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ABSTRACT

Using “Omics” to Discover Predictive Biomarkers in Women at High Risk of
Spontaneous Preterm Birth
Angharad Care

Spontaneous preterm birth (SPTB) is a complex pregnancy syndrome that remains
poorly understood and is associated with significant perinatal morbidity and
mortality worldwide. Current research suggests that there are multiple disordered
physiological processes that trigger a final common pathway of early labour, rather
than a single specific cause. It is this heterogeneity that has hindered the discovery of
a single predictive biomarker and existing screening methods for SPTB prediction are
insufficient to detect all women at risk. Consequently, our inability to identify
women at risk inhibits efforts of prevention, which cannot be achieved without better
understanding of causation or a more robust way of accurately discriminating those
at high risk.

The development in “omics” technology has led to exciting breakthroughs in other
areas of medicine and offers new avenues of investigation for SPTB prediction. The
primary aim of the thesis was to establish a way of combining different types of
‘omics’ analysis from the same individual in a pilot study to identify candidate
biomarker predictors or pathways.

Three different “omic” methodologies; genomics, transcriptomics and metabolomics,
were used to analyse blood taken from asymptomatic women high-risk for SPTB at
16 and 20 weeks of pregnancy. Lastly, | investigated if there are distinct differences
in biomarkers between PPROM and sPTB subgroups of spontaneous preterm birth.
On an individual omics level only transcriptomics showed an association with sPTB.
Gene set enrichment in this population demonstrates that the selenoamino acid
pathway differentiates asymptomatic high-risk women. Hierarchical clustering in a
non-linear distance matrix differentiated all but one of the sSPTB and PPROM cases.
More studies are required to validate the findings from our analysis.

Data from each omics discipline was combined together in a single data matrix and
machine learning analyses applied. The area under the curve (AUC) of receiver
operating characteristic (ROC) values for Linear discriminant analysis (0.90),
Genetic expression programming (0.70), K-Means (1.00), Linear support vector
machine (0.96), Support vector machine with a Gaussian Kernel (0.96), Probabilistic
neural network (1.00) and Random Forest (0.96) demonstrate that most machine
learning methods perform well on our dataset. Sample sizes needed to reach
excellent (AUC = 0.9) vs. moderate (AUC = 0.7) prediction performance were found
to be within realistic ranges.

This study provides a conceptual analytical framework for the prediction of sSPTB.
For a larger cohort prediction power is excellent, making individualized preterm
prediction a realistic possibility.
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Chapter 1: Introduction



1.1 Epidemiology of Preterm Birth

Definition

Preterm birth (PTB) is usually defined as delivery at any gestation before 37
completed weeks of pregnancy (<37*° weeks, <259 days) (Spong et al. 2013). The
lower limit of preterm birth and upper limit of late spontaneous miscarriage are
blurred as the limit of viability varies with differences in healthcare settings. The
World Health Organisation recommends using 28 weeks completed gestation as a cut
off for viability, whereas neonates reaching 23 completed weeks have been
successfully resuscitated in the UK. If the baby is born before compatibility with life,
spontaneous delivery is termed “miscarriage”. Despite the difference in semantics,
both late spontaneous miscarriage and early spontaneous birth are considered to

share the same pathophysiological triggers.

Incidence

Worldwide, an estimated 15 million babies are born before 37 completed weeks
of pregnancy (Howson et al. 2012). Across 184 countries, the rate of PTB ranges
from 5% to 18% and in nearly all countries reporting reliable data, the rates of
prematurity are increasing (Blencowe et al. 2013, Chawanpaiboon et al. 2019).
Being born preterm results in insufficient time in utero for complete organ
maturation and three quarters of all perinatal mortality and over half of long-term
morbidity is attributable to PTB (Goldenberg et al. 2008). Many survivors face a
lifetime of disability, including cognitive impairment, motor disability, poor
respiratory health, behavioural disturbance and visual and hearing deficiency. The
severity of these risks is inversely proportional to the gestational age at birth. (Figure

1.1).



Complications of prematurity are the leading cause of death among children
under five years of age and were responsible for nearly one million deaths
worldwide in 2013 (Blencowe et al. 2013). The emotional and economic
implications of PTB remain a burden to healthcare systems and societies. Parents
of neurologically disabled children report social exclusion from parents with
normal children, anxiety, relationship breakdown, reduced quality of life and
ending careers to become carers (McCormick. 1985). One UK study (Mangham
et al. 2009) estimated the total cost to the public sector for the care of children

born prematurely up to 18 years old to be £2.95 billion annually.
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Figure 1.1 Percentage of infant deaths and number of live births per week of gestation in England
and Wales. Data from Office of National Statistics. Pregnancy and ethnic factors influencing births
and infant mortality: 2013-2015
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Classification
As neonatal morbidity and mortality are inversely proportional to the gestational
age of birth, preterm birth is often sub classified into:

e Late preterm (34*°to 36*® weeks)
e Moderate preterm (329 to <34*° weeks)
e Very preterm (28 to <32*%weeks)

e Extremely preterm (<28*° weeks)

This type of classification groups neonates by gestation specific morbidity and
mortality risks, helping us to discuss prognosis in general terms. However, a
classification based on gestation tells us little about the phenotype or cause of these
births. Preterm birth is the only pathology defined by a specific time point rather than
a common collection of signs and symptoms. There are multiple causes and
pathologies under this umbrella term, therefore preterm birth can also be classified
based on phenotype:

1. Medically indicated or “iatrogenic” preterm birth (30%)
2. Spontaneous preterm labour with intact membranes (sPTL-IM) (45%)
3. Premature prelabour rupture of the membranes (PPROM) (25%)

followed by either i) medically indicated delivery or ii) spontaneous labour

Medically indicated, iatrogenic or elective preterm births aim to prevent
severe maternal or fetal morbidity and mortality from conditions such as pre-
eclampsia, intrauterine growth restriction, fetal distress, placental abruption or
maternal medical disease. The remaining 70% are due to a spontaneous onset of
labour with regular uterine contractions and progressive dilatation of the cervix or

secondary to spontaneous rupture of the membranes that is not immediately followed



by regular uterine contractions and labour (Goldenberg et al. 2008). Pregnancies
affected by PPROM frequently labour spontaneously, but it is difficult to predict at
what gestation in the future labour will occur; from hours to months later. If there are
concerns regarding infection or fetal wellbeing, labour may be induced before it can
begin spontaneously. In studies of preventative treatment SPTL-IM and PPROM
have frequently been lumped together as “spontaneous preterm birth”. Spontaneous
PTB (sPTB) is currently viewed as a “syndrome” rather than a disease entity
encompassing multiple disease mechanisms into a final common pathway of delivery
(Villar et al. 2012).

