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Abstract

Obstetric practice aims to mitigate the potential adverse effects of intra-partum fetal
compromise by identifying the compromised fetus and expediting delivery before
permanent neurological damage ensues. The ubiquitous use of the cardio-tocograph as a
method of intra-partum fetal surveillance has not resulted in a reduction in the incidence of
cerebral palsy and has been held responsible for increasing rates of medical intervention in
birth. As a result, its use is not recommended in low risk pregnancy. However, the
classification of all pregnancies without antenatal complication as low risk may be
inappropriate, given that a significant proportion of cases of fetal hypoxia occur within this
cohort. A more individualised approach to risk stratification is therefore required. This
thesis will report the development of a technique to risk stratify ‘low risk’ pregnancies prior

to established labour.

In a prospective observational study, ultrasound assessment incorporating umbilical and
middle cerebral artery Doppler, and evaluation of 1* trimester B-HCG and PAPP-A levels,
were investigated to determine if these parameters were predictive of subsequent intra-
partum fetal compromise and the need for emergency delivery. Ultrasound assessment was
undertaken both at term prior to established labour (in 604 cases), and at 35 — 37 weeks
gestation (in 125 cases). A single trained practitioner undertook all ultrasound assessments,
and staff managing the labour were blinded to the ultrasound results. Cases were followed
up within 72 hours of delivery and intra-partum and neonatal outcomes evaluated. Multiple
parameters (umbilical artery Pl, middle cerebral artery PIl, the cerebro-umbilical ratio and
umbilical venous flow) were combined to create a composite risk score to predict intra-
partum fetal compromise. Finally, maternal hyper-oxygenation was investigated as a

potential therapeutic tool to improve fetal haemodynamics.

Ultrasound assessment prior to active labour can identify fetuses at high and low risk of
subsequent intra-partum compromise, even within a ‘low risk’ population. The cerebro-
umbilical ratio may be the single most predictive parameter, with fetuses with the lowest
ratios at significant increased risk of subsequent compromise in labour (RR 21.00, 95% ClI
2.92 — 151.00). Maternal hyper-oxygenation did not influence the measured fetal Doppler
parameters.

Ultrasound assessment may facilitate a more individualised approach to fetal assessment,

allowing women to make better informed decisions regarding labour and delivery.
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Chapter 1 - Introduction

This thesis reports research spanning the period January 2011 to January 2014. The time
periods during which each individual study was undertaken are reported in the methods

section of the relevant chapter.

Despite improved antenatal, intra-partum, and neonatal care, the incidence of cerebral palsy
in term infants has not changed significantly over the last thirty years'”. Whilst evidence
suggests that the majority of cases of cerebral palsy have their aetiology in the antenatal

d® ©) 3 significant proportion remain attributable to intra-partum events” . Such

perio
cases are more likely to be preventable, with improved outcomes resulting from timely
intervention during labour. Intra-partum events leading to cerebral palsy and other
neurological sequelae are over represented in medico-legal malpractice cases'®, and often
result in the award of a large quantum of financial compensation”. With the possibility of
affected individuals requiring a lifetime of care, and the spiralling costs of medico-legal
malpractice insurance, intra-partum fetal compromise continues to represent a significant
financial burden to healthcare providers around the world. The psychological and emotional

impact on both the affected individual and caregivers is enormous®.

With this in mind, different methods of identifying fetal hypoxia during labour have evolved;
all with the primary aim of expediting delivery before irreversible brain injury occurs.
However, paradoxically, the use of intra-partum monitoring is associated with an increased
incidence of operative delivery for presumed fetal compromise'® without a reduction in the

incidence of cerebral palsy.

Why some babies are more prone to intra-partum compromise is not entirely clear.

Although there is some association with other pathology, such as fetal growth restriction™®

Was much as 63% of cases of intra-partum hypoxia occur in pregnancies with no antenatal

risk factors'*?,

Impaired placental transfer of oxygen and other substrates during labour is
likely to be responsible for the “fetal distress” that develops as a consequence of regular

uterine contractions, which can reduce uterine blood flow by as much as 60%").

The final common pathway of many conditions that result in fetal growth restriction is one

(14)

of placental insufficiency Placental function may be evaluated by ultrasound'™
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(16, 17) (18, 19)

assessment of fetal biometry , haemodynamics and amniotic fluid volume . An
approximation of placental function may also be made indirectly, by measurement of
various biomarkers in the maternal circulation such as pregnancy associated plasma protein
A (PAPP-A)® Placental Growth Factor (PIGF)*Y, Vascular Endothelial Growth Factor
(VEGF)(m, and Insulin like Growth Factor (IGF)(ZZ). Several placental hormones in the
maternal circulation are measured as part of first trimester screening for aneuploidies, and a
low levels of PAPP-A have been strongly linked with subsequent abnormalities in fetal

growth®.

What is currently unknown is whether alterations in fetal haemodynamics, amniotic fluid
volume, and placental hormone levels can identify evidence of placental dysfunction in an
appropriately grown fetus, and be predictive of a subsequent diagnosis of fetal compromise

in labour.

Intra-partum fetal hypoxia - A problem of global importance

Intra-partum hypoxia can lead to hypoxic ischaemic encephalopathy (HIE), cerebral palsy
and stillbirth. Neonatal encephalopathy describes the immediate neurological sequelae of
HIE which include altered consciousness level, neonatal seizures, and abnormalities on

(24)

neurological examination Fortunately, hypoxic ischaemic encephalopathy is an

@) in developed countries.

infrequent occurrence, affecting around 1.5/1000 of live births
However, in affected cases the resulting neurological damage can have catastrophic effects
for both the individual involved and their family. Even in developed countries, birth asphyxia
remains the strongest and most consistent risk factor identified in children with cerebral

palsy born at term®®.

Intra-partum stillbirth is rarer still, occurring in around 0.9/1000 of births in developed
countries'?”, However, the incidence varies widely in less well resourced countries, being as
high as 20-25/1000 births in some parts of Africa®”. Even with modern obstetric practice,
the risk of death on the day of birth is greater than any other single day up to the 92" year
of life®®. Intra-partum stillbirth rates are strongly correlated with the availability of
antenatal care, and of emergency caesarean delivery””. Every year, 904,000 neonatal

)

deaths are attributed to intra-partum birth asphyxia®, and following reductions in
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childhood mortality of other causes, intra-partum events are becoming increasingly
prominent(ao). Ninety nine percent of deaths attributable to intra-partum hypoxia occur in

)

low-middle income countries®”, countries where 60 million births occur each year away

from recognised health facilities, and often without a skilled birth attendant®?.

In the year 2000 the United Nations identified a group of development targets to be
achieved by the year 2015. One of these “Millennium Development Goals” (MDG) was to
reduce child mortality less than 5 years of age to 32 per 1000 live births, a reduction of two
thirds®”. Addressing intra-partum care in the developing world was a key component in
achieving this target, as more deaths occur due to labour and delivery than HIV and Malaria

combined®?,

Severe neurological disability is seen in approximately 25% of babies with HIE, and in
addition to cerebral palsy may include epilepsy, sensory loss, and developmental delay(33) .
The severity of HIE may be graded as mild, moderate or severe in the first few days of life
using the Sarnat score. This scoring system incorporates parameters from both clinical

assessment and the electroencephalogram (EEG)(34)

. Whilst features of HIE may be apparent
in the immediate neonatal period, in some cases the neurological sequelae may not be
revealed until much later in life and may only be manifested by educational difficulties once

(35)

the child reaches school age Outcomes for infants with mild encephalopathy are

predominantly good, those with severe encephalopathy are almost invariably bad, whilst
those with moderate encephalopathy represent a much more heterogeneous group®®.
Long term studies demonstrate that children with a history of HIE may develop
neurodevelopmental deficits, including a reduction in 1Q, even in the absence of major
disability®” .

Cerebral palsy, a diagnosis which itself encompasses a wide range of disability, may be
attributed to HIE in cases where an umbilical artery pH of <7.0 was present at birth, there

was moderate or severe neonatal encephalopathy and no other causative mechanism is

identified® .
Despite the relatively infrequent occurrence of HIE in developed countries, the associated

financial implications mean it still exerts a significant impact on healthcare services. In the

United Kingdom, whilst Obstetrics and Gynaecology accounts for 20% of all claims made to
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the NHS Litigation Authority (NHSLA), in monetary terms these claims amount to 49% of all
compensation paid by the NHSLA, some £5.2 billion between 1995 and 2011, The clinical
negligence scheme for trusts (CNST), which provides malpractice indemnity for the NHS via

(38)

the NHSLA, costs NHS hospitals almost £1 billion a year™'. The Obstetric component of this

sum in England alone is £452 million, 1/5" of the entire NHS maternity budget, and

h(39)

equivalent to £700 for each birt Identification of infants at risk of intra-partum

compromise therefore remains a problem of global importance.

Placental development and establishment of the feto-placental circulation

The fetal component of the placenta develops from the outer layer of the blastocyst, the
trophoblast. This attaches to the maternal component of the placenta, the decidua basalis,
via the outer layer of trophoblastic cells, the cytotrophoblastic shell. Until the eighth week,
chorionic villi, derived from the trophoblast, cover the entire chorionic sac, but as the sac
develops, the chorionic villi associated with the decidua degenerate and form the villous
chorion, the fetal part of the placenta. Stem villi arise from the villous chorion and pass into
the inter-villous space. This area, formed by the fusing of multiple lacunae in the
endometrium is filled with maternal blood. The interaction of the villous chorion and
maternal blood in the inter-villous space enables transfer of nutrients and waste products

between the maternal and fetal circulations.

Trophoblastic invasion of the decidua requires digestion of the extracellular matrix (ECM), a
process mediated by a variety of proteases and gelatinases such as MMP-9“% which are
secreted by the invading trophoblast. Endovascular cytotrophoblast cells invade the spiral
arteries leading to morphological changes in their structure and resulting in increased
perfusion of the placental bed. The precise mechanism through which the spiral arterioles
are uncoiled, and a low resistance circulation established, are yet to be determined, but
vasodilating mediators such as Nitric Oxide and Carbon Monoxide have both been

implicated in this process'***?

As well as enabling transfer of nutrients/waste products between the maternal and fetal
circulations, the developing placenta also performs a number of crucial endocrine functions.
Production of Human Chorionic Gonadotrophin (HCG) by the trophectoderm supports the

corpus luteum, and in doing so maintains an adequate progesterone level for the
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continuation of the pregnancy‘“’. Pregnancy associated plasma protein A (PAPP-A) is also
synthesised by the placenta and acts as a regulator of fetal growth via its interaction with
Insulin-like growth factor binding protein 4 (IGFBP4), a potent inhibitor of Insulin-like growth
factor (IGF)*. Produced by the placental trophoblast, Placental Growth Factor (PIGF) is an

angiogenic growth factor which plays a role in both vasculogenesis and angiogenesis in the

developing fetus through its action on endothelial cell proliferation".

Placental development and function in fetal growth restriction and pre-
eclampsia

Placental dysfunction and the conditions associated with it may be precipitated by sub-

(45)

optimal placental development in early pregnancy Re-modelling of the maternal spiral

arteries, a process at least in part stimulated by trophoblastic invasion of the decidua,

(46)

results in a reduced resistance to flow in the utero-placental circulation”™ and consequently

increased perfusion. There is evidence this process is defective in pregnancies complicated

(47)

by fetal growth restriction™”, leading to sub-optimal trophoblastic invasion and the

(48)

maintenance of a high resistance placental circulation™'. Defective trophoblastic invasion is

also a feature of pre-eclampsia, and is associated with a failure of up-regulation of MMP-

9“9 Animal studies demonstrate that MMP-9 deficient mice display placental features

consistent with pre-eclampsia as well as producing growth restricted offspring®.

Deficiencies in the conversion of trophoblastic cell adhesion molecules to an endothelial cell

phenotype, critical for vasculogenesis within the developing placenta, are also present in

(51)

pre-eclampsia The failure of these processes may result in limited endovascular

invasion?,

Immunological abnormalities have also been implicated in poor placentation. Trophoblast

expresses HLA-G, a major histocompatibility complex with a low degree of polymorphism(sz),

and in doing so may be protected from the cytotoxic actions of maternal NK cells within the

(53)

decidua Expression of HLA-G is reduced in pre-eclampsia, potentially leaving the

k(49)

trophoblast vulnerable to attack™. Other complications of pregnancy, including in-utero

death and fetal distress in labour also have a placental aetiology®*.
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Fetal growth restriction is also associated with abnormalities in placental amino acid®,

glucose, and fatty acid metabolism™®.

Histo-pathological abnormalities, such as an increase
in the proportion of syncytial knots (aggregates of syncytiotrophoblastic nuclei on the
surface of the terminal viIIi(SG)), have been reported in placentae of growth restricted babies.
Other abnormalities include abnormal fibrin deposition, which may impede blood flow to
the superficial villi. The incidence of several placental abnormalities known to be associated
with fetal growth restriction and placental dysfunction, also correlate with the severity of

)

umbilical artery Doppler flow velocity waveform abnormalities®”, with an increase in

syncytial knots, and placental giant cells evident in cases with absent/reversed end diastolic

(58)

flow™ in the umbilical artery. Other studies have observed a significant relationship

between the presence of villous infarction and thrombi formation in the placenta, and

(59)

Doppler abnormalities in the umbilical and uterine arteries Placental weight is also

(60)

significantly reduced in small for gestational age fetuses Interestingly, appropriately

grown fetuses that become distressed during labour and require emergency delivery also

have reduced placental weights compared to those fetuses that tolerate labour well® 62,

How does labour affect the feto-placental unit

Changes in the intra-uterine environment that occur during labour can precipitate fetal
compromise. Human birth is hampered by the dimensions of the female pelvis, which has
its largest diameter in the transverse plane at the pelvic inlet, and in the anterior-posterior
plane at the pelvic outlet. The shape of the maternal pelvis, coupled with the relatively large
term fetal cranium, makes it necessary for the fetus to rotate as it descends through the
birth canal in order to traverse both the pelvic inlet and outlet. The process of parturition in
humans is thus much more complex than in closely related mammals such as the
Chimpanzee and Gorilla who possess a more capacious pelvis. The challenges of childbirth in
humans are a likely consequence of the evolutionary development of bipedalism and a large

brain size®®.

Intra-partum fetal hypoxia may be precipitated by a sudden interruption of placental

perfusion, either on the maternal or fetal side, following maternal hypotension, placental

abruption, or umbilical cord prolapse. However, more frequently there is a gradual
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deterioration in the fetal condition during labour reflecting a steady deterioration in the

ability of the placenta to support the fetus as labour progresses.

It is during labour that the feto-placental relationship is tested to the greatest degree. In
association with contractions, intra-uterine pressures can increase to more than 150mmHg,
and uterine artery blood flow velocities are reduced by as much as 60%*®. Other studies
have suggested that intra-uterine pressures of just 35mmHg are sufficient to decrease

(64)

uterine artery end diastolic velocities to zero™", resulting in reduced placental perfusion and

precipitating fetal compromise. The fetus responds to uterine contractions with acute
cerebral re-distribution, evidenced by a raised umbilical artery pulsatility index and a

%5 " This centralisation of blood flow is a

reduced middle cerebral artery pulsatility index
well-documented response to placental insufficiency observed in growth restricted fetuses
in the antenatal period(%). These changes are associated with an increased incidence of

(67)

intra-partum fetal compromise An association between placental insufficiency and the

development of intra-partum fetal compromise is therefore already established.

Fetuses exposed to increased levels of uterine activity during labour, are more likely to be
acidotic at delivery(es). Furthermore, in multiparous women, whose pregnancies are rarely
complicated by intra-partum fetal compromise, intra-uterine pressures during labour are

significantly lower than those of nulliparous women'®?,

The potentially adverse impact of
uterine contractions on the fetus is evident in that abnormal fetal heart rate patterns occur
more frequently in association with uterine contractions than in the presence of a relaxed

uterus.

Initially the feto-placental circulation was suggested to be relatively resistant to the effects

(70)

of uterine contractions However, more recently, alterations in the umbilical artery

resistance of fetuses with evidence of placental dysfunction, have been observed as a

(71, 72)

consequence of uterine activity Alterations in cerebral blood flow, with the acute

development of a brain sparing circulation, have also been observed during contractions,

even in fetuses where such brain sparing is absent under basal conditions”.

The reduction in utero-placental blood flow associated with contractions may therefore

precipitate fetal compromise.
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How does Hypoxia lead to neuronal damage?

Energy production via oxidative phosphorylation is the process by which respiring organisms
re-form adenosine triphosphate (ATP), an energy rich molecule that can then be used to
power metabolic processes. Oxygen plays a critical role in this process, by acting as an
electron acceptor in a series of reduction-oxidation reactions. Without sufficient oxygen
supply, oxidative metabolism cannot be maintained, and the cell will instead resort to
anaerobic metabolism. In this process, pyruvate, derived from glycolysis, is reduced to

Lactic acid, yielding ATP molecules.

Under hypoxic conditions, several processes contribute to neuronal damage. Hypoxia is

(74)

associated with a significant rise in intra-cellular calcium concentration'™, which in turn

leads to the release of neurotoxic excitatory amino acids such as Glutamate and

(75)

Aspartate'™. These excitatory amino acids bind to receptors and stimulate a process that

results in the release of apoptotic proteins and subsequent cell death”®. Cerebral hypoxia-

(77)

ischaemia leads to the production of Oxygen free radicals'’”, which disrupt cellular

(78)

membranes and result in cell damage The cellular influx of calcium stimulated by

Glutamate, activates Nitric Oxide (NO) synthase, and results in the production of highly

(77)

potent radicals, which in turn can precipitate cell damage''”'. These insults result in neuronal

death by both necrotic and apoptotic pathways.

