugar level monitoring, and
wellness checks.***¢ In developing our programme,
regular antenatal consultations were maintained because
fewer consultations have been associated with increased
incidence of adverse pregnancy outcomes, patient anxiety,
and dissatisfaction with care.?’”?® Therefore, telehealth
was integrated into this schedule to maintain regular
consultations, but to reduce the need for in-person
attendance. We were able to leverage a telehealth system
already in use at our health service for the delivery of
paediatric telehealth consultations and modify the system
for antenatal care. We recognised that a key limitation of
telehealth is the inability to do physical examinations,
which are essential in antenatal care for detecting
hypertensive disorders of pregnancy and aberrant fetal
growth; thus we also implemented low-cost measures to
support these assessments in settings remote from
hospital.

Home blood pressure monitoring has the potential to
reduce iatrogenic intervention. A 2020 systematic review
found that home blood pressure monitoring was
associated with reduced incidence of antenatal admission,
pre-eclampsia diagnosis, and induction of labour.* We
observed an initial decrease in the number of pregnancies
diagnosed with pre-eclampsia during population lock-
down between March 1G and March 31, 2020, in
Melbourne, when reductions in hospital attendances to
pregnancy assessment units and emergency departments
were observed. After lockdown was ended in the state of
Victoria on May 31, 2020, a return to baseline was observed
for women in low-risk models of care and an increased
incidence of pre-eclampsia in women in high-risk models
of care initially. Since the data presented was obtained for
women who gave birth at hospital during this time, true
diagnoses of pre-eclampsia would not have been missed.
Furthermore, although the incidence of pre-eclampsia
does not inform the timing of diagnosis and whether this
was delayed through the use of telehealth, the gestation at
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birth remained similar to the conventional care period.
Considering the reduction in the incidence of preterm
births during the initial stages of the COVID-19 pan-
demic,” it would be interesting to further assess whether
this similar reduction in pre-eclampsia incidence was also
more widely observed.

Detection of fetal growth restriction is challenging.
Our health system predominately uses symphyseal-
fundal height measurements for tracking fetal growth
across pregnancy, in accordance with current recom-
mended practice for low-risk pregnancies.® Insufficient
evidence exists regarding the ability of symphyseal-
fundal height measurements to detect fetal growth
restriction, with this approach detecting 12-15% of
babies with growth restriction in low-risk pregnancies.*
Similar symphyseal-fundal heights results are obtained
regardless of whether measurements are done by a
health-care professional or self-measured.** No increases
in undetected fetal growth restriction pregnancies or
a change in the incidence of stillbirths—for which
undetected fetal growth restriction is a major risk
factor—were observed.* This has also not been achieved
at the cost of increased iatrogenic intervention, with the
balance measure of birth of appropriately grown babies
before 39 weeks’ gestation remaining stable for women
in both low-risk and high-risk models of pregnancy care.
Universal third trimester growth surveillance is more
accurate for the identification of fetal growth restriction
in the low-risk population than symphyseal-fundal
heights; thus implementation of such an approach
might further assist in reducing poor outcomes
associated with fetal growth restriction.*® There have
been concerns that this approach might increase
iatrogenic intervention; however, the use of universal
third trimester growth surveillance in combination with
telehealth has not been assessed previously.

Gestational diabetes was assessed as a surrogate
marker of clinical care since diabetic management in
pregnancy seems to be unaffected by the mode of care
delivery,*® which was supported by the finding that the
incidence of insulin-requiring gestational diabetes and
macrosomia in the population remained stable across all
time periods.

A similar number of missed appointments were
observed for both in-person and telehealth consultations;
however, the influencing factors for this might differ.
In-person consultations might have been impacted by
concerns of COVID-19 exposure and challenges with
attending during lockdown, whereas challenges with
technology, communication of appointments, and issues
regarding access might have influenced attendance at
telehealth consultations.* To better understand factors
that might have influenced missed appointments and
identify population groups for whom telehealth might
not be suitable, an in-depth review of consumer
characteristics is needed. The number of missed
appointments in the telehealth integrated period in the
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last 4 weeks of the study period were lower than that in
the conventional care period.

The strengths of this study are the uniformity of
implementation of telehealth integrated care across a large
health service, with large numbers of births assessed in
both the conventional and integrated care periods, which
strengthened the findings with minimal missing data. The
large sample size is likely to have reduced the impact of
bias, since all women assessed would have had telehealth
integrated in their pregnancy care, with the exception of
women who declined telehealth or could not be contacted
for a telehealth consultation, or who had not had antenatal
care, but attended the hospital for birth. Furthermore, the
outcomes assessed were routinely collected data from all
women who gave birth at the health service, enabling
reliable assessment across time to review the effect of
health-care changes on pregnancy outcomes. We are
confident about the safety of this approach for the delivery
of antenatal care, since there were no recorded COVID-19
cases in pregnancy in Victoria during the telehealth
integrated care period. As such, any potential influence
that COVID-19 in pregnancy might have had on these
outcomes did not further bias or influence the results. We
believe our findings are widely generalisable for imple-
mentation or adaption to other health services, since the
population included were highly heterogeneous and video
call technology is now widely and cheaply available.

Limitations of this study relate to its retrospective
nature; however, the major risk of selection bias was
minimised since all consecutive pregnancies were
included in the analysis. Since the study period consisted
of the first 3 months following implementation of
integrated antenatal care, there is the possibility that
further differences in outcomes might continue to
change and become more apparent over time, particularly
for endpoints, such as stillbirth, which were likely to be
underpowered. Furthermore, the possible influence of
concomitant measures associated with the COVID-19
pandemic and population lockdown on the findings of
the interrupted time-series analysis cannot be excluded.
Important variables yet to be assessed, such as detection
of family violence, might have been affected by the
pandemic and rate of detection via telehealth, and this
warrants ongoing evaluation. Furthermore, since more
than 95% of telehealth consultations were done by video
call, these findings might not be generalisable to systems
that solely use voice calls.

Considering these encouraging initial findings, this
method of antenatal care delivery will continue, thereby
enabling future evaluation to provide greater certainty as
to the safety of this approach. Many changes have
occurred during the pandemic, such that although the
number of COVID-19 cases in Melbourne were low
during the evaluation period, the impact of lockdown,
physical distancing, and heightened anxiety might also
influence changes observed. Consumer evaluation of
both staff and patient satisfaction with this programme,
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including its acceptance by diverse multicultural and
socioeconomic groups, and cost-effectiveness will be
crucial to inform its ongoing use. Assessment of
telehealth programmes in antenatal care delivery for
women in rural or remote regions of the USA indicate
that the programmes have been well received by patients
and health-care practitioners.*® Additionally, although
cost-effectiveness data in antenatal care are scarce,’ the
potential to reduce economic disruption of conventional
antenatal care for patients exists, through minimising
travel time and costs, and reducing potential loss of
income due to non-attendance at work.

In conclusion, we successfully integrated telehealth into
antenatal care delivery at a large publicly funded health-
care network, utilising many low-cost interventions,
making our findings widely applicable to a range of
health-care settings. Although telehealth was implemented
during a global health crisis, which facilitated the rapid
development and uptake of telehealth, this programme
might provide many benefits for the future delivery of
antenatal care and minimise risk in future epidemics.
We have shown that such an approach seems to be safe
for continuing to achieve a high standard of pregnancy
care.
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