Clinically, PPROM is generally defined as the onset of amniotic fluid (AF)
leakage from the vagina prior to the onset of labour at less than 37 weeks of
gestation. However, there is no universally accepted classification of PPROM for use
in the research studies. Difficulty arises trying to ascertain a timepoint at which
labour commences that is measurable and objective, particularly as women can
report irregular symptoms of labour prior to membrane rupture. Therefore, a
challenge arises in appropriately classifying women with PPROM from those
classified as spontaneous preterm labour (SPTL). Delivery of the baby is an objective
event and better recorded than the onset of labour. Some studies assign an arbitrary
time from rupture of membranes to birth beyond which a spontaneous preterm birth
would be classified as PPROM and not sPTL-IM. Definitions from several published
studies of PPROM are shown in Table 1.1. There is a range of inclusion criteria and
time specifications depending on what is being studied. Only one study listed here
(Hadley et al. 2017) has included criteria for indicated or sPTB classification.
Additionally, the diagnosis of ruptured membranes can in itself be challenging for

clinicians. Additional bedside testing for the presence of AF in the posterior fornix of
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the vagina can assist in making the diagnosis if the clinical history is unclear, but like

all clinical tests can be subject to false positives and negatives.

Table 1.1 Inclusion criteria for PPROM cases in research studies published in 2017/8

Author Year | Sterile | Clinical | Min. Min. Time Other
Speculum | Test time ROM to
ROM Delivery
to
Labour
Onset
Sak et al. 2017 v v NS NS
Zhang et al 2017 NS NS NS NS
Sung et al 2017 4 v 48 NS
hours
Dundar et al 2017 v v NS NS
Vanderbroucke | 2017 NS 72 hours
et al
Hadley et al 2017 v v NS >2 hours | Did not meet
criteria for
indicated PTB
or PTL (6
contractions an
hour or equal
to 4cm dilated)
Toprak et al 2017 v v NS NS
Musilovaetal | 2017 v v NS NS
Roberts et al 2017 NS NS NS NS Diagnosis
made by
attending
medical
practitioner
Shree et al 2017 NS NS NS >12 hours
Hromadnikova | 2017 v v 2 hours NS
et al
Radochovaet | 2017 v v NS NS
al
Patel et al 2017 v v NS NS
Pharande et al | 2017 NS NS NS >24 hours | Clinical
diagnosis
Wang et al 2018 v v NS NS pH strip, AF
crystallization
and sICAM-1
positive
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Risk Factors

The triggers of spontaneous labour, both at term and preterm, are still poorly
understood — and a precise mechanism is not established in most cases. Therefore,
factors associated with preterm birth have been sought to try and identify the most at-
risk populations. Women with a previous preterm birth have a recurrence risk of 15%
to 50% depending on the number, gestational age and characteristics of previous
deliveries (Goldenberg et al. 2008). The risk of a recurrent preterm birth is inversely
related to the gestational age at the first delivery (Kazamier et al. 2014). Most risk
factors cannot be altered between pregnancies such as genetic influences or uterine
abnormalities. Even modifiable risk factors such as social status and body mass index
(BMI) are difficult to change. Identifying at-risk women for spontaneous preterm
birth in their first pregnancy is particularly challenging. Table 1.2 lists some of the

common risk factors associated with spontaneous preterm birth.
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Table 1.2 Risk factors for spontaneous preterm birth

Risk Factors for Spontaneous Preterm Birth

Medical/Obstetric Previous Preterm Birth
History

Anatomical abnormalities of the uterus

Conceiving through In Vitro Fertilisation (IVF)

Thrombophilia

Chronic medical conditions such as diabetes and high blood pressure

Excisional cervical surgery (e.g. knife cone biopsy,
LLETZ)

Other cervical damage — in previous delivery, recurrent second trimester surgical
terminations

Family history of spontaneous PTB (maternal side only)

Maternal Extremely Low (<19) Body Mass Index (BMI)

Short Inter Pregnancy Interval (<6 months)

Higher social deprivation

Smoking

Increasing age

Domestic Violence

Fetal Congenital Abnormality

Chromosomal Abnormality

Current Pregnancy Short cervical length for gestational age

Positive fetal fibronectin between 22 and 34 weeks

Certain congenital abnormalities of the fetus

Vaginal bleeding in pregnancy

Infections — urinary tract, sexually transmitted, bacterial vaginosis, periodontal
disease

Overdistension of the uterus — multiple pregnancy, polyhydramnios, macrosomia

Recurrent Antepartum haemorrhage

Pre-eclampsia, uteroplacental insufficiency

17



Neonatal Outcomes following Preterm Birth

Two UK cohort studies comparing outcomes of babies born between 22 and
26 weeks in 1995 and 2006 show survival rates of extremely premature infants have
been improving (40% to 53%) (Costeloe et al. 2012). Overall, more babies are now
being admitted for care at earlier gestations, although healthy survivor numbers are
increasing so are the total number of neonates with moderate or severe disability.
The Epicure 2 study showed that in infants born before 26 weeks in 2006
approximately 44% will survive to three years of age and of those 15% will have a
severe disability. Neonatal clinical networks have now increased centralisation of
care for babies born less than 26 weeks as survival is greatest in hospitals that can

provide neonatal intensive care (Level 1 service) (Marlow et al. 2014).