The brain is particularly vulnerable to hypoxic conditions due to its high energy

(79)

requirements and limited energy reserves Under acute hypoxic conditions neuronal

(80)

energy metabolism falters after only a few minutes Evidence suggests that compared

with the adult brain, the neonatal brain may have further increased vulnerability to hypoxia

owing to a greater susceptibility to oxidative stress®".
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Pathological brain lesions associated with hypoxia-ischaemia
Hypoxic-ischaemic brain lesions may take several forms.

(82), and

Selective neuronal damage — This can occur after hypoxia lasting just 10 minutes
predominantly affects neurones of the cerebral cortex. Border areas at the periphery of the
territories of major arteries are affected worst, as well as the cerebellum, hippocampus, and

anterior horn cells of the spinal cord®.

Parasagittal neuronal injury — This predominantly affects the parietal and occipital regions
and occurs following insufficient perfusion of the regions bordering the territories of major

cerebral arteries.

Periventricular leucomalacia — damage to the white matter adjacent to the lateral

(83)

ventricles Occurs much less frequently in fetuses of later gestation (>32 weeks

gestation). Necrotic insults lead to swelling and rupture of axons, and necrosis of

oligodendrocytes®”.

Intra/periventricular haemorrhage - also occurs more frequently in pre-term fetuses. These
lesions originate in the vascular bed of the germinal matrix, an area that largely disappears

by full gestation®.

Focal/multifocal brain injury — affects the territories of the main cerebral arteries, and

consists of an infarct involving all cell types®".

The impact of such neuronal damage is significant. As a consequence, the identification of

fetal compromise, enabling timely intervention before permanent neurological damage

occurs has been the target of research for almost 200 years.
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The evolution of fetal monitoring

In 1822 the French physician, Kergaradec, published a paper reporting the auscultation of

(86)

the fetal heart beat to confirm fetal wellbeing Only a year later, a manuscript

documenting the use of fetal heart auscultation during labour to guide decision making was
publishedm). In 1838, Schwarz proposed what would later be known as intermittent fetal

monitoring during labour, suggesting that the fetal heart be auscultated as often as possible

(88)

during parturition™™. However, it wasn’t until 1903 that Seitz published a paper delineating

different types of fetal heart rate decelerations, reporting that some decelerations could be

viewed as a warning, and used to expedite delivery and improve prognosis for the fetus®.

In 1957, Dr Orvan Hess and Dr Edward Hon first described a technique for the continuous
recording of fetal electrical cardiac signals.”®. Initially monitoring was invasive, with
electrodes attached directly to the fetal presenting part, but in 1964, ultrasonic auscultation

of the fetal heart was first reported(gl) and from 1960 onwards electronic monitoring of the

(92)

fetal heart rate became routine practice in developed countries™. It was hoped that the

introduction of this technique to clinical practice would reduce the incidence of cerebral
palsy. However, whilst the use of electronic fetal heart rate monitoring does result in a

reduction in the incidence of neonatal seizures, no such effect has been demonstrated on

(93)

the incidence of cerebral palsy In conjunction with this somewhat disappointing

outcome, electronic fetal heart rate monitoring has been associated with an increased

9)

incidence of operative delivery for presumed fetal compromise™. The poor specificity of

fetal heart rate monitoring for true fetal compromise is well documented, with a false

positive rate of as much as 99.8% in some studies'®”.

Interpretation of fetal heart rate patterns is complicated by significant intra and inter

(95, 96)

observer variability In an effort to address this, FIGO"” (International Federation of

Gynaecology and Obstetrics), the American Congress of Obstetricians and Gynecologists(%),

and the National Institute for Health and Clinical Excellence in the UK®® have all published
guidelines to standardise interpretation of fetal heart rate patterns. Use of such guidelines
has been reported to result in a reduction in the incidence of hypoxic-ischaemic

(100)

encephalopathy However, even amongst these guidelines there is disparity in the

definition of different types of decelerations and of the classification of suspicious and

(101)

pathological patterns Significantly, despite the widespread circulation of these

guidelines, fetal heart rate pattern misinterpretation and subsequent suboptimal obstetric
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management remain by far the leading cause of medico-legal litigation claims in

Obstetrics, 19> 23,

To mitigate high inter-observer variability, computerised analysis of fetal heart rate patterns

(104)

was developed over 20 years ago' . These systems use software packages that record and

analyse fetal heart rate tracings according to a set of pre-programmed characteristics,

providing audio and visual alerts to the user. These systems are reported to have greater

(105)

predictive value for fetal acidosis at delivery"™’, and perform better than Obstetricians in

(106)

identifying the compromised fetus However, despite computerised analysis showing

some promise'’®”) there is a paucity of data from large randomised trials demonstrating

improved neonatal outcomes. This information is essential to support the use of these

systems in clinical practice. One such study is currently in progress(ms).

Despite a large retrospective population study recently reporting an association between

the temporal increase in the use of continuous fetal monitoring in the United States with a

(109)

reduction in neonatal mortality’™ ', the value of continuous fetal monitoring to identify

intra-partum hypoxia and improve neonatal outcomes remains the subjective of

(110)

considerable debate However, the use of continuous fetal monitoring does result in a

reduction in neonatal seizures**?

, and it should be noted that the majority of trials
evaluating its use included in systematic reviews such as those of Alfirevic et al™?, and in
the preparation of NICE guidance, were conducted some time ago, potentially limiting their

ability to be representative of contemporary practice.
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Cardio-tocograph analysis in clinical practice

In the UK, caregivers are expected to adhere to the NICE guidelines for cardio-tocograph

(CTG) interpretation.

Table 3 Categorisation of fetal heart rate traces

Category Definition

MNormal A CTG where all four featuras fall into the reassuring category.

Suspicious | A CTG whose features fall into one of the non-reassuring categories
and the remainder of the features are reassuring.

Pathological | A CTG whose featuras fall into two or more non-reassuring categories
or one or more abnormal categories.

Table 4 Categorisation of fetal heart rate (FHR) features

Feature Baseline (bpm) | Variability (bpm) |Decelerations Accelerations
Reassuring 110-160 =5 MNone Prasent
Mon-reassuring | 100-109
161-180 < 5 for =40 to Early deceleration
=00 minutes Variable The absence of

deceleration ferati
Single prolonged | 3¢celerations
deceleration up to | with an othenise

3 minutes normal CTG
Abnormal =100 <5 for = 80 Atypical variable | 8™ of uncertain

=180 minutas decelerations significance
Sinusoidal Late decelerations
pattern = 10 Single prolonged
minutes Single prolonged

deceleration =2

minutes

Figure 2 NICE guidelines for CTG interpretation

Interpretation of the CTG is commonly undertaken by considering its five constituent parts
individually, before combining these to give an overall assessment. The basal fetal heart
rate is normally between 110 and 160 beats per minute. A baseline bradycardia (100-110
beats per minute) or a baseline tachycardia (160-180 beats per minute), in the absence of

(113) A change in baseline rate may

any other abnormalities, does not suggest fetal acidosis
be more ominous, with a rising baseline indicative of utero-placental insufficiency, and a

sudden prolonged bradycardia strongly associated with fetal acidosis.
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Baseline variability describes the variation of the fetal heart rate above and below the
baseline rate. Variability of 5-25 beats per minute represents the interplay of the
sympathetic and para-sympathetic nervous systems. The presence of fetal heart rate
variability therefore implies a functioning central nervous system and is a reassuring

feature™?,

Accelerations are periods of elevation of the fetal heart rate above the baseline rate of more
than 15 beats per minute for more than 15 seconds. Accelerations often occur in
association with fetal movement, and are therefore suggestive of an intact somatic nervous

system. The presence of accelerations appears to rule out fetal acidosis™.

Decelerations are periods of reduction of the fetal heart rate below the baseline of more
than 15 beats per minute lasting greater than 15 seconds. Decelerations may be described
as “early”, “variable” and “late” in reference to their association with uterine contractions.
Early decelerations occur as a mirror image of uterine contractions. They are associated
with head compression and are often seen in the late first stage and second stage of labour.
Variable decelerations vary in shape and timing relative to uterine contractions. They may
be described as “typical”, lasting less than 60 seconds, or “atypical”, lasting longer than 60
seconds. They are often associated with cord compression, although persistent atypical
variable decelerations may be ominous. Late decelerations have their peak after the peak of

the uterine contraction and are suggestive of utero-placental insufficiency™*.

Analysis of the CTG also requires assessment of uterine activity. Uterine activity of more

than 4-5 contractions per 10 minutes is termed tachysystole, or if associated with

pharmacological augmentation, hyperstimulation.
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Fetal Blood Sampling

To compensate for its poor specificity, intra-partum fetal heart rate monitoring is frequently
augmented with the use of fetal blood sampling (FBS). This technique, which has been used
since the 1960’s™*), involves the acquisition of a small sample of blood from the fetal scalp
under direct vision. The blood sample may then be immediately analysed, and the acid-base
status of the fetus assessed. Decisions on further management are then based on blood pH
levels, which have a greater correlation with neonatal condition than either pO2 or
pC02™®) Fetal blood sampling has been demonstrated to have a greater specificity for low

(117)

Apgar score at 1 minute than fetal heart rate monitoring However, despite these

17 or to reduce

benefits, the use of FBS has not been shown to improve neonatal outcomes
the incidence of caesarean delivery for presumed fetal compromise(m). The use of FBS also
varies considerably between different maternity units, and even between individual

Obstetricians™*

. Limitations of FBS include its invasive nature, and the possible difficulties
of acquiring adequate samples during labour. The procedure generally requires cervical
dilatation of 3cm or more, may be intolerable for women without sufficient analgesia, and
can be hampered by contamination of the blood specimen with air or amniotic fluid. As a
result of these limitations, insufficient samples are obtained in as many as 20% of cases'*".
Even if optimal samples are obtained, they provide information on the fetal condition only at
the time of sampling, meaning repeated sampling may be required. Importantly, despite a
normal FBS sample (pH>7.30), fetuses with abnormal heart rate patterns are still at
increased risk of a low Apgar score at delivery compared to those with normal heart rate

patterns™?Y.

Assessment of fetal lactate levels, via intra-partum fetal blood sampling, has also been
suggested as a method to evaluate fetal wellbeing in the presence of a non-reassuring fetal
heart rate pattern. Lactate has been reported to be more predictive of neonatal

(122)

encephalopathy and low Apgar scores than pH alone Despite this, two randomised

controlled trials comparing the use of lactate and pH failed to demonstrate an improvement

(123,124)  \Whilst reports in

in neonatal outcomes, or a change in operative delivery rates,
2005"%* and 2008"*'did not demonstrate a correlation between lactate levels and Apgar
scores at delivery, an observational study published in 2011 suggested lactate levels do have
a greater correlation with metabolic acidosis at delivery than either scalp pH or base
deficit'?”. A systematic review in 2010 concluded that while current evidence suggested the

efficacy of fetal lactate was at least equivalent to that of pH for the identification of the
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compromised fetus, further studies designed to evaluate diagnostic accuracy were

required.

Other methods of intra-partum fetal monitoring

As a result of the inadequacies of continuous fetal heart rate monitoring, numerous other
techniques have been developed to facilitate the identification of the compromised fetus
during labour. These include assessment of the fetal electrocardiogram (ECG), and fetal

pulse oximetry.

Fetal Electrocardiogram

The fetal ECG has the same composition as that of an adult, with the P-wave, QRS complex
and T-wave representing atrial contraction, ventricular contraction and ventricular
repolarisation respectively. Changes in both the ST segment and the P-R and R-R intervals
have shown the greatest promise for intra-partum fetal assessment. In an ovine model, both

28 and shortening of the P-R interval *** were observed in response

ST segment elevation
to fetal hypoxia. A randomised trial evaluating the use of ST segment analysis (STAN®) in
addition to CTG was conducted in 1993. Whilst the addition of ST segment analysis did
result in a significant reduction in the incidence of operative delivery for presumed fetal
compromise, this reduction was amongst cases with CTG recordings classified as normal or
suspicious. ST segment analysis had no effect on the incidence of operative delivery in cases

with a pathological fetal heart rate pattern(m).

A recent meta-analysis suggested ST
segment analysis does not result in a reduction in the incidence of operative delivery for
presumed fetal compromise, or of fetal acidosis at the time of delivery, but does result in a
reduction in the number of FBS procedures performed(m). The limited impact of STAN® on
neonatal outcomes and operative delivery rates may be attributable to a failure to follow
STAN® guidelines. Cases of neonatal encephalopathy and acidosis at delivery, where STAN®
was used during intra-partum care, are frequently associated with a deviation of clinical

(132, 133)

practice from STAN® guidelines, However, it is also concerning that in some cases,

fetuses born with significant acidosis at delivery experience no ST segment changes during

labour34130)
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Fetal ECG monitoring is less invasive than fetal blood sampling, but does require attachment
of an electrode to the fetal scalp. As a result this technique still demands a degree of
cervical dilatation, and cannot be undertaken when amniotic membranes are intact. Other
limitations include the short time period (20 minutes) in which delivery should be achieved

following an ST event, poor signal quality, and the difficulty of interpreting CTG recordings in

accordance with STAN guidelines™®.

Fetal pulse oximetry

Measurement of fetal blood oxygen saturation using fetal pulse oximetry was first described

in 1989™7) with reports of continuous intra-partum monitoring of fetal oxygen saturation

(138)

following shortly after Assessment of oxygen saturation is widely used in adult

medicine, but despite some promising results, the use of fetal pulse oximetry has not been
established to a similar extent. The proposed benefits of fetal pulse oximetry include the
continuous assessment of fetal wellbeing, with greater specificity than CTG as well as being a
less invasive intervention than fetal blood sampling. Pulse oximetry relies on the different
absorption spectra of oxygenated and deoxygenated haemoglobin. Light in both the red and
infrared range of the electromagnetic spectrum are emitted by light emitting diodes, and

the relative absorption of both used to determine the oxy/deoxyhaemoglobin content of the

d(139)

bloo In contrast to many pulse oximeters, fetal pulse oximeters function via the

reflectance technique, meaning both the light emitter and photo-detector may be

(140)

positioned in the same plane Reports suggest that during labour the normal fetal

(141)

oxygen saturation lies between 58% and 68% ", with a reduction to <20% occurring during

(142)

acute cord compression A fetal oxygen saturation of <30% has been associated with

(143, 144)

fetal acidosis if persistent for several minutes, and measurements at delivery are

H(145)

reported to correlate well with umbilical vein oxygenation and cord blood p . However,

despite these promising results, the evidence for clinical benefit remains equivocal.
Randomised controlled trials in both 2000 and 2004, did suggest that the use of fetal pulse

oximetry lead to a reduction in the incidence of operative delivery for presumed fetal

(146, 147)

compromise without an increase in adverse neonatal outcomes However, these

(148, 149)

results were not replicated in further trials conducted in 2006 Several factors are

reported to influence the performance of fetal pulse oximetry, with fetal hair, caput

succedaneum and sensor position affecting readings taken from the fetal scalp™.
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Furthermore, a Cochrane review published in 2007 concluded that whilst the available
evidence offered limited support for the use fetal pulse oximetry, this technology did not

lead to a reduction in caesarean section rates'*Y,

Identifying the fetus at risk of compromise during labour

As intra-partum CTG monitoring is associated with a high false positive rate, a selective
approach to its use is prudent. Current guidance in the UK does not recommend the use of
this monitoring tool in pregnancies classified as low risk™?. The term “low risk” is used to
describe those pregnancies where no adverse risk factors (pre-eclampsia, fetal growth
restriction, advanced maternal age etc.) have been identified in the antenatal period.
However, identifying a pregnancy as low risk for intra-partum compromise remains
challenging, as evidence suggests that the majority of cases of fetal hypoxia occur in

12 etter identification of which

pregnancies without identified antenatal complications
antenatally low risk pregnancies, are at risk of developing fetal compromise in labour, would
enable a more targeted approach to intra-partum care, exposing only those pregnancies at
risk of fetal compromise to continuous CTG monitoring, and its associated increased
incidence of operative delivery. With this aim in mind, various techniques have been

reported.

Fetal biophysical profile

The fetal biophysical profile was developed as a means of fetal assessment in the 1980’s,

combining assessments of fetal breathing movements, fetal movements, and fetal tone,

G(153)

with assessment of amniotic fluid volume and the CT Fetal movements have been

considered a marker of fetal wellbeing for centuries, with authors as early as 1545 observing

h(154)

that an absence of fetal movements was indicative of intrauterine deat . A relationship

between fetal breathing movements and fetal compromise was initially proposed in 1937.

Snyder and Rosenfeld observed the cessation of fetal breathing movements in rabbits

(155)

following a reduction in the concentration of maternal inspired Oxygen Similar

(156)

observations were subsequently reported in sheep An association between reduced

breathing movements in human fetuses and subsequent fetal compromise in labour was
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published in 19797, In 1980 Manning suggested that combining multiple markers of fetal

wellbeing resulted in a more accurate method of antepartum fetal evaluation than any

marker alone®?.