Short Term Morbidity

Cells in the lung alveoli (Type 2 pneumocytes) begin to produce surfactant
from 30 weeks of gestational age decreasing the surface tension within the alveoli.
Babies born below this gestation are at highest risk of respiratory distress syndrome
(RDS). Although rates of RDS have decreased over the last few decades due to the
use of antenatal corticosteroids, increased use of surfactant and improvements in
lung ventilation, some preterm neonates treated with oxygen and positive-pressure
ventilation will ultimately develop bronchopulmonary dysplasia (BPD), a chronic
lung injury.

Preterm neonates are particularly susceptible to intraventricular haemorrhage
(IVH) due to the high levels of vascularisation that is occurring during brain
development before 34 weeks. Severe haemorrhage predisposes the child to
impairment of cognitive, motor and visual functions. Periventricular leukomalacia

(PVL) is a white matter brain injury that has long term sequelae including cerebral



palsy and a low 1Q (Back et al. 2007). Even in the late preterm birth group between
32-36 weeks there are increased levels of autism, attention deficit hyperactivity
disorder (ADHD) and school difficulties when compared with children born at term
(Guy et al. 2015).

The pathogenesis leading to necrotising enterocolitis (NEC) remains
unknown. It is a gastrointestinal disorder leading to ischemic injury and abnormal
bacterial colonisation. In preterm infants NEC usually presents after the
commencement of feeds and may appear after two to three weeks of life once
preterm babies have survived the early neonatal period. The mortality for NEC can
be as high as 50% and operative intervention is necessary in almost 20% to 40% of

cases (Yee et al. 2015).

Long Term Morbidity

Studies examining long term outcomes for preterm babies show the same inverse
relationship with gestational age for both morbidity and mortality. In the UK, 39% of
deaths under the age of five years are directly caused by prematurity (WHO. 2015).
A risk of ill health during childhood exponentially increases for very preterm and
moderately pre-term (32 to 36 weeks) neonates when compared to term counterparts
(Boyle et al. 2012). Long term adverse outcomes include delayed behavioural
development at six years of age, decreased lung function at eight to nine years of age,
increased hospitalisation, lower exercise capacity into early adulthood and increased
risk of poor metabolic and cardiovascular health (Bartha et al. 2012, Lapillonne et al.

2013., Roggero et al. 2013).
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1.2 Causes of Spontaneous Preterm Labour

The mechanisms that lead to human term labour, let alone preterm parturition are
not yet fully understood. It is, therefore, unsurprising that effective strategies to
prevent preterm birth remain inadequate on an individual level. Better identification
of the cause may help focus use of the correct preventative interventions or lead to
development of more effective treatments. Various pathological processes linked to
preterm birth include inflammation triggered by infection, pathological uterine
distension (multifetal pregnancy, polyhydramnios, uterine anomalies), cervical

insufficiency and fetal and maternal stress.

Inflammation and Infection

The role of inflammation and infection in preterm birth has been recognised
for many decades. Infection is frequently associated with preterm labour (PTL) in
both humans and animal models. In pregnant mammals, systemic administration of a
microbial load can induce PTL (McDuffie et al. 1992). In humans, 25%- 40% of
sPTB have evidence of intrauterine infection, particularly in PPROM (Agarwal and
Hirsch. 2012). However, in these cases it can be difficult to elucidate if intrauterine
infection preceded ruptured membranes or occurred following the loss of the
protective membrane barrier. Ascending infection from the genital tract causing
inflammation of the lower uterine segment and triggering cervical shortening and
labour has been proposed as one mechanism of PTL.

The AF cavity is a sterile environment, therefore positive cultures of AF are
considered pathological. The reported rates of positive culture of AF detected in
women presenting in PTL with intact membranes is 13%, this is higher than rates of
non-labouring preterm patients and term labourers (Goncalves et al. 2002). In women

with PPROM this rises to 32% and again to 75% by the time these women
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subsequently labour, demonstrating colonisation of microbes both before and during
the latent period (Goncalves et al. 2002). A third mechanism of infection unrelated to
the cervix is haematological spread through the placenta causing microbial invasion
of the amniotic cavity (MIAC) (Goncalves et al. 2002). This route of infection is
supported by the fact that extrauterine infection such as asymptomatic bacteriuria and
pyelonephritis (Wing et al. 2014), periodontal infection (Parthiban and Mahendra.
2015) and malaria (McDonald et al. 2015) are all associated with an increased risk of
preterm birth.

Changes in cervical ripening during labour have been associated with
increased production of inflammatory cytokines such as interleukins-1, -6, -8, tumour
necrosis factor (TNF) and prostaglandins (Chandiramani et al. 2012, Maclntyre et al.
2012). Influx of inflammatory cells into the cervix release matrix metalloproteins
contributing to collagen breakdown and ultimately a softening or ripening of the

cervix.

Uterine Stretch

Overdistension over the uterus as a PTB risk has been exemplified clinically
by the decrease in the mean age of spontaneous delivery to 35 weeks in twins and 30
weeks in quadruplets. Additionally, women diagnosed with polyhydramnios and
unicornuate uterus are also at increased risk of spontaneous PTB. In vitro, induced
mechanical stretch of uterine myometrium causes increases in gap junction proteins
such as CX 26 and CX 43 (Xu et al. 2013), IL-8 and oxytocin receptor (OTR)
expression leading to MAPK pathway activation (Kim et al. 2015), and upregulating
COX-2 activity (Sooranna et al. 2004) ultimately terminating with local

prostaglandin release causing increased contractility of the uterine muscle.
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Additionally, stretch also upregulates calcium signalling in the myometrium leading

to muscle contraction (Li et al. 2009).