Several studies in the early 1980’s suggested that the biophysical profile could be used to

(18,1390 However, the biophysical

identify fetuses at risk of adverse perinatal outcome,
profile was criticised for being labour intensive. This led to the development of the modified
biophysical profile, which included assessment of the CTG and amniotic fluid volume

(180 The rationale being that the CTG identifies acute fetal compromise, whilst the

only
amniotic fluid volume allows assessment of longer term placental function. The largest
observational series evaluating use of the modified biophysical profile for fetal monitoring
demonstrated that its use could reduce the incidence of fetal death in a high risk cohort.
However, this promising finding was mitigated by a high false positive rate of 60%'°Y.
Assessment of the biophysical profile in labour has also been used to predict intra-partum
outcomes, with a biophysical profile score of six or less suggesting a significantly increased

risk of caesarean deIivery(lez)

. However, more recently a Cochrane review in 2008 suggested
there was insufficient evidence to support the use of the fetal biophysical profile for fetal
assessment in high risk pregnancy. This meta-analysis observed that in cases where the
biophysical profile was used for monitoring, there was an increased incidence of both

induction of labour and caesarean delivery™®.
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Ultrasound monitoring of fetal wellbeing

Medical ultrasound devices use frequencies from 2-18MHz, with a higher frequency offering
greater resolution but at the expense of penetration. Ultrasound waves, generated by
piezoelectric crystals within the transducer, are reflected in varying degrees depending on
the density of tissue. The disparate reflections are received by the transducer and

interpreted by computer software to create a real time image.

Safety of ultrasound in pregnancy

Ultrasound has now been used as the principle imaging modality in pregnancy for over 30
years. Despite its widespread use in industrialised nations, there have been no large scale
randomised controlled trials performed to investigate the effect of antenatal ultrasound on

humans'¥,

Reassuringly, systematic reviews of the available evidence have failed to
identify any consistent deleterious effects of antenatal ultrasound™®****).  However, as this
imaging modality utilises sound waves carrying energy, it is necessary that its possible
effects be considered. When evaluating the safety of ultrasound, the implications of

cavitation and heating have received the greatest attention.

Tissue heating

The degree to which biological tissue is heated by ultrasound waves depends not only on the
energy content of the ultrasound, but also on the tissue composition and the rate of heat

dissipation. Consequently, solid tissues and those with poor blood supply are the most

(166)

vulnerable to heating effects Tissue heating may lead to direct tissue damage, but

hyperthermia is also a recognised teratogen®. Accordingly, tissue heating during

ultrasound assessment is monitored using the Thermal Index (Tl). This measure,

implemented in the early 1990’s in response to increasing power outputs from ultrasound

machines, describes the potential for temperature increases along the ultrasound beam™®”).

There are three thermal indices, each being appropriate to the imaging of different tissues,

Thermal index soft tissue (TIS), Thermal index - Bone at focus (TIB) and Thermal index - bone

)(168)

at surface (TIC . Maintenance of a Tl £1 is recommended during ultrasound assessments

with exposure times kept to a minimum and always < 60 minutes”eg)).
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Cavitation

Cavitation describes the effect of ultrasound waves on gas bubbles present at fluid-gaseous
interfaces. Ultrasound waves may lead to two forms of cavitation, non-inertial cavitation,
which describes oscillation of these gas bubbles, and inertial cavitation, which describes the
growth of gas bubbles, which may then suddenly collapse releasing a large amount of heat,

(70 " cavitation appears to be of limited concern in

and causing direct damage to local tissues
human fetuses, due to the lack of fluid-gas interfaces for bubbles to form on. The
potential for cavitation is measured using the mechanical index (Ml), which along with the Tl
is displayed on the ultrasound machine, giving the user responsibility to monitor these

indices.

Despite concerns regarding both heating and cavitation, there is minimal evidence to
support a detrimental effect of ultrasound on the fetus. Even in animal studies, using
exposure levels far greater than those ever used clinically in humans, observed impacts on

growth and haematological parameters appeared transient, with effects negligible by 3

(172)

months of age'""“. Studies in humans have also suggested a possible influence of ultrasound

on fetal growth, with a higher incidence of low birthweight observed in fetuses exposed to

(173)

multiple ultrasound examinations However, these effects are no longer evident by 1

year of age, and remained absent for the duration of follow up in the study, up to 8 years of

(174)

ag . Studies such as this have led the authors of the most recent systematic review to

conclude “ultrasonography in pregnancy is apparently not associated with important

»(164)

adverse maternal, perinatal or childhood effects . However given the potential for tissue

damage when exposed to any energy source, the ALARA principle (as low as reasonably

(175)

achievable)"” "' remains applicable to the use of ultrasound in pregnancy.

Potential markers of fetal wellbeing include fetal weight, amniotic fluid volume, and

assessment of blood flow velocity waveforms in various maternal and fetal vessels using

Doppler ultrasound.
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Fetal weight

Various formulae exist to estimate fetal weight from biometric measurements. Hadlock’s
formula, comprising bi-parietal diameter, head circumference, abdominal circumference,

and femur length*®

, is amongst the most commonly used in clinical practice. Currently,
estimation of fetal weight is predominantly used to identify the pathologically small, growth
restricted fetus, as well as those with potential macrosomia. Whilst birth weight is strongly
linked to neonatal outcomes™” for babies delivering preterm or those that are growth
restricted, there is a paucity of data evaluating the impact of fetal size on neonatal

outcomes amongst appropriately grown term fetuses.

Fetal growth restriction is associated with an increased risk of intra-partum fetal
compromise and emergency delivery. In 1992, Weiss et al observed that growth restricted
fetuses with severe abnormalities in umbilical artery flow (absent or reversed end diastolic
flow), when allowed to labour, were delivered almost exclusively by caesarean section,

(178)

usually due to the development of fetal compromise during labour '~"*. Further studies have

revealed that growth restricted fetuses, even without evidence of advanced placental
dysfunction, are at increased risk of developing fetal compromise during labour*”?,
Furthermore, it has also been reported that fetuses that fail to meet their growth potential,
although >10" centile in birth weight, are more likely to develop CTG abnormalities in labour

(180)

and require operative delivery Even amongst appropriately grown fetuses, mean birth

weights and gestation matched birth weight centiles are significantly lower in fetuses

developing signs of compromise during labour and requiring emergency delivery™®".

However, the use of fetal weight as a predictor of subsequent intra-partum fetal
compromise is limited by the inherent inaccuracies associated with its estimation prior to
birth. Whilst in large case series ultrasound derived estimated fetal weights have a high
degree of correlation with birth weight(m), it is acknowledged that existing formulas used to
calculate fetal weight are hindered by the possibility of large random errors. Furthermore,
95% confidence intervals for estimated fetal weight are frequently greater than 10% of birth

weight(m).
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Doppler ultrasound

The Doppler effect, named after the Austrian physicist who first described it in 1842,
describes the change in frequency between a transmitted electromagnetic wave and its

reflection, produced by the relative motion of its target.

The umbilical artery was the first fetal vessel to be imaged using Doppler ultrasound. In
1977, Fitzgerald and Drumm reported the use of a novel non-invasive technique to image
the umbilical vein and umbilical artery(ls‘”. In 1984, Schulman et al observed that fetuses
that were small for gestational age had significantly higher umbilical artery systolic/diastolic
ratios (S/D ratio), a marker of resistance to flow considered angle independent, and

postulated a clinical application for the technique in antenatal care.
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Doppler parameters

Several measures, derived from a flow velocity waveform, may be used to describe the

waveform in a quantitative fashion, allowing objective comparison.

Pulsatility Index (Pl) is a measure of the variance of blood flow velocity within the vessel

throughout the cardiac cycle.

Pulsatility Index = Peak systolic flow velocity — Trough diastolic flow velocity

Mean blood flow velocity

The systolic/diastolic ratio (s/d ratio) is a measure of the resistance to flow within a vessel.

S/D ratio = Peak systolic flow velocity

Trough diastolic flow velocity

The Resistance index (Rl) is also used to measure resistance to flow within a vessel.

Resistance Index = Peak systolic flow velocity — Trough diastolic flow velocity

Peak systolic flow velocity

Vmax describes the peak blood flow velocity recorded during the cardiac cycle.

Tamax or time averaged maximum velocity is a measure of the average blood flow velocity

across the cardiac cycle.

End diastolic flow (EDF) describes the trough flow velocity at the end of diastole
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Umbilical artery

Pulsed wave Doppler recordings form the umbilical artery have a “sawtooth” appearance,

with peak velocities occurring during systole, and trough velocities occurring during diastole.

Figure 3 Umbilical artery flow velocity waveform acquisition.

In normal pregnancy, umbilical artery resistance declines gradually with advancing

(185)

gestation' ™™, reflecting a reduction in resistance to flow within the placenta.
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Figure 4 Umbilical artery Pl according to gestation. Taken from : Parra-Cordero M, Lees C, Missfelder-Lobos H,
Seed P, Harris C. Fetal arterial and venous Doppler pulsatility index and time averaged velocity ranges. Prenat
Diagn. 2007 Dec;27(13):1251-7."%

Changes in umbilical artery resistance are strongly linked with fetal growth restriction
secondary to placental dysfunction(lse). A reduction in the number of placental arteries in the

(187) " With regards to fetal growth

tertiary stem villi of the placenta is evident in these cases
restriction, the progression from normal to increased resistance flow, to absent and

eventually reversed end diastolic flow in the umbilical artery is now well established™®® 189,
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Figure 5 Progressive changes in Umbilical artery flow velocity waveform in fetal growth restriction. Taken
from “Miller J, Turan S, Baschat AA. Fetal growth restriction. Semin Perinatol. 2008 Aug;32(4):274-80. doi:

10.1053/j.semperi.2008.04.010."%°

As a consequence of these progressive changes, umbilical artery Doppler has been

(190), and is now established as a

suggested as a surrogate marker of placental function
screening test to distinguish true fetal growth restriction secondary to placental dysfunction,

in the context of a small for gestational age fetus.

Uterine contractions, despite being associated with a marked reduction in uterine artery
flow velocities(64), are considered to have minimal effect on the umbilical artery vasculature.
Both Fleischer et al, and Brar et al reported no variation in umbilical artery resistance

(64,70) However, Li et al recorded umbilical

measured before, during, or after contractions,
artery Pl in cohorts of fetuses with both a positive and negative response to an Oxytocin
challenge test. They observed that during contractions fetuses felt to be imminently
compromised (suggested by a positive Oxytocin challenge test) had a significantly raised
umbilical artery Pl compared to those with a negative Oxytocin challenge test, a difference

(65, 191)

that was not present in basal measurements , and suggestive of an altered response to

uterine contractions in the feto-placental circulation of these fetuses.

Umbilical artery Doppler has also been used to predict intra-partum outcomes. Early reports
demonstrated an association between abnormal umbilical artery Doppler and subsequent
evidence of fetal compromise™?, leading to the suggestion this technique may be a useful

(193)

tool for intra-partum surveillance In fetuses with late decelerations evident on CTG
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monitoring, an increase in umbilical artery resistance compared to normal controls has been

observed*®¥. Furthermore, adverse neonatal outcomes are more common in fetuses with

5)

abnormal umbilical artery resistance indices™® even in an appropriately grown cohort™%,

Siristatidis et al observed increased umbilical artery Pl during labour induced fetal hypoxia,
and found that changes in umbilical artery Doppler correlated with perinatal outcome
measures™?”. However, as with other techniques, the use of umbilical artery Doppler as part

of a labour admission test has found it to have a poor correlation with neonatal

(198, 199)

outcomes . This conclusion was further supported by systematic reviews published in

1999 and 2010°", which concluded that Umbilical artery Doppler velocimetry was a

poor predictor of adverse perinatal outcome.

Middle cerebral artery

The redistribution of fetal blood flow during periods of hypoxia was first reported in animal

(202)

studies”"“. This process results in preferential perfusion of the brain, adrenal glands, and

(203)

cardiac muscle at the expense of less “vital” organs Evidence of this “brain sparing

effect” was subsequently demonstrated in human fetuses by measurement of both umbilical

(66)

and internal carotid artery Doppler in growth restricted fetuses Imaging of the intra-

cranial circulation was reported by Van den Wiingaared et al in 1989°". The middle

cerebral arteries, whose waveforms vary significantly to those of the internal carotid

(205)

arteries”’, are well suited for Doppler investigations due to their anatomical path, which

allows insonation of the vessel at a zero degree angle, and therefore the acquisition of
accurate flow velocity waveforms. To ensure accuracy, Doppler waveforms must be

acquired from a consistent segment of the artery, as waveforms in the proximal and distal

(206)

regions differ significantly from one another*™™". Excessive pressure on the fetal head during

assessment may also result in falsely reduced diastolic flow velocities?””.
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Figure 6 Middle cerebral artery flow velocity waveform acquisition.

In normal pregnancy, middle cerebral artery Pl rises to a peak at around 28 weeks gestation,

and subsequently undergoes a gradual decline until term*®).

Gestational age

Figure 7 Middle cerebral artery pulsatility index according to gestation. Taken from Fetal arterial and venous
Doppler pulsatility index and time averaged velocity ranges. Parra-Cordero M, Lees C, Missfelder-Lobos H, Seed
P, Harris C. Prenat Diagn. 2007 Dec;27(13):1251-7.1%%%

Early studies of middle cerebral artery resistance indices in small for gestational age fetuses

(208)

were contradictory, with published reports suggesting both a reduction and

unchanged(zog) resistance indices when compared to an appropriately grown cohort.
Subsequent reports confirmed that whilst middle cerebral artery resistance was not reduced

in all small for gestational age fetuses, its presence identified a cohort at greater risk of

(210, 211)

adverse neonatal outcome , even in cases where the umbilical artery Pl remained

normal®%213),
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The role of MCA Doppler in the management of fetal growth restriction and fetal anaemia is
now well established in clinical practice(m), but further clinical application of this technique

has also been investigated. A reduction in middle cerebral artery resistance has been

(215)

associated with fetal hypoxia'“™’, and has also been used to risk stratify pregnancies prior to

|(216)

labour. Cruz-Martinez et a evaluated MCA Doppler indices in a cohort of small for

gestational age fetuses, reporting that their use could distinguish a sub-group of SGA fetuses
at increased risk of caesarean delivery for non-reassuring fetal status and neonatal acidosis.
Leung et al®” demonstrated that, following successful ECV, the incidence of caesarean
delivery for non-reassuring fetal status was more common in fetuses with lower pre-version
MCA resistance indices. Middle cerebral artery resistance has also been found to be a
significant predictor of meconium stained liquor in postdates pregnancyms). A direct
relationship between MCA resistance and fetal hypoxia during labour has also been
suggested. Kassanos et al®) compared MCA Pl in cohorts of fetuses with Oxygen
saturations >30% and <30%. They found significantly lower MCA Pl values in the cohort with
Oxygen saturation <30%. These findings are suggestive of a relationship between MCA
Doppler values and fetal wellbeing, and indicate that MCA Doppler may have value in

identifying fetuses at risk of intra-partum fetal compromise.

Umbilical venous flow

In 1984, Gill et al reported evidence of altered umbilical venous flow in growth restricted

(220)

fetuses Several reports have confirmed the association of reduced umbilical venous

(221, 222)

flow with fetal growth restriction , and have suggested that alterations in venous flow

(223)

may occur prior to changes in the umbilical arterial vasculature™*”. A relationship between

placental mass and umbilical venous flow has also been demonstrated in some studies®?,

(225)

although this is not a consistent finding A correlation between umbilical venous flow

and fetal head and abdominal circumferences has also been observed?®.

In normal pregnancy, the umbilical vein exhibits a continuous, non-pulsatile pattern'”).

Although pulsatile umbilical venous flow is now most commonly associated with severe fetal

growth restriction®® it was initially observed in fetuses with pathological CTG

abnormalities in labour, that were subsequently delivered by emergency caesarean

(229)

section Subsequent investigations have confirmed that the presence of umbilical
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venous pulsation is associated with an increased incidence of operative delivery for
presumed fetal compromise even in uncomplicated pregnancies(m). Suggested mechanisms

for the development of umbilical venous pulsations include dilatation of the ductus venosus

and myocardial decompensation(231' 22)

Longitudinal studies of umbilical venous flow have demonstrated an increase in absolute

volume flow with advancing gestation, largely as a result of increases in flow velocity as

(233, 234)

opposed to changes in umbilical vein diameter Corrected/normalised blood flow

follows a gradual decline with advancing gestation*> 2%,
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Figure 8 Umbilical venous flow rate according to gestation. Taken from Flo K, Wilsgaard T, Acharya G.
Longitudinal reference ranges for umbilical vein blood flow at a free loop of the umbilical cord. Ultrasound
Obstet Gynecol. 2010 Nov;36(5):567-72. doi: 10.1002/uog.7730.%%%
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Figure 9 Corrected umbilical venous flow according to gestation. Taken from Flo K, Wilsgaard T, Acharya G.
Longitudinal reference ranges for umbilical vein blood flow at a free loop of the umbilical cord. Ultrasound
Obstet Gynecol. 2010 Nov;36(5):567-72. doi: 10.1002/uog.7730.%%%

The value of quantitative measurements of umbilical venous flow in appropriately grown

fetuses remains unknown.