Maternal / Fetal Stress

Stress can be difficult to quantify and disassociate from other risk factors
such as smoking, poor nutrition and low socioeconomic status. Stress in the fetus is
thought to arise secondary to abnormal placentation, may present with growth
restriction and lead to maturation and activation of the fetal hypothalamic-pituitary-
adrenal (HPA) axis. How the HPA axis is exactly activated is not yet understood, but
placental corticotrophin-releasing hormone (CRH) is currently thought to play an
important role (Gravett et al. 2010). Moreover, maternal stress increases biological
effectors, including cortisol and adrenaline which have been postulated to activate
placental CRH gene expression (Sandman and Davis. 2012). CRH is a neuropeptide
of predominantly hypothalamic origin, it is also expressed in human placenta and
membranes and released in increasing amounts over the course of pregnancy
(Gravett et al. 2010). The exponential rise of CRH has been associated with the
length of gestation (McLean and Smith. 1999). These findings have led some
researchers to suggest that placental CRH may act as a "placental clock” and regulate
the length of gestation (McLean and Smith. 1999). Therefore, one current theory
behind preterm labour is the premature senescence of the placenta leading to an
earlier trigger for birth or PPROM. There is some suggestion this may be mediated
by imbalances in reactive oxygen species (ROS) causing damage mediated by p38

mitogen activated kinase (p38MAPK) pathways (Polettini et al. 2015).

Cervical Function
Gradual softening and effacement of the cervix occur in the weeks before

labour. Cervical ripening involves a breakdown of collagen, changes in proteoglycan
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concentration and increase in water content that occur in response to increased local
prostaglandin release or partial antagonism to progesterone receptors (i.e. action of
mifepristone) (Bennett. 2007).

The role of the cervix in maintaining pregnancy remains undefined and is
probably multifactorial, with two key roles i) prevention of ascending infection and
i) physical support to keep the pregnancy in utero.

Maintenance of a healthy mucus plug and adequate length to the cervix may
act to prevent ascending infection that triggers production of local inflammatory
cytokines and prostaglandin release.

The quality of strength of the cervix to support the pregnancy in situ against
gravitational pressure is required to prevent premature cervical dilatation.
Recognised cervical weakness also called ‘cervical insufficiency’, causes women to
suffer recurrent mid trimester loss usually with a history of painless dilatation of the
cervix. Funnelling is a feature associated with cervical weakness and can be seen on
transvaginal ultrasound (TVUSS) as the membranes prolapsing through the
endocervical canal of the cervix. Women who have excisional cervical surgery for
cervical intraepithelial neoplasia (CIN) or cervical cancer also have an increased risk
of spontaneous PTB. This contributes to the argument for the function of the cervix
being related to its length. In the treatment of CIN the proportions of the
volume/length excised at large loop excision vary substantially, and the latter has

been shown to correlate with the pregnancy duration (Kyrgiou et al. 2015).

Vaginal Microbiome
Micro-organisms, particularly pathogenic microbes have long been
hypothesised to play a role in the onset of early labour. The recent advances of

sequencing approaches have allowed for broad unbiased surveys of bacterial
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communities and the discoveries of new bacterial species and different taxa. In a
seminal paper by Ravel et al. (2011) a study of women of reproductive age showed
that individuals could be categorised by the dominant species of lactobacillus within
their vaginal microbiome. Lactobacillus species typically dominated more than 90%
of their entire community and were divided into “community state types” (CST). The
most common species of lactobacilli were L.crispatus (CST 1), L.gasseri (CST II),
L.iners (CST I1l) and L.jensenii (CST V) (Ravel J et al. 2011). Some women were
also found to have microbiomes with low levels of lactobacilli and increased
diversity of other species such as Atopobium, Gardnerella, Prevotella and
Megasphera (CST IV — diverse group).

In pregnancy, the vaginal microbiome is characterised by a stable, low
richness, low diversity community and is generally dominated by Lactobacillus
species (Aagaard et al. 2012. Mclintyre et al. 2015. Romero et al. 2014). L.species are
thought to be protective against pathogenic organisms (Reid et al. 2011) and prevent
inflammatory shifts in the vaginal environment. Preterm birth has been shown to
correlate with a Lactobacillus-poor, high-diversity vaginal community (DiGiulio et
al. 2015) with bacterial vaginosis (BV)-taxa such as Gardnerella and Ureaplasma
implicated as causative agents. Empiric treatment of BV to try and prevent sPTB has
failed to show benefit across multiple studies and is not currently recommended
(Brocklehurst et al. 2013).

As methods to look at individual types of lactobacillus has developed, more
recently there is evidence to show that vaginal microbiota dominated specifically by
L.iners are a risk factor for preterm birth (Petricevic et al. 2014, Kindinger et al.
2017). This has only been consistently demonstrated in Caucasian populations.

Studies including predominantly African American and Hispanic pregnancy
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populations could not replicate the same findings, as these populations tend
towards a normal vaginal microbiome that is lactobacillus-poor and more diverse
(Fetweiss et al., 2014, Ravel et al., 2011). Stability of a diverse vaginal microbiome is
associated with term delivery whilst a significant decrease of community richness
and diversity particularly between the first and second trimesters is associated with
preterm birth (Stout et al. 2017). When Caucasian and African American
populations have been compared, very few taxa associated with preterm birth were
found in both Caucasian and African American populations (Callahan et al. 2017).
Only the predominance of L.crispatus may be protective and increased proportions
of Prevotella species may confer risk for sPTB across populations (Callahan et al.
2017).