Cerebro-umbilical ratio

The cerebro-umbilical (C/U) (also known as the cerebro-placental) ratio is the ratio of the
MCA PI to the UA PI. Wladimiroff et al observed in 1987 that in cases of growth restriction,
a raised umbilical artery resistance was frequently associated with a reduced internal carotid

8y rthermore,

artery resistance, suggesting the presence of a “brain sparing circulation
Arbeille et al reported that in normal pregnancy the cerebral resistance index was normally
greater than that of the umbilical artery, resulting in a C/U ratio >1, whereas in pathological
pregnancy, complicated by fetal growth restriction or hypertension, the C/U ratio was

reduced to <1'**®. Subsequently, the C/U ratio was demonstrated to better predict adverse

(210) (236)

perinatal outcome'™ and the small for gestational age fetus*>™ , than use of either middle

cerebral artery or umbilical artery Doppler alone.
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Several authors have investigated the value of the C/U ratio as a tool for assessment of fetal
wellbeing. Devine et al evaluated a number of techniques used to monitor postdates
pregnancy including the C/U ratio, biophysical profile and AFl. They found a C/U ratio of

(237)

<1.05 to be the most accurate predictor of adverse outcome'”>”’. Habek et al examined the

relationship between both the C/U ratio and fetal biophysical profile, and perinatal

outcomes‘m)

. They reported that the incidence of caesarean delivery was significantly
higher in fetuses with a C/U ratio <1. Anteby et al observed that signs of intra-partum fetal
compromise in postdates pregnancy were frequently associated with the finding of a raised
umbilical artery, and reduced middle cerebral artery resistance indices prior to labour'??.
More recently, Siristatidis et al measured the C/U ratio of fetuses during abnormal CTG
recordings, with caesarean section being indicated if the C/U ratio was <1 for more than 2
minutes. They found the use of the C/U ratio led to a significant reduction in rates of

caesarean section, with no adverse effect on neonatal outcome reported(m).

Longitudinal reference ranges for the C/U ratio have been published‘m). The C/U ratio
gradually rises until around the 34" week, and subsequently undergoes a gradual decline

until term.
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Figure 10 Cerebro-umbilical ratio according to gestation. Taken from Ebbing C, Rasmussen S, Kiserud T. Middle
cerebral artery blood flow velocities and pulsatility index and the cerebroplacental pulsatility ratio:
longitudinal reference ranges and terms for serial measurements. Ultrasound Obstet Gynecol. 2007
Sep;30(3):287-96.%*
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The Umbilical-Cerebral ratio has also been reported to offer prognostic value in the

(242)

assessment of placental dysfunction'*”, and mathematically this ratio will better accentuate

differences in placental function in the most severely affected cases.

Uterine artery

The uterine arteries are responsible for the perfusion of the uterus, and consequently the
placenta. Adequate uterine artery flow is therefore critical in maintaining a supply of
oxygenised nutrient rich blood to the fetus. Flow velocity waveforms in the uterine arteries
have been extensively studied. In 1985, Trudinger et al evaluated uterine artery flow in
normal and potentially growth restricted pregnancies. They identified reduced uterine

artery diastolic flow velocities in 15/25 pregnancies subsequently delivered of a small for

(243)

gestational age fetus In 1986, an association between an increased uterine artery

resistance and the subsequent development of stillbirth, growth restriction, and maternal

d (244)

pre-eclampsia was reporte . Initially, uterine artery resistance indices were assessed in

the second trimester, following the completion of placentation, but later work confirmed

(245)

that uterine artery waveforms could be accurately acquired in the first trimester=™’, and

(246)

remained predictive of later fetal growth restriction and pre-eclampsia As a result,

uterine artery Doppler has been suggested as a valuable screening mechanism to identify

pregnancies at risk of subsequent complications related to placental dysfunction®*”).

In normal pregnancy, uterine artery resistance declines with advancing gestation(m).
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Figure 11 Uterine artery Pl according to gestation. Taken from Weissman A, Jaffa AJ, Lurie S, Har-Toov J,
Peyser MR. Continuous wave Doppler velocimetry of the main-stem uterine arteries: the transvaginal
approach. Ultrasound Obstet Gynecol. 1995 Jan;5(1):38-43. (2a8)

The persistence of a high resistance circulation in the uterine arteries has been directly

£249)

linked with a subsequent reduction in birthweigh , and is hypothesised to occur

secondary to sub-optimal trophoblastic invasion and incomplete spiral artery re-

modelling®?.

There is limited data linking abnormal uterine artery resistance and intra-partum
compromise. Olofsson et al examined the increase in uterine artery resistance during
contractions in fetuses with positive and negative Oxytocin challenge tests (OCT’s). They
observed a significantly greater change in uterine artery resistance in OCT positive cases'".
However, further studies by the same author did not demonstrate a difference in flow
velocity waveforms of the uterine artery in OCT positive and OCT negative cases, or an
association between uterine artery resistance indices and subsequent intra-partum fetal

compromise or operative delivery'>”

. These studies were both limited by the small number
of cases included. Further investigation is therefore necessary to establish if changes in

uterine artery resistance impact the ability of the fetus to tolerate the stresses of labour.

Amniotic fluid volume

In 1966 Gadd observed that liquor volume, measured by dye dilution technique in 100
pregnancies, was reduced in cases of both severe pre-eclampsia and in utero death®?,
Amniotic fluid is initially secreted from amnioblasts, derived from the epiblast of the bi-
laminar embryonic disc, but after around 11 weeks gestation, the majority of amniotic fluid
is produced via the fetal kidneys as urine, with a significant volume also produced by the
fetal lungs. Around this gestation, the fetus will also begin swallowing, and the circulation of

amniotic fluid commences. In late gestation, around 1000ml of amniotic fluid will be

circulated each day.
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Figure 12 Amniotic fluid circulation. Taken from Brace RA. Physiology of amniotic fluid volume regulation.
Clinical Obstetrics and Gynaecology. 1997 June 40(2) 280-289"

(254)

The amniotic fluid volume, dependant to a large extent on fetal urine production'”", can be

(255)

indicative of placental function'”'. Manning et al reported the strong association between

amniotic fluid volume and fetal growth restriction, and also noted increased rates of

(256)

perinatal morbidity in fetuses with oligohydramnios'™". In cases of fetal growth restriction,

(257)

oligohydramnios occurs as a result of reduced fetal urine production*”, which in itself is a

manifestation of reduced renal perfusion.

Assessment of amniotic fluid volume has been proposed as a potential method to identify

fetuses at risk of compromise in labour. Qualitative assessment of amniotic fluid was a

(153)

principle component of Manning’s original biophysical profile'”, and was later incorporated

into the modified biophysical profile. Further studies confirmed that the presence of

oligohydramnios was associated with an increased incidence of a subsequent diagnosis of

(258-260)

fetal compromise during labour , and led to suggestions that amniotic fluid volume

assessment may represent a good “admission test” to identify fetuses at risk of compromise

(261)

during labour However, early randomised trials assessing this technique demonstrated

increased caesarean section rates for presumed fetal compromise, without any

improvement in decision to delivery times or neonatal outcomes®?. Other published data

also indicated that amniotic fluid volume was only a poor predictor of neonatal outcome?®*

269 The role of amniotic fluid volume as a predictor of subsequent fetal compromise in

labour remains contentious. A meta-analysis published in 1999, supported the assertion
that amniotic fluid volume was predictive of subsequent caesarean delivery for fetal

(265)

compromise, and reduced Apgar score at 5 minutes ', whilst the most recent study in the
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literature concluded the value of oligohydramnios as a predictor of subsequent fetal

compromise “remained unanswered”*®®.

Meconium stained liquor

The presence of meconium stained liquor during labour has long been associated with

(267, 268)

concerns regarding fetal wellbeing However, the passage of meconium, in the

presence of a reassuring fetal heart rate pattern, has not been observed to correlate with

(269)

adverse neonatal outcome In contrast, when both meconium stained liquor and

abnormal fetal heart rate patterns are present, the incidence of adverse neonatal outcomes

d(270)

are increase . The passage of meconium in utero is also associated with increasing fetal

maturity, being rare before 34 weeks gestation, and is thought to represent fetal gut

(271)

maturation A significant concern in cases of meconium stained liquor, is the

development of meconium aspiration syndrome (MAS) in the neonate. This develops in

(272)

around 5% of infants born with meconium stained liquor Inhalation of meconium may

result in airway obstruction, surfactant inactivation and a chemical pneumonitis, this

(273)

damage may lead to severe hypoxia and persistent pulmonary hypertension*’”. Identifying

which of those births, where meconium stained liquor is present, will be complicated by

MAS is difficult, but the associated presence of fetal compromise is a recognised risk

(274)

factor An association between reduced middle cerebral artery resistance and the

presence of meconium stained liquor has also been observed*®.

Biochemical markers of placental function

A number of biochemical markers have now been associated with placental dysfunction and

(275)

adverse perinatal outcomes Perhaps the most established relationship is that of low

maternal serum levels of pregnancy associated plasma protein A (PAPP-A) with subsequent

fetal growth restriction'”’® *’7),

Pregnancy associated plasma protein A, was first isolated form the plasma of pregnant

women in 1974%7® and was subsequently identified to be of placental origin'*’®

. However,
it wasn’t until 1999 that Lawrence et al reported the isolation of an insulin-like growth factor

binding protein (IGFBP4) protease, and it’s identification as PAPP-A“Y. IGFBP4 binds to
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Insulin-like growth factor (IGF) acting as a potent inhibitor of its function. Cleavage of
IGFBP4 by PAPP-A, which requires the presence of both IGF-I and IGF-Il, thus abolishes its

inhibitory effect on IGF*Y. The IGF axis is known to play a critical role in regulating fetal

growth(m).

Reduced levels of PAPP-A have been reported in pregnancies complicated by pre-eclampsia

(281)

and fetal growth restriction'®”, leading to suggestions that PAPP-A could be used as a

(282)

marker of placental function In normal pregnancy, PAPP-A levels gradually increase

(283)

throughout gestation Initially, the clinical utility of PAPP-A was limited to serum

screening for Down’s Syndrome®®” but observations that a low first trimester PAPP-A level
was also associated with fetal growth restriction®® further expanded the role of PAPP-A in

pregnancy screening. More recently, reduced PAPP-A levels have also been associated with

(286)

an increased risk of intra-partum fetal compromise and emergency delivery =™, as well as

alterations in placental villous structure®”).

Human chorionic gonadotrophin (HCG), first isolated from the urine of pregnant women in
1928, formed the basis of the first biochemical pregnancy test”®.  Produced by the
syncytiotrophoblast, HCG stimulates progesterone production by the corpus luteum. In

normal pregnancy, the level of HCG rises rapidly, peaking around the ninth week, before a

(289)

gradual decline'™®”. Raised levels of HCG are associated with chromosomal anomalies in the

(290) (291)

fetus”™, and its measurement forms part of first trimester screening for aneuploidy

Reduced levels of HCG have also been associated with an increased risk of fetal growth

(292) A(293)

restriction'””, with some reports suggesting a relationship as strong as that of PAPP-

(294)

An association with intra-partum fetal compromise and cerebral redistribution in the

fetus® have also been reported, suggesting that evaluation of HCG levels may be indicative

of placental function.

Other biochemical markers of placental function include human placental Iactogen(m),

)(297) (298)

placental growth factor (PIGF , and others*™'. Low levels of placental growth factor have

been strongly linked to pre-eclampsia, with the reduction in circulating PIGF thought to
occur secondary to an excess of the anti-angiogenic protein, soluble fms-like Tyrosine Kinase

1 (sFItl)‘Zgg). An increase in concentrations of sFltl in the maternal circulation has also been

(300)

reported in fetal growth restriction Given that in many cases, intra-partum fetal

(181)

compromise is likely to be associated with placental dysfunction'™", it is possible that
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assessment of biochemical markers of placental function may help predict fetal

compromise.

Other Maternal influences on placental function

Several maternal characteristics have an adverse effect on placental function.

Maternal smoking is associated with an increased incidence of in utero death(3°”, fetal

(302) (303)

growth restriction'™"’, and placental abruption Absorbed chemicals from cigarette

smoke such as Nicotine and Carbon Monoxide have been demonstrated to trigger

(304)

vasoconstriction within the placenta™ ", and significant quantities of Nicotine have been

(305)

identified in the amniotic fluid and cord blood in fetuses of smoking mothers™'. Maternal

smoking has been observed to have a direct effect on umbilical artery blood flow velocity

waveforms, with raised umbilical artery resistance indices evident following maternal

(306)

cigarette smoke inhalation In animal studies, Nicotine leads to a reduction in utero-

(307)

placental blood flow, and subsequent fetal hypoxia and acidosis However, currently

there is no evidence to suggest that maternal smoking is associated with an increased

incidence of fetal compromise in labour®®.

Maternal diabetes is also suspected of impacting placental function. The villous basement

membrane is reported to be thicker in Diabetics, leading to a reduced diffusion capacity®*®.

Furthermore, glycosylated Haemoglobin, present in higher concentrations in diabetics, has a

higher Oxygen affinity, resulting in a reduced transfer of Oxygen to fetal Haemoglobin(am).

(311)

Delivery by emergency caesarean section is more common in Diabetic mothers™™™~, and in

infants born by emergency delivery due to a non reassuring fetal heart rate pattern,
umbilical arterial pH has been found to be lower than in a comparative non-diabetic

cohort®?,

Other maternal medical conditions such as chronic hypertension® and anti-phospholipid

(314)

syndrome™™" may also impact placental development, and consequently are associated with

an increased incidence of pre-eclampsia and fetal growth restriction®** 3%,
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Placental function and subsequent neurodevelopment

Whilst cerebral redistribution is considered protective in utero, preserving blood supply to

the fetal brain in cases of placental dysfunction(242'315), the development of a “brain sparing”

(316)

circulation may be associated with adverse long term neurological outcomes™ ™. Scherjon

et al observed that mean IQ score at 5 years of age was significantly lower in infants born

(317)

with evidence of cerebral redistribution””"”, and results at nine years of age demonstrate

children who were small for gestational age at birth are more likely to have special
educational needs®®. Even later in life, the impacts of sub-optimal placental function are

still evident. Eide et al found that the likelihood of developing schizophrenia increased

t(319)

linearly with decreasing birthweigh , Whilst cardiovascular disease and diabetes are also

(320)

strongly associated with low birthweight In cases of placental dysfunction, changes in

brain architecture have been reported in animal studies,(m’ 322), and a reduction in

(323)

myelination found at autopsy in human fetuses with growth restriction Even in

appropriately grown fetuses, increased cerebral blood flow has been associated with a

subsequent reduced performance in neurobehavioral testing‘m).

Whilst the association between low birth weight, cerebral redistribution, and subsequent
neurodevelopment and long term health are now well established, the current definition of
low birth weight is largely an arbitrary one. Currently, evidence regarding the impact of

changes in the cerebral circulation in the appropriately grown fetus is limited
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Summary

Despite advances in antenatal and intra-partum care, the incidence of cerebral palsy in term
pregnancies has not changed over the last 30 years. The development of intra-partum
hypoxia, and consequent birth asphyxia, hypoxic-ischaemic encephalopathy and cerebral
palsy remain a significant global health problem. Currently, intra-partum management is
dominated by the reliance on a monitoring tool (CTG) with poor specificity, high levels of
inter-observer variability, and that has been associated with an increased incidence of
operative delivery for fetal compromise. Whilst CTG monitoring can be a valuable tool when
used effectively, better selection of cases in which it is used would be beneficial. The
practice of classifying all pregnancies without identified antenatal complications as “low
risk” is probably inappropriate, given that the majority of cases of fetal hypoxia occur within
this cohort. This thesis will discuss the investigation of ultrasound assessment as a means of

risk stratification of normal, “low risk” pregnancies, prior to labour.
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Aims and objectives of thesis

1. To determine the relationship between umbilical artery, middle cerebral artery,
uterine artery and umbilical venous blood flow velocity waveforms at term, and

subsequent intra-partum and neonatal outcomes.

2. To determine if the relationship between umbilical artery, middle cerebral artery,
uterine artery and umbilical venous blood flow velocity waveforms at term and
intra-partum and neonatal outcomes is dependent on the proximity of the

ultrasound assessment to delivery.

3. To study the association between levels of HCG and PAPP-A, measured during the 1°*

trimester, with subsequent intra-partum and neonatal outcomes.
4. To develop a “composite risk score”, with the purpose of identifying before labour,
those pregnancies at high and low risk of subsequent intra-partum fetal

compromise.

5. To determine if maternal Oxygen therapy can influence umbilical artery, middle

cerebral artery, uterine artery and umbilical venous blood flow velocity waveforms.
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Hypotheses

1. The diagnosis of fetal compromise in labour, and the necessity for emergency
operative delivery will be associated with significant variations in the measured flow

velocity waveforms:

e Raised umbilical artery resistance
e Reduced middle cerebral artery resistance
e Lower cerebro-umbilical ratio, indicative of increased cerebral perfusion

e Reduced umbilical venous flow

2. The relationship between ultrasound derived markers of fetal wellbeing and intra-
partum and neonatal outcomes will be greatest when the timing of the ultrasound

assessment is closely associated with the onset of labour.

3. Alterations in HCG and PAPP-A levels, measured during 1* trimester screening, will

be associated with a higher incidence of intra-partum fetal compromise.
4. Maternal Oxygen therapy will result in improved feto-placental blood flow,

evidenced by a reduction in umbilical artery resistance and an increased middle

cerebral artery resistance.
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Chapter 2 - Pilot study

Introduction

Few studies have examined fetal haemo-dynamics in appropriately grown, low risk, term
pregnancies. As a consequence, data required for power calculations could not be reliably
obtained from previous published manuscripts. Furthermore, it was necessary to confirm
that the intended ultrasound assessment could be undertaken in early labour, with the
acquisition of satisfactory flow velocity waveforms from the required fetal vessels. An
assessment of the intra and inter-observer variability for these measurements in term
pregnancy was also required.

In order to address these issues, a pilot study of 100 cases was planned. This case number
was chosen as it would result in an acceptable number of Caesarean deliveries for presumed
fetal compromise within the pilot study cohort (based on the background rate at our
institution of 10%), and would enable recruitment of 50 cases for assessment of intra-
observer variability, and 50 cases for assessment of inter-observer variability. Data from this

cohort was then used to power a larger study.
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Aims

To assess the practicality of ultrasound assessment, including fetal biometry,
acquisition of satisfactory flow velocity waveforms from the umbilical and middle
cerebral arteries, umbilical vein, and uterine artery, in term pregnancies, within

three days of delivery.