Interestingly, dominance of L.crispatus has also been shown in other studies
to be protective against sPTB and reduce early onset neonatal sepsis (Verstraelen et
al. 2009, Brown et al. 2018). Brown et al. (2018) took temporal samples through
pregnancy of the vaginal microbiome in women experiencing PPROM. Only one-
third of women with PPROM demonstrated a dysbiotic vaginal microbiome
associated with subsequent chorioamnionitis or funisitis, suggesting two-thirds of
women with PPROM are likely to have a non-infective cause.

This is a promising area of research in the understanding of sPTB. However,
more research needs to be done to understand the differences seen in “normal”
vaginal microbiome populations in pregnancy before this knowledge can be made
clinically useful in the prevention of sPTB. Exploration is required of the interplay
between the vaginal microbiome and genetics to elicit racial population differences

and impact of different species strains on the vaginal and cervical epithelium.
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Genomics

Genetics is estimated to play a role in up to 40% of PTB (Clausson et al. 2000).
In singletons, genetic susceptibility to PTB is based on the evidence of familial
aggregation, identification of disease-susceptibility genes and racial disparity in PTB
rate that may be related to differences in risk-predisposing allele frequencies. PTB
rates are higher in sisters of women with a history of PTB compared to their sisters-
in-law (16% vs. 9%). Mothers who were born preterm are more likely to deliver
preterm by almost 20% (Porter et al. 1997). This suggests that PTB is inherited in a
matrilineal manner across generations and is unlikely to be affected by patterns of
PTB in the father’s family (Boyd et al. 2009). Several studies have confirmed a two-
fold increase in risk of SPTB for black American women compared to white
American women, even after controlling for socio-economic factors associated with
PTB.

The most commonly studied pathways for potential candidate genes are those
involved in infection and inflammation. A recent pathway analysis of published
studies of different polymorphisms in 274 genes suggested that there may be
different gene pathways for women presenting with sSPTB and PPROM (Capece et al.
2014). An autoimmune or hormonal regulation axis may exist for SPTB, whilst
pathways implicated in the etiology of PPROM include hematologic/coagulation
function disorder, collagen metabolism, matrix degradation and local inflammation
(Capece et al. 2014). This topic will be discussed in greater depth in the next chapter

focussing on “omics” and SPTB.

26



1.3 Prediction of Spontaneous Preterm Birth

Obstetric History

There is particular difficulty identifying women at risk of SPTB in their first
pregnancy. Amongst singletons a history of SPTB remains the most powerful
predictor, whilst twin pregnancies are at 40% risk of delivering spontaneously before
37 weeks. A meta-analysis quantifying the risk of recurrence of SPTB based on
different subtypes of subsequent pregnancy is summarised in Table 1.3.

Women with a previous PTB at <37 weeks of gestation are at an increased
risk for recurrent PTB compared with women who have a previous term birth (OR
5.43, 95% CI 4.03-7.31). Risk of subsequent PTB is increasing with decreasing
gestational age in the previous pregnancy (Kazemier et al. 2014). This data is taken
from 13 relevant studies from 9104 identified publications, including n = 760, 937
women.

Table 1.3. Effect of past obstetric history upon absolute risk of PTB. Adapted from Kazemier
et al. 2014.

First Delivery Second Delivery Absolute Risk of PTL

Term Singleton Preterm Singleton 4.0% (95% CI 3.9-4.0)

Term Twin Preterm Singleton 1.3% (95% C1 0.7-2.0)

Preterm Singleton Preterm Singleton 20.2% (95% CI 19.9-
20.6)

Preterm Twin <30 weeks | Preterm Singleton 10.0% (95% CI 8.0-12.1)

Term Singleton Preterm Twin 25.4% (95% CI 24.3-
26.5)

Ultrasound Measurement of Cervical Length

Transvaginal ultrasound (TVUSS) measurements of cervical length (CL) are
used for prediction of PTB in two broad populations; 1) women with symptoms of
preterm labour and 2) asymptomatic populations. The asymptomatic populations can

be further subdivided into high-risk (women with known risk factors for sSPTB) and
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low-risk (no risk factors for SPTB). Transvaginal imaging shown in Figure 1.2 is
more accurate than transabdominal USS measurement, with clearer images of the
cervix obtained in this view.

There is an increased likelihood of SPTB as the CL decreases. When using a
short CL for risk prediction in an asymptomatic cohort, prediction is improved when
screening a predefined high-risk population. For a 10% false-positive rate, the
detection rate of spontaneous delivery before 32 weeks was 38% for maternal factors
(obstetric history, smoking etc.), 55% for CL measurement alone and 69% for
combined testing (To et al. 2006). A systematic review of TVUSS measurement
during the second trimester found that, using ROC curves, the test performs best
when a cut off of <20 mm at <24 weeks is used and PTB is defined as <35 weeks
gestation.

CL can also be plotted on a nomogram of cervical length in pregnancy as
shown in Figure 1.3 (Salomon et al. 2009). This allows for temporal or serial plotting
to ensure cervical length centiles are being maintained and there is no acute or rapid
shortening. However, population centiles should be designed specifically for local
populations as there is significant variation in the prevalence of women with a short
cervix when screening low risk cohorts.

In women who present with threatened preterm labour (PTL) using a CL cut-
off of <15 mm appears most accurate in predicting spontaneous delivery within 7
days with a sensitivity and specificity of 74% (95% CI, 58%-85%) and 89% (95%

Cl, 85%-92%), respectively (Boots et al. 2014).
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Figure 1.2. Transvaginal Ultrasound Image of Cervical Length measurement. Yellow crosses
represent callipers placed at the internal and external cervical ostia. The dashed yellow line
between these points represents the distance measured shown in mm at the bottom right
of the image. 41 mm is considered to be a ‘long’ cervix and the true cervical measurement
is likely to be longer as the cervical canal curves below the straight line measurement on
the image.
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Figure 1.3. Reference ranges for cervical lengths across gestations. From Salomon LJ et al.
20009.
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Cervico-vaginal biomarkers of preterm birth

Biological fluids such as amniotic fluid (Menon et al. 2014, Baraldi et al.
2016), blood (Saade et al. 2016) and saliva (Lachelin et al. 2009) are a rich source of
biomarkers. Researchers have looked for hundreds of predictive markers, but early
significant results are not often reproducible in validation studies. Measurement of
two serum proteins, insulin-like growth factor — binding protein 4 (IBP4) and sex
hormone binding globulin (SHBG), have shown to have some prediction of preterm
birth (Saade et al. 2016). A private American company (Sera Prognostics®) currently
offer measurement by mass spectrometry but this service is not currently used in the
UK. More success has been obtained with biomarkers in cervico-vaginal fluid, with
three biomarker bedside tests currently used in clinical practice in the UK for women
symptomatic of preterm labour.