To assess the intra and inter-observer variability of Doppler measurements within

this cohort.

To generate mean and standard deviation values for each Doppler parameter,
enabling an estimate of effect size, and accurate calculation of sample size to

achieve statistical power of >0.80.
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Methods

One hundred patients were recruited to this prospective observational pilot study at Queen
Charlotte’s and Chelsea Hospital, Imperial College Healthcare NHS Trust, London, UK.
Recruitment took place over a six month period from March 2011 until September 2012.
Potential participants were identified on the antenatal ward, delivery suite, and day
assessment unit. Each participant was given a copy of the study information sheet
(appendix A), and allowed adequate time to read the information and discuss their
involvement with their partner, friends, or family. Participants were given the opportunity
to ask questions and raise concerns, and to have these adequately addressed by a member
of the research team. Participants were then asked to sign a consent form for inclusion in

the study (Appendix B).

All recruited participants were approached prior to active labour (cervical dilatation <4cm),
had singleton pregnancies, and were identified as low risk (defined in Appendix C) based on
individual chart review with no fetal concerns identified antenatally. Exclusion criteria
included cervical dilatation of >4cm, multiple pregnancy, pre-eclampsia, previously identified
fetal growth restriction, known fetal anomaly, evidence of intra-uterine infection, or

maternal age <16 years.

All women then underwent an ultrasound examination. Parameters measured included the
fetal bi-parietal diameter, head circumference, abdominal circumference, and femur length,
thereby allowing an estimated fetal weight to be calculated using Hadlock’s formula.
Umbilical artery, umbilical vein, and middle cerebral artery Doppler indices (Pulsatility index,
Resistance index, Time averaged maximum velocity, end diastolic flow velocity, and
maximum velocity) were recorded. Maternal uterine artery Doppler indices were also
measured, as was the amniotic fluid index. Patients were positioned in a seated semi-
supine position, with the head of the bed elevated at a 45 degree angle to prevent aorto-
caval compression. A seated position has been demonstrated to be associated with smaller

alterations in cardiac output than the left lateral decubitus position®> .
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Ultrasound technique

All subsequent aspects of this study, reported in the other chapters of this thesis, utilised

the techniques described here.

All ultrasound examinations were performed by Dr Tomas Prior, using a GE Voluson e
portable ultrasound machine, and an AB2-7RS curvilinear trans-abdominal probe.
Fetal biometric measurements were performed in the following manner, in accordance with

the guidelines of the International society of ultrasound in Obstetrics and Gynaecology®*®.

For measurement of the fetal bi-parietal diameter (BPD), a cross section of the fetal head at
the level of the thalamus was acquired. The midline echo of the falx cerebri was identified,
ensuring a symmetrical appearance of both hemispheres, with the cavum septum
pellucidum visible anteriorly, and no cerebellum visible posteriorly. The angle of insonation
was kept as close to 90 degrees as possible. Calipers were placed on the outer edge of the
fetal skull closest to the probe, and the inner edge of the opposite side. In the same plane,
the head circumference (HC) was measured using the ellipse measurement function of the

ultrasound machine.

For measurements of abdominal circumference (AC), a transverse section of the fetal
abdomen was obtained. The section was obtained with the stomach and umbilical vein
visible, but above the level of the kidneys. The AC was then measured using the ellipse
measurement function of the ultrasound machine, placed at the outer surface of the skin.

For measurement of the femur length, the femur diaphysis was imaged at an angle of
insonation between 45 and 90 degrees, and the longest axis of the ossified diaphysis

measured.

Amniotic fluid volume was measured both as the amniotic fluid index (AFl) and the deepest
vertical pool (DVP). For amniotic fluid index measurement the uterine cavity was divided
into four quadrants, and the deepest vertical pool of amniotic fluid in each measured, and
added to calculate the AFI. All measurements required the absence of fetal extremities and

umbilical cord from the field of view.
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Doppler ultrasound

The middle cerebral artery, umbilical artery, umbilical vein, and uterine artery were first
identified using colour flow mapping. To prevent the underestimation of velocities, all
Doppler flow velocity waveforms were acquired at an angle of insonation as close to zero
degrees as possible. If a zero degree angle was not achievable due to fetal positioning, the
angle correction function was used to compensate. No flow velocity waveforms were
acquired at an angle >30 degrees. The high pass filter was used to limit ‘noise’ from vessel
wall movement. Flow velocity waveforms were not acquired in the presence of uterine
contractions or fetal breathing movements. A minimum of 5 consecutive completed
waveforms were acquired before resistance indices were calculated using automated
software. For each vessel, measurements were repeated in triplicate and the mean value

recorded for subsequent data analysis.

Umbilical artery Doppler flow velocity waveforms were recorded at a free loop of cord, in
accordance with published guidelines™®. Although umbilical artery resistance has significant
variation along the length of the cord, being greatest at the fetal end®*?”, it was not always
possible to achieve accurate waveform acquisition from this location in full term

pregnancies.

For Doppler recordings from the MCA, an axial section of the fetal brain was obtained, and
the thalamus and wings of the sphenoid bone identified. Flow velocity waveforms were

acquired from the proximal third of the MCA in accordance with published guidelines(m).

To image the uterine artery, a mid-sagittal approach was used, and the uterine artery
identified within the para-cervical vascular plexus. Doppler flow velocity waveforms were
acquired from the uterine artery at this level, prior to the arcuate artery branches.

Umbilical venous flow velocity was recorded at a free loop of umbilical cord.

Vessel diameter measurements were obtained using grey scale for the umbilical vein and
artery, and power Doppler for the middle cerebral artery and uterine artery. For diameter
measurements, vessels were imaged in the longitudinal plane, at 90 degrees to the
ultrasound beam (or as close to this angle as technically possible). The image was then
frozen, and magnified to occupy at least 50% of the field, before the internal diameter was

measured using the caliper function. The assessment of flow rate in fetal vessels using this
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measurement technique has been demonstrated to be accurate when compared to gold
standard methods of in-vivo flow calculation®®. The umbilical vein and artery diameter
were measured at a free loop, the middle cerebral artery at a point one third of its length
from its origin on the circle of Willis, and the uterine artery at the apparent cross-over with
the external iliac artery prior to the division into the arcuate arteries.

Time averaged maximum velocities, in combination with vessel diameter, were then used to

calculate vessel flow rates using the following formula:-

Umbilical venous flow rate (ml/min) = Velocity (cm/s) x 0.3 x Cross sectional area

(mm?2)

This formula was derived as follows:-
Cross sectional area was calculated using the measured diameter of the vessel and
the formula for the area of a circle (nr2)
1 ml/min = 1cm/s/cm2 x 60
A multiplication factor of 0.5 is required to correct for laminar flow in a cylindrical
vessel (due to slower flow at the perimeter of the vessel caused by friction with the
vessel walls).
1ml/min = 1cm/s/cm2 x 60 x 0.5
1ml/min = 1cm/s/cm2 x 30
As 1cm2 = 100mm?2
1ml/min = 1cm/s/mm?2 x 30/100

1ml/min = 1cm/s/mm2 x 0.3

For calculation of flow rates the umbilical vein was considered a cylindrical vessel with
parabolic laminar flow. Accordingly, the measured umbilical Vmax obtained using pulsed
wave Doppler was divided by two to acquire the mean flow velocity within the vessel. The
requirement for this correction is derived from Poiseuille’s Law and the Navier-Stokes
equations. This method of flow calculation is consistent with that used in other published

data'®¥,

Information about the maternal age, ethnicity, parity, booking blood pressure, gestation at

onset of labour, body mass index, history of smoking, pre-existing maternal medical

66



disorders, history of previous fetal growth restriction, stillbirth, or neonatal death was

recorded on a proforma (Appendix D).

The data obtained during the ultrasound assessment was not made available to the
clinicians responsible for the patient’s intra-partum care to ensure that management was
not influenced by the ultrasound findings. All parameters were recorded three times to
enable intra-observer variability to be calculated, and the mean of these values used for
data analysis. Fifty patients were scanned by two trained clinicians to demonstrate inter-
observer variability.

After completion of the ultrasound assessment, patients were managed as per local
protocols and guidelines. Following delivery, each case was followed up within a 48 hour
period by review of case notes and electronic records. Intra-partum outcomes including,
CTG abnormalities (classified according to NICE guidelines — see figure 2), meconium stained
liquor, fetal blood sampling, hypertension, and pyrexia were recorded. The duration of the
1* stage, 2" stage, and 3" stage of labour, as well as the interval between rupture of
membranes and delivery was documented. Mode of delivery was recorded for all cases, and
if assisted delivery was required, the indication, as recorded by the obstetrician on the
operative record, was documented. Neonatal outcomes including birthweight, Apgar
scores, umbilical artery and vein pH and base deficit, were recorded on the proforma.

Neonatal unit admissions, and the indication for them, were also recorded.

All data was then transferred from the written proforma to a Microsoft Excel 2010 database
for storage, and analysed using a combination of SPSS statistics v20 (IBM software) and

Prism V (Graphpad software).

The primary outcome of the pilot study was mode of delivery and the presence/absence of a
diagnosis of fetal compromise during labour. For the purposes of data analysis, cases were
categorized according to mode of delivery (EmLSCS FD = emergency caesarean section for
fetal compromise, Instrumental FD = Instrumental delivery for fetal compromise, EmLSCS
FTP = emergency caesarean section for Failure to progress/other, Instrumental FTP =
Instrumental delivery for prolonged 2™ stage), and ultrasound markers of fetal wellbeing
compared between the different mode of delivery groups. Cases were also divided
quantitatively according to values of the different ultrasound parameters, and outcomes

compared between these groups.
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Results

One hundred patients were recruited to this pilot study over a six month period.

Details of maternal demographics were documented from the Obstetric notes (see Table 1).

Overall
Number of Patients 100
% Nulliparous 68.0% (68/100)
Mean Maternal Age 32.3(21-47)
Mean BMI 24.6 (17-37)
Mean gestation (weeks) 40.14 (37.00 — 42.00)
Ethnicity (%)
Caucasian 75% (75/100)
Asian 14% (14/100)
Afro-Caribbean 7% (7/100)
Other 4% (4/100)
Mode of onset of labour (%)
Induction 79% (79/100)
Spontaneous 21% (21/100)

Table 1. Maternal demographics and mode of onset of labour

Fetal biometry, amniotic fluid index/deepest vertical pool, umbilical and middle cerebral
artery and umbilical venous Dopplers were recorded from all cases. Satisfactory flow
velocity waveforms from the uterine artery were only achieved in 69% (69/100) cases, due
to technical difficulties associated with imaging this vessel by trans-abdominal ultrasound in
full term pregnancy. The mean interval between ultrasound assessment and delivery was 1
day (0 - 13 days). Ninety two percent of cases (92/100) had an ultrasound to delivery
interval of less than three days. The mean umbilical artery pulsatility index (UA PI) within
the study cohort was 0.81 (0.46 — 1.53), with a 5™ centile value of 0.55, and a 95™ centile
value of 1.07. The mean middle cerebral artery pulsatility index (MCA Pl) was 1.34 (0.79 -
2.14), with a 5™ centile value of 0.93, and a 95" centile value of 1.85. The mean cerebro-
umbilical (C/U) ratio within the study cohort was 1.72 (0.87 — 3.15), with a 5" centile value
of 1.09, and a 95™ centile value of 2.58. The mean umbilical venous (UV) flow rate was
308.9ml/min (32.7 —622.2) with a 5% centile value of 113.9ml/min and a 95" centile value of
571.1 ml/min. The mean uterine artery Pl was 0.78 (0.38 — 2.14), with a 5™ centile value of

0.43 and a 95" centile value of 1.27.

Cases were subdivided according to mode of delivery. Twelve percent (12/100) of infants

were delivered by emergency caesarean section for presumed fetal compromise, 24%
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(24/100) by instrumental delivery for presumed fetal compromise, 11% (11/100) by
instrumental delivery for a prolonged 2" stage, and 38% (38/100) were born by
spontaneous vertex delivery (SVD). Fifteen percent were delivered by emergency caesarean
section for another indication, predominantly failure to progress in the first stage of labour
(12/15). Cases were grouped according to mode of delivery and mean values for each of

the Doppler parameters calculated (see table 2).

EmLSCS FD Instrumental FD SVD Instrumental FTP LSCS other
UAPI 0.84 0.86 0.81 0.74 0.78
(0.65—1.06) (0.51-1.53) (0.46-1.42) (0.63 —0.84) (0.53-1.03)
MCA PI 1.24 1.37 1.33 1.56 1.23
(0.86—1.61) (0.87—2.14) (0.79-1.97) (1.21-1.98) (1.03-1.61)
C/U ratio 1.52 1.66 1.73 2.11 1.64
(0.87-1.99) (0.94 -2.58) (1.13-3.15) (1.71-2.68) (1.14 - 2.40)
UV flow 279.9 275.5 316.0 369.4 323.2
(134.6 —380.9) (65.5-618.4) (57.7-571.1) (136.0-605.2) (92.7-622.2)
Uterine artery PI 0.84 0.72 0.76 0.96 0.77
(0.49—1.64) (0.43-1.03) (0.44-1.27) (0.68 —2.14) (0.38-1.21)

Table 2. Doppler parameters according to mode of delivery group.

Infants delivered where the indication was presumed fetal compromise (either caesarean or
instrumental) had the highest UA PI, the second lowest MCA PI, lowest C/U ratio, and the

lowest UV flow rate.

Cases were then subdivided according to C/U ratio centile groups (<10" centile, 10™-90™
centile, >90™ centile) (Table 3). These groupings were chosen on the basis of receiver-
operator characteristic (ROC) curve analyses, which suggested a C/U ratio <10™ centile

would result in the optimal balance of sensitivity and specificity.

C/U = <10" centile C/U = 10™-90™ centile C/U =>90" centile
Caesarean section Fetal 30.0% (3/10) 10.0% (9/90) 0.0% (0/10)
compromise
Fetal compromise 70.0% (7/10) 30.0% (27/90) 20.0% (2/10)
diagnosed at any time
during labour
SVD 10.0% (1/10) 36.7% (33/90) 40.0% (4/10)
Vaginal delivery of any 50.0% (5/10) 76.7% (69/90) 90.0% (9/10)
kind
Caesarean section other 20.0% (2/10) 13.3% (12/90) 10.0% (1/10)
indication

Table 3. Delivery outcomes according to C/U ratio centile group.
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The same analysis was repeated for the other Doppler parameters (Tables 4-7).

UA Pl = <107 centile

UA Pl = 10™-90™ centile

UA PI = >90" centile

Caesarean section Fetal 0.0% (0/10) 12.2% (11/90) 10.0% (1/10)
compromise

Fetal compromise 10.0% (1/10) 34.4% (31/90) 40.0% (4/10)
diagnosed at any time

during labour

SVD 50.0% (5/10) 31.1% (28/90) 50.0% (5/10)
Vaginal delivery of any 70.0% (7/10) 64.4% (58/90) 80.0% (8/10)
kind

Caesarean section other 30.0% (3/10) 12.2% (11/90) 20.0% (2/10)

indication

Table 4. Delivery outcomes according to UA PI centile group.

MCA PI = <10" centile

MCA PI = 10™-90™ centile

MCA PI = >90™ centile

Caesarean section Fetal 20.0% (2/10) 11.1% (10/90) 0.0% (0/10)

compromise

Fetal compromise 50.0% (5/10) 32.2% (29/90) 20.0% (2/10)
diagnosed at any time

during labour

SVD 50.0% (5/10) 33.3% (30/90) 30.0% (3/10)
Vaginal delivery of any 80.0% (8/10) 61.1% (55/90) 100% (10/10)
kind

Caesarean section other 0.0% (0/10) 16.7% (15/90) 0.0% (0/10)

indication

Table 5. Delivery outcomes according to MCA PI centile group.

UV Flow = <10™ centile

UV Flow = 10™-90™
centile

UV Flow = >90™ centile

Caesarean section Fetal 10.0% (1/10) 12.2% (11/90) 0.0% (0/10)
compromise

Fetal compromise 40.0% (4/10) 34.4% (31/90) 10.0% (1/10)
diagnosed at any time

during labour

SVD 30.0% (3/10) 34.4% (31/90) 40.0% (4/10)
Vaginal delivery of any 70.0% (7/10) 64.4% (58/90) 80.0% (8/10)
kind

Caesarean section other 20.0% (2/10) 12.2% (11/90) 20.0% (2/10)

indication

Table 6. Delivery outcomes according to UV flow centile group.
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Uterine artery Pl = <10

Uterine artery Pl = 10™-
90" centile

Uterine artery Pl = >90™ |

centile centile
Caesarean section Fetal 0.0% (0/7) 10.9% (6/55) 14.3% (1/7)
compromise
Fetal compromise
diagnosed at any time 28.6% (2/7) 38.2% (21/55) 14.3% (1/7)

during labour

SVD

42.9% (3/7)

43.6% (24/55)

42.9% (3/7)

Vaginal delivery of any
kind

71.4% (5/7)

80.0% (44/55)

57.1% (4/7)

Caesarean section other
indication

28.6% (2/7)

9.1% (5/55)

28.6% (2/7)

Table 7. Delivery outcomes according to uterine artery PI centile group.

Inter and Intra-observer variability

To assess intra-observer variability, Doppler measurements were repeated after an interval

of 30 minutes in a cohort of 50 patients.

For assessment of inter-observer variability

Doppler measurements were repeated after an interval of 30 minutes, by a different trained

practitioner, in a cohort of 50 patients.

Intra and inter-observer variability were assessed using Bland-Altman plots and limits of

agreement. Initially a one sample t-test was performed to determine if the mean difference

between the measures of UA PI, MCA PI, C/U ratio, and UV flow was significantly different

from 0. No significant variation was observed (Table 8).

Intra-observer variability Mean difference p= 95% ClI

UA PI difference 0.003 0.547 -0.0074 - 0.0138
MCA PI difference 0.001 0.868 -0.0130-0.0110
C/U ratio difference 0.006 0.686 -0.0356 - 0.0236
UV flow difference 1.20 0.123 -0.3374-2.7436

Table 8. One sample t-test to assess intra-observer variability
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Bland-Altman plots were constructed for the UAPI, MCA PI, the C/U ratio, and UV flow

(Figure 13).
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Figure 13. Intra-observer variability - Bland-Altman plots and limits of agreement

Linear regression confirmed there was no proportional bias in the intra-observer variability

of either the UAPI, MCA PI, C/U ratio, or UV flow (p = 0.65, 0.12, 0.70, and 0.95 respectively).

The same analysis was performed to assess inter-observer variability (Table 10, Figure 14).

Inter-observer variability Mean difference p= 95% Cl

UA PI difference -0.003 0.546 -0.0146 - 0.0078
MCA PI difference 0.008 0.302 -0.0072 - 0.228
C/U ratio difference 0.017 0.324 -0.0169 - 0.0503
UV flow difference 1.38 0.335 -1.4674 - 4.2213

Table 9. One sample t-test to assess inter-observer variability
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Figure 14. Inter-observer variability - Bland-Altman plots and limits of agreement

Linear regression analysis confirmed there was no proportional bias in the inter-observer

variability of the UA PI, MCA PI, C/U ratio or UV flow (p = 0.21, 0.61, 0.58, and 0.52

respectively).
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Discussion

Power calculation

Few studies have examined fetal haemo-dynamics in appropriately grown, low risk, term
pregnancies. The initial aim of the pilot study was to confirm that fetal biometry, umbilical
artery, umbilical vein, middle cerebral artery, and uterine artery Doppler indices could be
measured at term, within 72 hours of delivery, with acceptable levels of inter-observer and
intra-observer variability. Data from the pilot study would then be used to power a larger
study.

Fetal biometry, umbilical artery, umbilical Vein, and middle cerebral artery Doppler studies
were performed in all 100 patients recruited to the pilot study. Uterine artery Doppler
studies were only performed in (69%) 69/100 of patients, due to the technical difficulties

associated with imaging the maternal uterine arteries at term.

Is the variation in the C/U ratio sufficient to distinguish those infants at high risk of

requiring emergency delivery due to compromise in labour from those at low risk?

The incidence of caesarean section for presumed fetal compromise in fetuses with the
lowest C/U ratios (<10 centile) was 0.3 (30%), compared with 0.1 (10%) in those fetuses
with C/U ratios >10™ centile. Power calculation was based on this effect size. A difference
in the incidence of Caesareans section for fetal compromise of 20% was also considered a
clinically relevant outcome. Assuming a significance level of 0.05,, and unequal sample sizes
(between the <10™ and 210" centile groups), a power of 0.9 could be achieved with a

sample size of 50 in the <10" centile group and 450 in the >10" centile group.

One hundred participants were recruited to the pilot study over a 6 month period. The data
derived from this study enabled sample size calculation for a larger study, with the resultant
target of 500 patients. The recruitment rate in the pilot study equalled 16 patients per
month, meaning a recruitment period of a further 25 months would be required to reach
500 participants. The rate of recruitment was therefore considered adequate. Of the five
Doppler parameters investigated, the C/U ratio showed the greatest variation between the
different mode of delivery groups, and as a result was used for power calculation. A C/U

ratio <10™ centile also resulted in the greatest positive predictive value for emergency
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caesarean delivery for presumed fetal compromise, whilst a C/U ratio >90™ centile resulted
in a 100% negative predictive value within this small cohort. Over 90% of recruited
participants had an ultrasound to delivery interval of less than 3 days, suggesting the study

design did allow capture of participants sufficiently close to delivery.
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Accuracy and reliability of Doppler flow velocity waveforms

Published reference ranges for the UA Pl in appropriately grown, term fetuses, such as those
of Parra-Cordero et al, suggest a mean UA Pl at 40 weeks gestation of 0.74, with a 5™ centile
value of 0.55 and a 95" centile value of 1.00"®, whilst Acharya et al report a 50" centile

9(329)

value of 0.75, a 5™ centile value of 0.51, and a 95" centile value of 1.0 . These figures

were similar to values reported in this pilot study.

Parra-Cordero et al published reference ranges for the MCA Pl in appropriately grown
fetuses suggesting a mean MCA Pl of 1.14, a 5™ centile of 0.83, and a 95™ centile of 1.55".
Whilst our results differ somewhat from these, other published reference ranges report

(330)

values very similar to those of this pilot study”>". The results from all three studies suggest

a similar spread in relation to the mean.

Few studies have examined normal ranges of the C/U ratio in appropriately grown term
fetuses, but Lam et al studied the C/U ratio in a cohort of normal pregnancies at 41 weeks,
and found a mean C/U ratio of 1.63, similar to that found in this pilot study data. Ebbing et
al reported a 50" centile value for the C/U ratio at 39 weeks gestation of 1.97, with a 5"

centile value of 1.29, and a 95" centile value of 2.88124),

Similarly, there is limited data
reporting UV flow rates in appropriately grown, term pregnancies. Acharya et al reported a
50™ centile UV flow rate of 262.7ml/min in a cohort of 130 low risk pregnancies, 5™ and 95™
centile values were 124.6ml/min and 553.8ml/min respectively. These values are similar to

(234 published reference ranges for the uterine artery PI

those identified in this pilot study
suggest a 50™ centile value of 0.65, a 5™ centile value of 0.47, and a 95" centile value of

0.90'3Y),

Comparison of Doppler values acquired during the pilot study with published reference
ranges suggest that the technique used in the pilot study did result in the acquisition of
satisfactory Doppler flow velocity waveforms from all fetal vessels. The limits of agreement

reported were consistent with other published data'®*?..
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The pilot study therefore enabled accurate sample size calculations, confirmed that the
required participant number could be recruited within the available time frame, and
confirmed that the proposed ultrasound assessment was feasible within 3 days of delivery,
and would vyield reliable measurements. Following completion of the pilot study,

recruitment to achieve the required participant number was commenced.

77



Chapter 3 - Ultrasound assessment in early labour

Introduction

Following satisfactory completion of the pilot study as described in Chapter 2 of this thesis it

was established that recruitment of 500 participants would result in satisfactory power to

achieve the aims of this study. This stage of the study would therefore enable conclusions

to be drawn regarding the value of a pre-labour ultrasound assessment for the risk

stratification of normal pregnancies prior to labour.

Aims

1. To study the relationship between ultrasound derived markers of fetal wellbeing,

and subsequent intra-partum and neonatal outcomes.

Specifically, the following markers of fetal wellbeing were studied:-

e Fetal weight

e Amniotic fluid volume

e Feto-placental and maternal Dopplers

O

O

Umbilical artery
Middle cerebral artery
Cerebro-umbilical ratio
Umbilical venous flow

Uterine artery

2. To ascertain the best ultrasound parameter for the prediction of intra-partum fetal

compromise
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Methods

Six hundred and four women were recruited to this prospective observational study at
Queen Charlotte’s and Chelsea Hospital, London, UK. Recruitment took place over a period
of 27 months between October 2011 and July 2013. Recruitment was continued beyond the
target of 500 participants to allow further sub-group analysis. All study participants gave
informed written consent as described in chapter 2. Once consent was obtained, all
recruited participants underwent an ultrasound assessment according to the protocol used
in the pilot study (described in chapter 2). Data was collected on individual proformas (one
per case) (D), before being transferred and stored electronically as a Microsoft Excel
spreadsheet. = The primary outcome measures were mode of delivery and the
presence/absence of a diagnosis of intra-partum fetal compromise. Secondary outcomes
included the presence/absence of CTG abnormalities identified during labour, the
presence/absence of meconium stained liquor, neonatal outcomes including Apgar scores,
umbilical artery pH and base excess at delivery, and neonatal unit admission. CTG

recordings were classified according to NICE criteria®*?

as normal, suspicious, or
pathological by an obstetrician blinded to the ultrasound results. When assessing neonatal
outcomes, the incidence of adverse outcomes was compared. For the Apgar score, an
adverse outcome was considered to be a score <7 at one or five minutes. This decision was
reached following literature review of other studies assessing neonatal outcome, in which a
score of <7 is frequently used to define an adverse outcome®*** For umbilical artery pH,
an adverse outcome was defined as a pH <7.20. This level was used as a pH of <7.20 on fetal
blood sampling is defined as abnormal in current intra-partum guidelines used in the uK*?
and is used to prompt immediate delivery. For umbilical artery base excess, an adverse
outcome was considered a base excess of <-8.0. This level has been described as a

338 Other adverse neonatal outcomes

moderate base deficit in the published literature
included neonatal unit admission and neonatal encephalopathy. A composite neonatal
outcome score was also constructed incorporating multiple neonatal outcome variables.
Cases were awarded points for each neonatal outcome variable, with a higher number
awarded for greater deviations from normality. An Apgar score of >7 at one minute resulted
in 0 points, <7 at one minute 1 point, and <7 at five minutes 2 points. An umbilical artery pH
of >7.20 at delivery resulted in 0 points, <7.20 but >7.10 1 point, <7.10 but >7.00 2 points,
and <7.00 3 points. An umbilical artery base excess of >-8.0mmol/L at delivery resulted in 0

points, <-8.0 but >-12.0mmol/L 1 point, and <-12mmol/L 2 points. Babies requiring

neonatal unit admission were awarded 1 point, and those not requiring admission 0 points.
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Data Analysis

All data analysis was conducted using SPSS version 20 (IBM software) and Graphpad Prism

version V (Graphpad software).

Distribution of fetal Doppler indices were tested using the D’agostino-Pearson normality
test, with a value <0.05 suggestive of a non-normal distribution. Throughout this thesis,
medians are reported for variables with non-normal distributions, whilst means are reported
for those with normal distributions. Kruskal Wallis and Mann-Whitney U significance testing
were used for non-normal distributions, whilst one-way ANOVA (analysis of variance) and
independent samples t-tests were used for normal distributions. Dunn’s and Bonferroni’s
multiple comparisons tests were used for non-normal and normal distributions respectively.
Both Chi squared testing and relative risk calculations (with 95% confidence intervals) were
used for comparing proportions between study groups. Relative risks are more intuitively
interpreted and were preferred to odds ratios as the latter has a tendency to overestimate
the effect of the independent variable on the dependent variable if the studied outcome is

(337)

not rare A threshold of 10% is generally applied to validate the ‘rare disease

assumption’ at which point the odds ratio provides an acceptable approximation of the

(338)

relative ris Odds ratios and 95% confidence intervals are reported for logistic

regression analyses.

For all significance testing a p-value <0.05 was considered statistically significant. Receiver
operator characteristic (ROC) curves were constructed to test the predictive value of each

parameter, and to establish optimal levels of sensitivity and specificity.

As this study was designed to identify ultrasound parameters indices of interest, due to the
number of comparisons undertaken and to prevent type Il error, the Bonferroni correction
for multiple comparisons was not applied. Consequently, results of borderline significance

must be interpreted with caution.
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Results

Maternal demographics and their relationship with Doppler parameters

Details of maternal demographics were documented from the Obstetric notes (see Table 9).

Overall
Number of Patients 604
% Nulliparous 75.3% (455/604)
Mean Maternal Age (years) 32.3(16-47)
Median BMI (kg/m?) 24.0 (16 - 42)
Median gestation (weeks) 41.0 (37.0-42.0)
Ethnicity (%)
Caucasian 67.7% (409/604)
Asian 17.4% (105/604)
Afro-Caribbean 10.3% (62/604)
Other 4.6% (28/604)
Mode of onset of labour (%)
Induction 80.3% (485/604)
Spontaneous 19.7% (119/604)

Table 10. Maternal demographics and mode of onset of labour.

All patients in the study gave birth to live singleton infants. The median time interval
between the ultrasound scan and delivery was one day (range 0-14). The time interval
between the ultrasound assessment and delivery was less than three days in 96% of cases
(581/604). Of the study cohort, 26.5% (160/604) of women were delivered by emergency
caesarean, in 43.1% (69/160) of these the indication for delivery was presumed intra-partum
fetal compromise. The remaining 56.9% (91/160) of caesarean sections were performed for
failure to progress in the 1% stage of labour in 84 cases, following failed instrumental
delivery in four cases, and one case each of shoulder presentation, unstable lie, and
presumed placental abruption (without fetal compromise). Instrumental deliveries were
performed in 34.1% (206/604) of cases, with an indication of presumed fetal compromise in
53.4% (110/206), and failure to progress in the second stage of labour in 46.6% (96/206).
Spontaneous vertex deliveries were achieved in 39.4% (238/604) of cases. Cases were sub-
divided according to mode of delivery, and maternal characteristics compared between the
groups (see Table 10). Nulliparous women formed the majority of all mode of delivery
groups with the exception of the SVD group. Significant variation in the mean gestational
age of fetuses in each mode of delivery group was also present, with the latest gestation

found in cases delivered by caesarean for presumed fetal compromise, and the earliest
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gestation in the SVD group. No other statistically significant differences were observed

between the different mode of delivery groups.
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Overall EmergeFr:)cy LSCs Instrumental FD SVD Instrumental FTP Emer‘g:t!::\: LSS ANQVA/XZ
Number of Patients 604 69 110 238 96 91
% Nulliparous 75.3% (455/604) 92.8% (64/69) 91.8% (101/110) 49.6% (118/238) 90.6% (87/96) 93.4% (85/91) <0.001
Mean Maternal Age 32.3(16-47) 32.0(19-42) 32.2(16-44) 32.1(18-47) 32.3(18-43) 33.7 (22 - 46) 0.17
Median BMI 24.0 (16 -42) 24.0 (19 -42) 24.0 (18 -35) 24.0(17.0-38.0) | 23.8(16.0-41.0) | 24.0(18.5-40.0) 0.13
Median gestation (weeks) 41.0(37.0-42.0) | 41.4(37.7-42.0) | 41.0(37.0-42.0) 40.6 (37.0-42.0) 41.3 (37.6 -42.0) 41.1(37.0-42.0) 0.01
Ethnicity (%)
Caucasian 67.7% (409/604) 53.6% (37/69) 73.6% (81/110) 68.9% (164/238) 69.8% (67/96) 65.9% (60/91) 0.60
Asian 17.4% (105/604) 26.1% (18/69) 17.3% (19/110) 13.0% (31/238) 18.8% (18/96) 20.9% (19/91) 0.17
Afro-Caribbean 10.3% (62/604) 14.5% (10/69) 4.5% (5/110) 13.0% (31/238) 6.3% (6/96) 11.0% (10/91) 0.09
Other 4.6% (28/604) 5.8% (4/69) 4.5% (5/110) 5.0% (12/238) 5.2% (5/96) 2.2% (2/91) 0.82
Mode of onset of labour (%)
Induction 80.3% (485/604) 78.3% (54/69) 78.2% (86/110) 80.7 (192/238) 80.2% (77/96) 83.5% (76/91) 0.99
Spontaneous 19.7% (119/604) 21.7% (15/69) 21.8% (24/110) 19.3% (46/238) 19.8% (19/96) 16.5% (15/91) 0.93

Table 11. Comparison of maternal demographic characteristics of each mode of delivery group.
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Women undergoing induction of labour, for indications where there was no immediate
suggestion of placental dysfunction, were considered for inclusion in the study. Indications
for induction of labour included post-dates pregnhancy (<42 weeks gestation) in 59.0%
(286/485), a prolonged latent phase of labour in 21.6% (105/485), advanced maternal age
(<40 weeks gestation) in 13.0% (63/485), a maternal medical condition (not associated with
placental dysfunction) in 3.3% (16/485), large for gestational age (LGA) in 1.0% (5/485),
maternal request, previous LGA baby, and previous precipitate labour each in 0.6% (3/485),
and one case of induction for unstable lie (0.2%). Maternal demographics and ultrasound
parameters were compared between the induction and spontaneous onset of labour groups
using binary logistic regression. No significant variation was identified between the two
groups. Furthermore, when the incidence of each mode of delivery outcomes was
compared between the induction and spontaneous labour group (Table 14) no significant

variation was identified.

Spontaneous I0L p=
EmLSCS FD 12.6% (15/119) 11.1% (54/485) 0.67
Instrum FD 20.2% (24/119) 17.7% (86/485) 0.58
SVD 38.7% (46/119) 39.6% (192/485) 0.88
Instrum FTP 16.0% (19/119) 15.9% (77/485) 0.98
EmLSCS other 12.6% (15/119) 15.7% (76/485) 0.44

Table 12. Comparison of mode of delivery outcomes between induction and spontaneous labour groups

The induction of labour group was then sub-categorised according to the indication for
induction, and all groups compared to the spontaneous labour group using multinomial
logistic regression. It is acknowledged that some of these sub-groups contained few
participants and the results should be interpreted with this caveat. The only significant
differences identified were a significantly higher maternal age in the advanced maternal age
induction group (p = <0.001, odds ratio 2.59, 95% ClI 1.89 — 3.57), and a significantly later
gestation in the Postdates induction group (p = <0.001, odds ratio 12.05, 95% CI 7.31 —
19.84). No significant variation in ultrasound parameters or mode of delivery outcomes was

observed between the groups.
In order to establish whether the ultrasound parameters were influenced by maternal
characteristics, potentially confounding the results, the relationship between each maternal

characteristic and each ultrasound marker was investigated.
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Relationship between parity and ultrasound parameters

Nulliparous cases were observed to have significantly lower amniotic fluid volume (assessed

using AFl), as well as significantly lower MCA PI, C/U ratio, and uterine artery PI (Table 11).