Detection of fetal fibronectin (fFN), phosphorylated insulin-like growth
factor binding protein-1 (IGFBP1) and placental alpha microglobulin 1 (PAMG-1) in
cervicovaginal fluid are all used as predictive tests of spontaneous PTL (Care et al.
2018).

Lockwood et al. (1991) were the first to report an association between fFN
and PTB. fFN is a glycoprotein that has been described as a biological “glue” that
binds chorion with maternal decidua in the extracellular matrix. After complete
fusion of the chorion and decidua at 20 weeks, fFN levels are low (<50 ng/ml) in
cervicovaginal secretions and are thought to be released through mechanical or
inflammatory mediated damage to the membranes before birth (Lockwood et al.
1991). Lockwood et al. (1991) used an enzyme linked immunosorbent assay
(ELISA) test against the monoclonal antibody FDC-6 (originally discovered by

Matsuura H and Hakomori. (1985)) to detect fFN, with increasing concentrations



associated with increased likelihood of PTB. Although fFN has been recognized as
the best predictor for spontaneous PTB <32 weeks, even when compared to a short
CL (<25 mm) in the asymptomatic population (Goldenberg et al. 1996), it has had
limited impact as a screening tool. Unlike a short cervix, there are currently no
preventative treatments tested in clinical trials that have known benefit once a high
fetal fibronectin is detected. More recent systematic reviews have challenged its use
in the asymptomatic high risk and low risk population at all. It has been suggested
that fFN may only be a clinically useful test in symptomatic patients where the
biggest difference can be seen between pre and posttest probabilities of PTL.
However, in all clinical settings considered within this review, none resulted in a
positive summary likelihood ratio (SLR) above 10 and a negative SLR of less

than 0.1, indicating, at best, a moderate predictive performance regardless of
reference outcomes considered, clinical conditions, or the type of population tested
(Faron et al. 2018).

In symptomatic populations, the most advantageous feature of qualitative fFN
is its high negative predictive value (NPV) (0.93, Cl 95% 0.92 — 0.95) which helps
prevent overtreatment with unnecessary antenatal corticosteroids, reduces anxiety
and returns women to normal care pathways (Melchor et al. 2018). The positive
predictive value (PPV) is low (19.7%) using a qualitative test (any result above >50
ng/ml is considered a positive result), this can be increased to 37.0% or 46.2% using
a quantitative test, and thresholds of 200 ng/ml or 500 ng/ml respectively (Abbott et
al. 2013).

A systematic review demonstrated that the test is most accurate in predicting

sPTB within 7-10 days among women with threatened PTB before advanced cervical
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dilatation, with median likelihood ratios of 5.4 (95% ClI 4.4-6.7) (De Franco et al.
2013).

The ability to predict SPTB using transvaginal USS and fetal fibronectin
together is improved by concurrent usage (Gomez et al. 2005). In a symptomatic
population, women with a CL of at least 30 mm or with a CL between 15 and 30 mm
with a negative fibronectin result are at low risk (<5%) of spontaneous delivery
within 7 days (Van Baaren et al. 2014).

IGFBP1 is a 25kDa protein that is secreted by maternal decidual cells as a
highly phosphorylated isoform, phIGFBP1 (Martina et al. 1997). Similar to FFN,
detection of phIGFBP1 in the cervicovaginal fluid of the posterior fornix indicates a
disruption of the choriodecidual interface. The phlIGFBP1 test has a comparable
NPV to the test in predicting spontaneous PTB within 7 days in symptomatic women
(phIGFBP1 92% vs. fFN 97%) (Ting et al. 2007), and a more recently published
meta-analysis suggests it is in fact better (NPV phIGFBP1 0.99 vs. fFN 0.93)
(Melchor et al. 2018). The advantage of this test is that it can be used in women who
have had recent sexual activity or bleeding, which is a contraindication to fFN use.
Unfortunately, it has poor performance in the asymptomatic population.

PAMG-1 is a glycoprotein discovered in 1976 that is produced by the
decidua. It exists in high concentrations in amniotic fluid, but low concentrations in
the cervicovaginal discharge (Petrunin et al. 1976). Originally, PAMG-1 was used to
develop a bedside test for PPROM called Amnisure ROM® test. However, false
positive findings in women with intact membranes led to the discovery that it also
had predictive ability for PTL within 7 days. Based on this finding, the PartoSure®
bedside test was later developed by the same company. Two potential theories have

been established by Lee et al. (2009) for this additional ability to predict PTL. Firstly
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imminent onset of PTL may result in the transudation of PAMG-1 through
chorioamniotic pores in fetal membranes during uterine contractions and/or
secondly, through the degradation of the extracellular matrix of fetal membranes due

to the inflammatory process of labour and/or infection allowing PAMG-1 to

permeate.

Comparison of these tests has been complicated by changing prevalence of
PTL between study populations affecting positive and negative predictive values
despite stable sensitivities and specificities. A direct comparison of PAMG-1 and
phlGFBP1 independently and in combination with the gold standard cervical length
measurement in 383 patients across three hospitals demonstrated that PAMG-1 has a
significantly higher PPV and specificity compared with phIGFBP1 for the prediction
of sSPTB at 7days (P<.01). Both tests had comparable sensitivity and negative

predictive value (Nikolova et al. 2018).