Whilst lower umbilical venous flow rates were observed in the nulliparous cohort, this

difference did not reach statistical significance.

Nulliparous Multiparous p=
Estimated fetal weight 3551g (2382g — 5037g) 3539g (2136g — 4779g) 0.78
AFI 8.4 (0.0 - 24.0) 9.2 (5.0 - 32.0) 0.01
DVP 3.9(0.0-11.1) 4.0 (1.0-12.6) 0.07
UA PI 0.79 (0.51 - 1.53) 0.77 (0.46 — 1.53) 0.13
MCA PI 1.33(0.68 —2.32) 1.44 (0.73-2.29) <0.001
C/U ratio 1.72 (0.59 —3.29) 1.86 (0.94 —3.15) <0.001
UV flow 206.4 (34.6 —577.1) 220.3(17.9-371.0) 0.10
Corrected UV Flow 59.5(10.1-139.0) 62.4 (4.5-102.7) 0.12
Uterine artery Pl 0.70(0.30-2.13) 0.75(0.26 — 2.14) 0.04

Table 13. Relationship between parity and ultrasound parameters
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Relationship between maternal age and ultrasound parameters

Correlation co-efficient R® values <0.1 were observed between maternal age and all

ultrasound parameters (Figure 15). The correlation between maternal age and both UV flow

and corrected UV flow was statistically significant (p = 0.01 in both cases).
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Maternal age vs. Uterine artery Pl
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Figure 15 Relationship between maternal age and ultrasound parameters
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Relationship between maternal body mass index and ultrasound parameters

Correlation co-efficient R* values <0.1 were observed between maternal BMI and all
ultrasound parameters (Figure 16). A statistically significant correlation was observed

between maternal BMI and EFW (p = 0.04).
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Figure 16. Relationship between maternal BMI and ultrasound parameters
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Relationship between gestation and ultrasound parameters

A positive correlation between gestation and estimated fetal weight was observed (R =

0.14, p = <0.001). Correlation co-efficient R* values between gestation and all other

ultrasound parameters were <0.1. Statistically significant correlations were observed

between gestation and UA PI, MCA PI, C/U ratio, corrected UV flow and AFI (p = 0.001, p =

<0.001, p = 0.002, p =<0.001, p = 0.03 respectively) (Figure 17).
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Figure 17. Relationship between gestation and ultrasound parameters
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Relationship between ethnicity and ultrasound parameters

Cases were grouped according to ethnicity (Table 12). Significant variations in estimated
fetal weight, UA Pl and UV flow were observed within the study cohort. Women of Asian
ethnicity had the lowest estimated fetal weight and the highest UA Pl of any ethnic group.
Women with “other” ethnicity had the highest estimated fetal weight. This ethnic group

also had the highest UV flow rate, although this difference was no longer significant when

UV flow rate was corrected for fetal weight.

Caucasian Asian Afro-Caribbean Other p=
0.78 0.82 0.78 0.80
UAPI (0.46 — 1.42) (0.51—1.53) (0.52 — 1.53) (0.56 — 1.08) 0.03
1.35 1.30 1.39 1.37
MCAPI (0.68-232) | (0.87-229) | (073-1.99) | (0.93-1.77) 0.62
. 1.78 1.62 1.87 1.78
C/U ratio (0.81 —3.29) (0.59 — 2.68) (0.94-2.73) (1.09 - 2.88) 0.06
UV flow 213.7 201.7 198.7 2233 0.02
(ml/min) (34.6-4524) | (17.9-557.1) | (37.2-325.0) | (81.6-342.1) :
gz":ec"ed i 60.4 59.5 58.5 64.1 036
i fmin/kg) (11.0 - 130.6) (4.5 - 139.0) (12.3-89.4) (23.9 - 86.8)
. 071 0.68 0.70 067
Uterine artery Pl | 305 14) (0.26 - 1.39) (0.38-2.13) (0.38 - 1.64) 0.76
8.9 8.0 83 7.9
ARl (0.1-32.0) (0.1-19.5) (1.0- 24.0) (1.7-18.7) 0.11
39 338 37 42
bvp (0.0-12.6) (0.0-8.8) (1.0-9.3) (1.3-8.6) 0.46
Estimated fetal 3601 3392 3418 3637 001
weight (g) (2418-5037) | (2382-4713) | (2136-4706) | (3031-4542) :

Table 14. Relationship between maternal ethnicity and ultrasound parameters
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Umbilical artery Doppler indices

Umbilical artery pulsatility index (UA Pl) was recorded from all 604 cases in the study.

Umbilical artery end diastolic flow velocity (UA EDF) and time-averaged maximum flow

velocity (UA Tamax) were recorded from 93.4% (564/604) of cases.

Umbilical artery PI

The UA Pl had a non-normal distribution in the study population (Skewness = 0.86, Kurtosis =

2.24, D’agostino-Pearson test of normality p = < 0.001). The median UA Pl was 0.79 (range =

0.46 — 1.53), with a 10" centile value of 0.63, and a 90" centile value of 0.98.

Cases were grouped according to subsequent mode of delivery and the UA Pl compared

between these groups (Table 13).

Fetuses born by caesarean section for presumed fetal

compromise had the highest UA PI. Those born by emergency caesarean for FTP in the 1*

stage, and instrumental delivery for a prolonged 2" stage had the lowest UA PI.

Emergency Instrumental Instrumental Emergency .
Overall LSCS FD D SVD TP LSCS other Kruskal Wallis
Number of Patients 604 69 110 238 96 91
0.79 0.85 0.79 0.79 0.77 0.75
UAPI (0.46 —1.53) (0.53 -1.53) (0.51-1.53) (0.46 -1.42) (0.53-1.53) (0.52 -1.25) 0.006

Table 15. UA Pl according to mode of delivery group.
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A Dunn’s multiple comparison test was used to compare UA PI values between each mode

of delivery group and all others (Table 14).

Table 16

Difference in rank sum p = <0.05
Emergency LSCS FD vs. 56.07 No
Instrumental FD
Emergency LSCS FD vs. SVD 62.37 No
Emergency LSCS FD vs.
Instrumental FTP 7571 No
Emergency LSCS FD vs.
Emergency LSCS other 102.9 ves
Instrumental FD vs. SVD 6.296 No
Instrumental FD vs.
Instrumental FTP 19.64 No
Instrumental FD vs.
Emergency LSCS other 46.79 No
SVD vs. Instrumental FTP 13.34 No
SVD vs. Emergency LSCS 40.49 No
other
Instrumental FTP vs.
Emergency LSCS other 27.15 No

. Dunn’s multiple comparison test — UA PI

Cases were then divided quantitatively according to their UA PI values as <10th centile,

10th-90"™ centile, and >90th centile, and the incidence of fetal compromise and vaginal

delivery compared between the three groups (Table 15). The highest incidence of caesarean

section for presumed fetal compromise, and the highest incidence of a diagnosis of fetal

compromise at any time during labour, occurred in fetuses with the highest UA Pl values.

However, the differences between the UA Pl centile groups did not reach statistical

significance.

Delivery category Overall Ul;\::li:ille o UA F::Ie:g:goth UA PI>90" Centile X p= Relaat:;e:;soltc; 10"

f::::::;;e“i” Fetal 11.4% (69/604) 8.0% (4/50) 11.1% (55/495) 16.9% (10/59) 0.34 (5% a%fs 141
:::,a:iz?:;;r:gis;::,zgrnosed at 29.6% (179/604) 22.0% (11/50 29.9% (148/495) 33.9% (20/59) 0.51 (95% u%.gi _129)
SVD 39.4% (238/604) 40.0% (20/50) 38.9% (191/495) 45.8% (27/59) 0.71 (5% CIC()).‘8576 _136)
Vaginal delivery of any kind 73.5% (444/604) 68.0% (34/50) 74.3% (368/495) 71.2% (42/59) 0.86 (95% CI(()J..SG((JJ ~1.05)
Caesarean section other 15.1% (91/604) 24.0% (12/50) 14.5% (72/495) 11.9% (7/59) 0.21 (95% CI %)%26 —4.75)

Table 17. Delivery outcomes according to UA PI centile group
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A receiver-operator characteristic (ROC) curve was then constructed to see how predictive

UA PI was of a subsequent caesarean section for presumed fetal compromise (Figure 18).

This resulted in an area under curve (AUC) of 0.61.

Figure 18. ROC curve — UA PI to predict caesarean section for fetal compromise.
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ROC Curve -1UA Pl to predict Caesarean section for fetal compromise

Maternal demographic characteristics in each of the different UA PI centile groups were

then compared (Table 16). Significant variation was observed in the gestation at onset of

labour, but the absolute difference in gestation between the three groups was small (1.5

weeks). No other significant differences were observed between the different UA Pl centile

groups.
el UAPI <_1o"‘ UAPI 10f"-9o"' UAPI >_9o"‘ ANOVA /XZ
Centile Centile Centile

Number of Patients 604 50 495 59
% Nulliparous 75.3% (455/604) 74.0% (37/50) 75.2% (372/495) 78.0% (46/59) 0.97
Mean Maternal Age 32.3(16-47) 32.08 (18 —47) 32.3 (16 - 46) 31.9 (20 - 44) 0.75
Median BMI 24.0 (16 — 42) 25.0 (19 - 40) 24.0 (16 — 42) 24.0 (17 -33) 0.31
Median gestation 41.0 (37.0-42.0) 41.4 (37 -42) 41.0 (37-42) 39.9(37-42) 0.003
Ethnicity (%)
Caucasian 67.7% (409/604) 68.0% (34/50) 67.9% (336/495) 66.1% (39/59) 0.99
Asian 17.4% (105/604) 10.0 (5/50) 17.2% (85/495) | 25.4% (15/59) 0.15
Afro-Caribbean 10.3% (62/604) 14% (7/50) 10.3% (51/495) 6.8% (4/59) 0.50
Other 4.6% (28/604) 8.0% (4/50) 4.6% (23/495) 1.7% (1/59) 0.31
Mode of onset of
labour (%)
Induction 80.3% (485/604) 82.0% (41/50) | 81.2% (402/495) | 71.2%(42/59) 0.71
Spontaneous 19.7% (119/604) 18.0% (9/50) 18.8% (93/495) | 28.8% (17/59) 0.25

Table 18. Maternal demographics, mode of onset of labour, and birthweight according to UA PI centile group.
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Binary logistic regression analysis was performed to control for potential confounding
variables. The UA PI was found to vary significantly between fetuses subsequently requiring
emergency caesarean section for presumed fetal compromise and those that did not, even
when the potentially confounding factors such as gestational age and parity were corrected
for (p=<0.001). Similarly, UA PI remained significantly higher in the group of fetuses
diagnosed with fetal compromise at any time during labour compared to those without a
diagnosis of fetal compromise, even when gestational age and parity were corrected for

(p=0.001).
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Umbilical artery — Other Doppler Indices

Other Doppler indices of the umbilical artery were also investigated, including UA EDF and
UA Tamax. Significant variation in the UA EDF was observed between the mode of delivery

groups, whilst the variation in UA Tamax bordered significance (Table 17).

Emergency Instrumental Instrumental Emergency .
Overall LSCS ED D SVD TP LSCS ETP Kruskal Wallis
Number of Patients 564 65 100 222 93 84
UA End diastolic flow 20.0 21.5 22.0 23.6 22.8
(cm/s) 22.1(14-612) | (g1 _450) | (8.4-43.9) (1.4-49.1) (12.1-61.2) | (13.3-39.2) 0.007
UA Tamax 31.1 323 33.1 35.0 33.7
(cm/s) 33.1(14.7-70.8) (17.4-59.5) | (19.0-59.0) (17.2-70.8) (18.6 — 60.4) (14.7-53.7) 0.05

Table 19. UA EDF and UA Tamax mean values according to mode of delivery group.

Cases were then grouped quantitatively according to the UA EDF values as <10™ centile,
10"™-90 centile, and >90" centile, and the incidence of fetal compromise and vaginal delivery
compared between the 3 groups. The highest incidence of caesarean section for presumed
fetal compromise occurred in fetuses with the lowest UA EDF. These fetuses were more
than five times more likely to require an emergency caesarean delivery for presumed fetal
compromise than those with the highest UA EDF values (p = 0.04, RR 5.50, 95% CI 1.28 —
23.70. The same analysis was repeated with cases divided according to UA Tamax centile
groups. Fetuses with the lowest UA Tamax values were at significantly increased risk of
subsequently requiring delivery by emergency caesarean for presumed fetal compromise (p

=0.01, RR 2.71, 95% CI 1.04 — 7.02).

Umbilical artery Dopplers - summary

UA Pl varied significantly between the different mode of delivery groups. Fetuses
subsequently delivered by emergency caesarean section for presumed fetal compromise
had the highest UA Pl values. ROC curve analyses confirmed that UA Pl was a significant
predictor of subsequent caesarean delivery for presumed fetal compromise. The UA EDF
and UA Tamax also had significant variation between the mode of delivery groups. Fetuses
with the lowest UA EDF and UA Tamax values were at significantly increased risk of

subsequent caesarean delivery for presumed fetal compromise.
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Middle cerebral artery Doppler indices

Middle cerebral artery pulsatility index (MCA PI) was recorded from all 604 cases in the
study cohort. Middle cerebral artery end diastolic flow velocity (MCA EDF), time-averaged
maximum flow velocity (MCA Tamax), and peak systolic velocity (PSV) were recorded from

97.5% (589/604) of cases.

Middle Cerebral artery PI

The median MCA Pl in the study cohort was 1.35 (range 0.68 — 2.32), with a 10" centile
value of 1.03 and a 90™ centile value of 1.72. The MCA PI had a non-normal distribution
within the study cohort (Skewness = 0.39, Kurtosis = 0.47, D’agostino-Pearson p=<0.001).
Cases were grouped according to the subsequent mode of delivery and the MCA PI
compared between these groups (Table 18). Middle cerebral artery Pl had significant
variation between the mode of delivery groups. Fetuses born by caesarean section for
presumed fetal compromise had the lowest MCA PI, whilst those born by SVD, and

instrumental delivery for a prolonged 2™ stage had the highest MCA PI.

Emergency Instrumental Instrumental Emergency

Overall LSCS FD D SVD TP LSCS other Kruskal Wallis
Number of Patients 604 69 110 238 96 91
1.24 1.30 1.42 1.39 1.35
MCAPI 1.35(068-232) (0.69-1.74 (0.68 —2.17 (0.73-2.32 (0.70 —2.04 (0.86 —2.29) <0.001

Table 20. MCA PI according to mode of delivery group.

98




A Dunn’s multiple comparison test was used to compare the MCA Pl between each mode of

delivery group and all others (Table 19).

Table 21.

Difference in rank sum p = <0.05
Emergency LSCS FD vs. 3791 No
Instrumental FD
Emergency LSCS FD vs. SVD -96.30 Yes
Emergency LSCS FD vs.
Instrumental FTP 7822 Yes
Emergency LSCS FD vs.
Emergency LSCS other -51.39 No
Instrumental FD vs. SVD -59.09 Yes
Instrumental FD vs.
Instrumental FTP -41.01 No
Instrumental FD vs.
Emergency LSCS other -14.19 No
SVD vs. Instrumental FTP 18.08 No
SVD vs. Emergency LSCS 44.91 No
other
Instrumental FTP vs.
Emergency LSCS other 26.83 No

Dunn’s multiple comparison test — MCA PI

ROC curve analyses confirmed that MCA Pl was a significant predictor of subsequent

emergency caesarean section for presumed fetal compromise (Figure 19), with an AUC of

0.63, (95% C1 0.55-0.71 p = 0.001).

ROC Curve - MCA PI to predict Caesarean section for fetal compromise
1.0 T

Sensitivity

Figure 19. ROC curve — MCA PI to predict caesarean section for fetal compromise.
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Cases were then grouped according to MCA Pl value as <10th centile, 10th-90th centile, and

>90th centile (Table 20). Fetuses with an MCA Pl < 10th centile were significantly more likely

to be delivered by emergency caesarean section for presumed fetal compromise, as well as
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being more likely to be diagnosed with fetal compromise at any time during the labour.

These fetuses were also the least likely to be born by a vaginal delivery. Fetuses with the

lowest MCA Pl were almost five times more likely to require emergency caesarean delivery

for presumed fetal compromise.

T — MCAPI<10™ [ MCAPI10%-90" | MCA PI>90" e | Relativerisk<10"
v gory Centile Centile Centile p= and >90th
Caesarean section Fetal o o o o 4.67
compromise 11.4% (69/604) 25.9% (14/54) 10.5% (52/496) 5.6% (3/54) 0.002 05% Cl 1.42 — 15.3
Fetal compromise diagnosed o o o o 3.29
at any time during labour 29.6% (179/604) 42.6% (23/54) 30.0% (149/496) 13.0% (7/54) 0.02 95% Cl 1.54 — 7.01
0.66
0, 1) 0, 0,
SVD 39.4% (238/604) | 38.9% (21/54) | 37.3% (185/496) | 59.3% (32/54) 0.05 95% C1 0.44 — 0.98
0.77
H H H 0, 0, 0, 0,
Vaginal delivery of any kind 73.5% (444/604) | 66.7%(36/54) | 72.8%(361/496) | 87.0%(47/54) | 042 | o0 oer 095
Caesarean section other 15.1% (91/604) | 7.4%(4/54) | 16.7%(83/496) |  7.4% (4/54) 0.08 1.00

indication

95% Cl 0.26 —3.79

Table 22. Mode of delivery outcomes according to MCA PI centile group.