Risk Stratification — QUIPP app

Predictions of imminent PTL in symptomatic and asymptomatic women is reliant
on picking up end stage physiological processes to allow for appropriate
management. It does not aid with prevention of preterm birth by identifying an at-
risk population early enough to benefit from preventative treatment strategies. The
app does not recommend treatment types or thresholds, but alerts users to those most
at risk. This makes for a difficult screening tool as no treatment is available in the
identified populations unless a short cervix is identified.

In view of the multiple pathophysiology of PTB, it is unrealistic to expect a
single biomarker to be able to predict SPTB in early gestation. The ideal biomarker
test or predictive model should try to incorporate the fewest numbers of biomarkers
to be measured, be highly sensitive and specific, exist in a biological fluid that is
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without risk to obtain, and be detectable early enough in pregnancy to allow for
preventative measures to be taken.

Currently the development of the “QUIPP” electronic application that can be
used on mobile phones gives a risk prediction in either asymptomatic or symptomatic
populations (Watson et al. 2020, Carter et al. 2020). A screenshot of the application
Is shown in Figure 1.4. This application requires input of obstetric history, current
gestation, cervical length and fetal fibronectin to give a risk prediction score for PTL
within 1, 2 and 4weeks and also, risk of delivery before 30, 34 and 37 weeks. This
app has started to be used in preterm birth prevention clinics in the UK (Care et al.
2019), but risk thresholds for treatment remain unclear. Unpublished data from the
Liverpool Harris-Wellbeing Preterm Birth prevention clinic retrospectively applied
the app data to the cohort of 119 women recruited to a biomarker study. Clinicians
were blinded at the time of taking fetal fibronectin. Using a treatment threshold of a
QUIPP risk of PTB < 34 weeks >10% (referred to as “QUIPP positive™) would more
than double treatment rates from 20% (24/119 treated CL alone) to 42% (51/119
women treated) and 43 of 51 QUIPP positive women were still pregnant at 34 weeks
(false positive rate) (Goodfellow et al. 2019). Fifteen of the 119 women (13%) had
PPROM or sPTB <34 weeks with 8/15 women (53%) identified using the QUiIPP
app. This 10% treatment threshold gave a positive likelihood ratio (LR) of 1.3 (95%
C10.76-2.18), and negative LR of 0.8 (95% CI 0.45-1.40). Modification of the
treatment threshold could not improve on this. Existing publication suggests that
clinicians are comfortable with a risk threshold of 5% (Carter et al. 2020, Carter et al.
2016), if this was used clinically as a treatment threshold for preterm birth
preventative therapy then it would result in many more women being treated with an

even higher false positive rate.
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Figure 1.1 a) Screenshot of QUIPP app which requires data on previous obstetric history,
cervical length and fFN result b) Screenshot of resulting risk prediction scores.

The QUIPP algorithm, as a concept, is a positive advance in the field of

preterm birth prevention. However, in women with a previous preterm birth or

PPROM the pre-test probability of a recurrent event is often too high to reassure the

clinician or patient and use of this risk prediction score may result in over treatment

without affecting preterm birth rates.
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1.4 Prevention of Spontaneous Preterm Birth in Singleton Pregnancies

Although prediction is key, prevention remains the ultimate goal. Prevention can
be classified into primary and secondary preventative strategies. The aim of primary
prevention is to lower the incidence of PTB by improving physical and mental
wellbeing and avoiding modifiable behavioural factors associated with PTB. For
example, smoking cessation lowers the risk of SPTB by 16% (OR 84%, 95% CI
72%-98%) (Vanderhoeven and Tolosa. 2010).

Secondary preventions are interventions targeted to an at-risk population
identified from the general population. A recently published Cochrane review
summarised all evidence for interventions relevant to the prevention of PTB as
reported in Cochrane systematic reviews (SRs) (Medley et al. 2018b). Four
systematic reviews reported clear evidence of benefit from: 1) midwife-led
continuity models of care versus other models of care for all women; 2) screening for
lower genital tract infections for pregnant women less than 37 weeks' gestation and
without signs of labour, bleeding or infection; and 3) zinc supplementation for all
pregnant women without systemic illness. The fourth showed that cervical cerclage
showed clear benefit for women with singleton pregnancy and high risk of PTB only.

At present there are only effective preventative treatments for women
identified with a short cervix. As a result, screening clinics have been set up across
the UK to perform transvaginal USS women at high risk of preterm labour (Sharp &

Alfirevic. 2014, Care et al. 2018, NHS England 2019).

Omega 3
A recent Cochrane review showed omega 3 supplementation to be associated
with a reduction in PTB <37 weeks (13.4% versus 11.9%; risk ratio (RR) 0.89, 95%

C10.81to0 0.97; 26 RCTs, 10,304 participants; high-quality evidence) and early
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preterm birth <34 weeks (4.6% versus 2.7%; RR 0.58, 95% CI 0.44 to 0.77; 9 RCTs,
5204 participants; high-quality evidence). This evidence was consistent across
participants with a range of baseline risks for preterm birth (Middleton et al. 2018).
However, it probably increases the risk of post term pregnancies. Prolonged
gestation > 42 weeks was increased from 1.6% to 2.6% in women who received
omega-3 long chain polyunsaturated fatty acids (LCPUFA) compared with no
omega-3 (RR 1.61 95% CI 1.11 to 2.33; 5141 participants; 6 RCTs; moderate-quality
evidence).

Although the exact mechanism by which omega-3 reduces sPTB is not
exactly certain, it is known to have anti-inflammatory properties. Regulatory
signalling by omega-3 polyunsaturated fatty acids (n-3 PUFAS) has been reported
via, among others, the selective FFAR4/GPR120 (free fatty acid receptor 4) protein
leading to reduced activity of the NFKB (nuclear factor kappa B) complex and the
inflammasome (Oh et al. 2010, Liu et al. 2014). It may therefore play a role in
increasing the threshold to transition into the inflammatory labouring state.

It remains unclear whether omega supplements to the general obstetric
population may reduce sPTB rates without increasing the complications of post term

pregnancies, particularly increased risk of stillbirth.

Antibiotics

Although the role of inflammation in SPTB pathophysiology is well
documented, and antibiotics are recommended in some PTB guidelines (Medley et
al. 2018a), there is no evidence to show that the use of antibiotics in the management
of patients in threatened preterm labour reduces the incidence of preterm birth. The

ORACLE I trial randomised women (n = 6295) in PTL with intact membranes to
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one of three antibiotic groups or a placebo group taken four times a day. Although
the antibiotics were associated with a lower risk of maternal infection, none of the
regimes associated with a lower risk of SPTB (Kenyon et al. 2001). These findings
were also echoed in a meta-analysis of fourteen trials (n = 7837 women) although

predominantly consisting of ORACLE Il data (Flenady et al. 2013).

The Cochrane systematic review of systematic reviews to highlight areas for
further investigation and development found no effect for antibiotic prophylaxis in
the second and third trimester (Medley et al. 2018b). However, antibiotics for women
with asymptomatic bacteriuria shows a possible benefit in reduction of preterm birth

(Medley et al. 2018b).

Probiotics

With interest increasing in the effect of the vaginal microbiome on preterm
labour physiology, probiotics are a topic of discussion for preterm birth preventions.
Unfortunately, at present there is insufficient data to recommend probiotics due to
small trial numbers (Othman et al. 2007). A Cochrane systematic review evaluated
only three trials, and the effect of probiotics on vaginal infection was assessed in
only two trials with 88 women. Although there was an 81% reduction in the risk of
genital infection with the use of probiotics (RR 0.19; 95% CI 0.08 to 0.48), effects on
preterm birth could not be supported as confidence intervals were very wide and
included no effect. Effect on PTB <37 weeks (one trial; 238 women) had a relative
risk of 3.95 (95% C1 0.36 to 42.91) (Othman et al. 2007).

With the advancement in the assessment of the vaginal microbiome, targeted
probiotics for high risk women or women with dysbiotic vaginal microbiomes may

be one area of investigation for the future.
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Prevention Therapies for Women with Short Cervix and/or History of sSPTB

In singleton pregnancies, if asymptomatic women are identified to have a
short cervix preventative therapy can be offered to reduce risk of SPTB. Vaginal
progesterone (Fonseca et al. 2007, Hassan et al. 2011, Dodd et al. 2013) and, to a
lesser extent, Arabin pessary (Goya et al. 2012) have demonstrated a reduction in
risk of sSPTB risk in an unselected obstetric population with a short cervix (<25 mm).
However, doubts about the feasibility of adequate quality control have prevented
universal screening programmes being introduced for an obstetric population.

In women with a previous sPTB and a short cervix (<25 mm before 24
weeks) a meta-analysis of five trials of cervical cerclage (n=504) has shown a
reduction in risk of sSPTB risk <37 weeks by 36% (Berghella et al. 2011) but no trial
has shown benefit in an unselected population with short cervix (Rust et al., 2000. To
et al. 2004). There is also supportive data for vaginal progesterone in this same
population (Romero et al. 2018). A meta-analysis of five trials showed a risk
reduction of PTB <34 weeks of gestation or fetal death compared to placebo
(18.1% vs 27.5%; RR, 0.66 (95% CI, 0.52-0.83); P =0.0005; five studies; 974
women) (Romero et al., 2018) and based on indirect comparison meta-analysis is
considered as effective as cerclage. Clinical trials to directly compare available
treatments in a high-risk population with a short cervix are currently ongoing
(Hezelgrave et al. 2016, Pacagnella et al. 2019).

IM progesterone or 17a hydroxyprogesterone caproate (17-OHP) is a
synthetic progesterone which has shown reduction of PTB < 35 weeks (RR 66%;
95% CI 54%-81%) in a trial of 463 women with a history of sPTB. (Meis et al. 2003)

It is currently given routinely to women with a history of sSPTB in the United States.



In view of cervical length screening and multiple available treatments for
high risk populations with a short cervix; PTB prevention clinics have been set up
throughout the UK. A recent survey of clinics found that a combination of treatments
are currently being used in practice, but no predictive tests are used to tailor

treatments individually or decide between treatment combinations (Care et al. 2018).

40



1.5 Rationale for Thesis

Preterm birth prevention antenatal clinics are the current UK screening model
which combines predictive factors of previous obstetric history of SPTB and short
cervix on transvaginal ultrasound (Care et al. 2018). However, the majority of sSPTB
will occur in the low risk population and there is currently no good screening service
for these women. The introduction of cervical length screening across the whole
population has been considered, but there are still reservations as to the number of
women with short cervix that will be detected and ultimately the number of preterm
births prevented. This has to be weighed up against the cost and feasibility of training
for ultra-sonographers across the UK. Even in a high-risk population there remains a
proportion of women who have recurrent SPTB but do not present with a short cervix
<25 mm prior to 24 weeks. In our study 9% of women with a short cervix between
20-24 weeks will still deliver before 34 weeks despite screening (Care et al. 2014).

There is a need for a screening test that is acceptable to the population and
can be used in both the high and low risk populations. Lack of understanding of the
natural history of the disease is hindering progress in this field as multiple
pathophysiological pathways to the same endpoint of preterm labour are in existence.
Novel high throughout technologies now mean that we are able to obtain huge
amounts of information from a single woman. Millions of data points about genes,
transcripts and metabolites can be combined with clinical data to establish activity at
a cellular level.

This thesis will address using these novel high throughput techniques in an
exploratory pilot study to combine multiple layers of omics data from the 