Maternal demographics were compared between the different MCA Pl centile groups (Table

21). Only gestation at onset of labour was found to have significant variation between the

different MCA Pl centile groups, with fetuses with the lowest MCA Pl having the latest mean

gestation. Regression analysis was performed to control for this disparity in gestation, as

well as for parity. A low MCA Pl remained independently associated with both an increased

incidence of caesarean section for fetal compromise, and of a diagnosis of fetal compromise

at any time during labour.

T MCA PI <10" MCA P110™-90" | MCA PI >90" 2
Centile Centile Centile ANOVA/X

Number of Patients 604 54 496 54

% Nulliparous 75.3% (455/604) 77.8% (42/54) 77.0% (382/496) 57.4% (31/54) 0.28

Mean Maternal Age 323 (16 - 47) 32.0 (18 - 42) 323(16-47) | 32.7(18-45) 0.80

(years)

Median BMI (Kg/mz) 24.0 (16 -42) 24.0 (18 -36) 24.0(17-42) 24.5(16-32) 0.98

Median gestation 41.6 40.9 39.9

(weeks) 410(37.0-420) | 391 470 (37.0-42.0) (37.0-41.9) <0.001

Ethnicity (%)

Caucasian 67.7% (409/604) 66.7% (36/54) 67.9% (337/496) 66.7% (36/54) 0.99

Asian 17.4% (105/604) 14.8% (8/54) 17.9% (89/496) 14.8% (8/54) 0.78

Afro-Caribbean 10.3% (62/604) 14.8% (8/54) 9.5% (47/496) 13.0% (7/54) 0.41

Other 4.6% (28/604) 3.7% (2/54) 4.6% (23/496) 5.6% (3/54) 0.90

Mode of onset of

labour (%)

Induction 80.3% (485/604) 79.6% (43/54) 80.2% (398/496) 81.5% (44/54) 0.99

Spontaneous 19.7% (119/604) 20.4% (11/54) 19.8% (98/496) 18.5% (10/54) 0.97

Table 23. Maternal demographics, mode of onset of labour, and birthweight according to MCA PI centile

group.
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Middle cerebral artery — other Doppler indices

Middle cerebral artery EDF, Tamax, and PSV were compared between the different mode of
delivery groups (Table 22). Significant variation between the different mode of delivery
groups was only observed for MCA EDF. Fetuses delivered by emergency caesarean delivery

for presumed fetal compromise had the highest EDF flow velocities.

Emergency LSCS Instrumental Instrumental Emergency .

Overall D D SvD FTP LSCS ETP Kruskal Wallis
Number of 589 69 106 233 94 87
Patients
N.ICA E?d 15.0 16.5 15.7 14.4 14.9 15.2
diastolic flow 0.03
(cm/s) (5.8-62.4) (7.7-33.2) (6.6 —62.4) (5.8-34.7) (8.0-36.1) (8.3-30.0)
MCA Tamax 29.2 30.9 29.5 29.0 30.2 31.3 0.10
(cm/s) (11.0-75.7) (13.9-75.7) (15.1-70.8) (11.0-53.7) (17.2-53.4) (17.3-48.6) )
MCA Vmax 56.8 56.4 55.2 56.5 60.5 59.6 0.24
(cm/s) (19.5 - 115.6) (24.9-286.1) (27.7-92.7) (19.5 - 115.6) (33.1-284.3) (29.3 -82.1) )

Table 24. MCA Doppler indices according to mode of delivery groups.

Cases were then grouped according to MCA EDF values as <10" centile, 10™-90 centile, and
>90" centile, and the incidence of fetal compromise and vaginal delivery compared between
the three groups. Fetuses with the highest MCA EDF values were at significantly increased
risk of being diagnosed with fetal compromise at some point during labour (RR 0.33, 95% Cl

0.11-0.97).

Middle cerebral artery Dopplers summary

Of all the MCA Doppler indices analysed, the MCA Pl had the greatest variation between the
different mode of delivery groups. Those fetuses with the lowest MCA Pl had a significantly
increased risk of a subsequent diagnosis of fetal compromise, and the need for emergency
caesarean section for presumed fetal compromise. Significant variation in MCA EDF was

also evident between the different modes of delivery groups.
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Cerebro-umbilical ratio

The MCA Pl and UA PI were then used to calculate the cerebro-umbilical (C/U). Whilst the
U/C ratio may offer better discrimination of the degree of placental dysfunction in the most
severely affected babies, the vast majority of the literature relates to the C/U ratio.
Furthermore, as this study targeted low risk pregnancies, the number of cases with severe
placental dysfunction in which the U/C ratio may offer benefit was likely to be small. The

C/U ratio using the following formula:

C/U ratio = MCA PI/UA PI

The median C/U ratio in the study cohort was 1.76 (range = 0.59 — 3.29), with a 10" centile
value of 1.24 and a 90" centile value of 2.33. The C/U ratio had a non-normal distribution in
the study population (Skewness = 0.37, Kurtosis = 0.14, D’agostino-Pearson p = 0.001)
(Figure 20).

Cerebro-umbilical ratio distribution

Frequency

1.00 1.50 2.00 2.50

Cerebro-umbilical ratio

Figure 20. Cerebro-umbilical ratio distribution

Statistically significant variation in the C/U ratio was observed between the different mode
of delivery groups (Table 23). Fetuses subsequently delivered by emergency caesarean
section for presumed fetal compromise had the lowest C/U ratio, whilst those delivered by

caesarean delivery (other indication) had the highest C/U ratio.
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Emergency Instrumental Instrumental Emergency .
Overall LSCS FD D SVD ETP LSCS other Kruskal Wallis
Number of Patients 604 69 110 238 96 91
. 1.56 1.61 1.79 1.79 1.83
¢/U ratio 176(059-329) | (159 240) | (0.83-3.29) (0.88 - 3.15) (1.00-2.99) | (1.04-2.78) <0.001

Table 25. C/U ratio according to mode of delivery group

Using a Dunn’s multiple comparison test, the C/U ratio of each mode of delivery group was

compared to all other groups (Table 24).

caesarean for presumed fetal compromise was significantly different to that of all other

mode of delivery groups, except the instrumental for presumed fetal compromise group.

Table 26.

Difference in rank sum p =<0.05
Emergency LSCS FD vs.
Instrumental FD 49.97 No
Emergency LSCS FD vs. SVD -102.6 Yes
Emergency LSCS FD vs.
Instrumental FTP -97.90 Yes
Emergency LSCS FD vs.
Emergency LSCS other 100.4 ves
Instrumental FD vs. SVD -52.60 No
Instrumental FD vs.
Instrumental FTP -47.93 No
Instrumental FD vs.
Emergency LSCS other -50.47 No
SVD vs. Instrumental FTP 4.676 No
SVD vs. Emergency LSCS 2138 No
other
Instrumental FTP vs.
Emergency LSCS other -2:538 No

Dunn’s multiple comparison test — C/U ratio

The C/U ratio of fetuses born by emergency

Cases were then grouped according to C/U ratio values as <10™ centile, 10"-90™ centile, and

>90" centile (Table 25). Fetuses with the lowest C/U ratios had significantly higher incidence

of emergency caesarean section for presumed fetal compromise, as well as a higher

incidence of a diagnosis of fetal compromise at any time during the labour. These fetuses

were also significantly less likely to born by spontaneous vertex delivery (SVD). Only one

fetus with a C/U ratio >90™ centile required delivery by emergency caesarean section for

presumed fetal compromise.
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Delivery categor. overall C/U ratio C/U ratio 10™- C/U ratio >90" B Relative risk <10"
ry category <10" Centile 90™ Centile Centile P= and >90th
Caesarean section Fetal o o o o 21.00
compromise 11.4% (69/604) 36.2% (21/58) 9.6% (47/488) 1.7% (1/58) <0.001 95% Cl 2.92 — 151.0)
Fetal compromise diagnosed o o o o 3.67
at any time during labour 29.6% (179/604) 56.9% (33/58) 28.1% (137/488) 15.5% (9/58) <0.001 95% Cl 1.93 — 6.96
0.42
0, 0, 0, 0,
SVD 39.4% (238/604) | 22.4% (13/58) | 39.8% (194/488) | 53.4% (31/58) 0.03 95% C1 095 - 0.7
0.63
H H H 0, 0, 0, ()
Vaginal delivery of any kind 73.5% (444/604) | 53.4%(31/58) | 74.6% (364/488) | 84.5%(49/58) | 012 | .o o0 o
Caesarean section other 15.1% (91/604) | 10.3%(6/58) | 15.8%(77/488) | 13.8% (8/58) 0.58 0.75
indication 7 = e o : 95% C10.28 —2.03

Table 27. Delivery outcomes according to C/U ratio centile group.

A ROC curve was constructed to assess the use of the C/U ratio to predict emergency

caesarean section for fetal compromise (Figure 21). The AUC was 0.67 (95% Cl 0.58-0.74,
p=<0.001)

ROC Curu:ec- CIU ratio to predict Caesarean section for fetal compromise

Sensitivity

oo - T T T
0.0 02 0.4 06 o0& 1.0

1 - Specificity

Figure 21. ROC curve — C/U ratio to predict caesarean section for fetal compromise
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Maternal demographics were then assessed to determine if any characteristics varied
significantly between the C/U ratio centile groups (Table 26). Only the gestation at onset of
labour had significant variation between the different C/U ratio centile groups. Regression
analysis was used to control for this disparity in gestation, as well as parity, and confirmed
that the C/U ratio remained an independent predictor of subsequent caesarean section for

presumed fetal compromise.

C/U ratio <10" | C/U ratio 10™-90" | C/Uratio >90™ | ANOVA/

ol Centile Centile Centile xz
Number of Patients 604 58 488 58
% Nulliparous 75.3% (455/604) 89.7% (52/58) 75.6% (369/488) 58.6% (34/58) 0.15
Mean Maternal Age 32.3 (16-47) 32.0 (18 -42) 32.2 (16— 46) 33.5 (18 —47) 0.23
Median BMI 24.0 (16 — 42) 25.0 (17 -33) 24.0 (16 — 42) 24.0 (17 -31) 0.77
Median gestation 41.0(37.0-42.0) | 41.4(37.0-42.0) | 41.0(37.0-42.0) | 40.0(37.0-41.9) | 0.002
(weeks)
Ethnicity (%)
Caucasian 67.7% (409/604) 65.5% (38/58) 67.4% (329/488) 72.4% (42/58) 0.89
Asian 17.4% (105/604) 17.2% (10/58) 18.2% (89/488) 10.3% (6/58) 0.40
Afro-Caribbean 10.3% (62/604) 12.1% (7/58) 10.0% (49/488) 10.3% (6/58) 0.90
Other 4.6% (28/604) 5.2% (3/58) 4.3% (21/488) 6.9% (4/58) 0.67
Mode of onset of
labour (%)
Induction 80.3% (485/604) 75.9% (44/58) 79.7% (389/488) 89.7%(52/58) 0.67
Spontaneous 19.7% (119/604) 24.1% (14/58) 20.3% (99/488) 10.3% (6/58) 0.20

Table 28. Maternal demographics, mode of onset of labour, and birthweight according to C/U ratio centile
group

Cerebro-umbilical ratio summary

Significant variation in the C/U ratio was observed between the different mode of delivery
groups. The C/U ratio was confirmed to be a significant independent predictor of a
subsequent diagnosis of fetal compromise, as well as for caesarean section for presumed
fetal compromise. Higher C/U ratios were also found to be associated with an increased
incidence of vaginal delivery. Fetuses with the lowest C/U ratios were 21 times more likely
to require emergency caesarean delivery for presumed fetal compromise than those with

the highest C/U ratios.
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Umbilical Vein

Umbilical venous flow velocity was recorded in all 604 cases in the study cohort. Umbilical
vein diameter was recorded from 602 cases in the study. In two cases the umbilical vein
could not be adequately visualised in longitudinal section to enable accurate measurement
of its diameter. The median umbilical venous flow velocity was 16.5cm/s (range 8.7 — 29.0)
with a 10" centile value of 13.1cm/s and a 90™ centile value of 20.3cm/s. Umbilical venous
flow velocity had a non-normal distribution in the study population (Skewness = 0.38 ,
Kurtosis = 0.70, D’agostino-Pearson p =<0.001). The median umbilical vein diameter was
7.4mm (range 2.8 — 10.2) with a 10" centile value of 6.3mm and a 90™ centile value of
8.3mm. Umbilical vein diameter also had a non-normal distribution (Skewness = -0.93,
Kurtosis = 3.70, D’agostino-Pearson p =<0.001). These values resulted in a median umbilical
venous flow rate of 210.1 ml/min (range 17.9 — 577.1), with a 10" centile value of
140.4ml/min and a 90" centile value of 292.8ml/min. Umbilical venous flow rate had a non-

normal distribution (Skewness = 0.52, Kurtosis = 2.35, D’agostino-Pearson p = <0.001).

Significant variation in the umbilical venous flow velocity, umbilical vein diameter, and
umbilical venous flow rate was observed between the different mode of delivery groups
(Table 27). Fetuses born by emergency caesarean section for presumed fetal compromise
had the lowest umbilical venous flow velocity and the lowest umbilical venous flow rate of
any mode of delivery group. Fetuses born by instrumental delivery for a prolonged 2™ stage
had the greatest umbilical venous flow velocity (in conjunction with the caesarean ‘other’
group), the largest umbilical vein diameter (in conjunction with the SVD and caesarean

‘other’ group), and the largest umbilical venous (UV) flow rate.

Emergency LSCS Instrumental Instrumental Emergency .
Overall D D SVD FTP LSCS other Kruskal Wallis
Number of 604 69 110 238 9% 91 69
Patients
UV Flow velocity 16.5 15.7 16.9 16.5 17.0 17.0 0.01
(cm/s) (8.7-29.0) (8.7-21.8) (10.5-25.4) (10.1-25.9) (12.2 - 24.0) (9.3-29.0) )
Emergency LSCS Instrumental Instrumental Emergency .
Overall D D SVD TP LSCS FTP Kruskal Wallis
Nur}nber of 602 69 110 237 96 90 69
Patients
UV diameter 7.4 7.3 7.1 7.4 7.4 7.4 0.003
(mm) (2.8-10.2) (5.2-9.0) (3.3-10.2) (2.9-9.4) (4.7-9.7) (2.8-9.4) )
UV Flow rate 210.1 190.2 198.6 216.8 219.1 213.7 <0.001
(ml/min) (17.9-577.1) (83.4-342) (39.3-452.4) (34.6 —377.6) (81.6 —363.1) (17.9-577.1) )

Table 29. Umbilical venous diameter, flow velocity, and flow rate according to mode of delivery group
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Using Dunn’s multiple comparison test, the UV flow rate of each mode of delivery group was

compared to all others (Table 28).

Table 30.

Difference in rank sum p = <0.05
Emergency LSCS FD vs. 28.67 No
Instrumental FD
Emergency LSCS FD vs. SVD -70.96 Yes
Emergency LSCS FD vs.
Instrumental FTP 101.6 ves
Emergency LSCS FD vs.
Emergency LSCS other 7784 No
Instrumental FD vs. SVD -42.29 No
Instrumental FD vs.
Instrumental FTP -72.90 ves
Instrumental FD vs.
Emergency LSCS other -49.17 No
SVD vs. Instrumental FTP -30.61 No
SVD vs. Emergency LSCS -6.882 No
other
Instrumental FTP vs.
Emergency LSCS other 23.72 No

Dunn’s multiple comparison test — UV flow

Cases were then grouped according to UV flow rate as <10™ centile, 10™-90™ centile, and

>90" centile (Table 29). Fetuses with the lowest UV flow rates were twice as likely to be

diagnosed with fetal compromise during labour as those with the highest UV flow rates. No

other significant differences in the mode of delivery outcomes were identified.

S — UV Flow <10 | UV Flow 10™-90" UV Flow >90" oo | Relative risk <10”
y category Centile Centile Centile p= and >90"
Caesarean section Fetal o o o o 1.83
compromise 11.5% (69/602) 18.3% (11/60) 10.8% (52/482) 10.0% (6/60) 0.25 959% C10.92 - 4.64
Fetal compromise diagnosed o o o o 2.17
at any time during labour 29.7% (179/602) 43.3% (26/60) 29.3% (141/482) 20.0% (12/60) 0.06 95% Cl 1.21 - 3.88)
1.00
0/ 0O, 0, 0, 0,
SvD 39.4% % (237/602) 31.7% (19/60) 41.3% (199/482) 31.7% (19/60) 0.32 95% C1 0.59 — 1.69
1.00
1 H 1 0, 0, 0, 0,
Vaginal delivery of any kind 73.6% (443/602) 65.0% (39/60) 75.7% (365/482) 65.0% (39/60) 0.47 95% C10.77 — 1.30
Caesarean section other 0.67
15.0% % (90/602) 16.7% (10/60) 13.5% (65/482) 25.0% (15/60) 0.09

indication

95% C10.33-1.36

Table 31. Mode of delivery outcomes according to UV flow centile group

Umbilical venous flow was found to have a significant positive correlation with birthweight

(Spearman r?= 0.42, 95% CI 0.35 — 0.49, p = <0.001), so the data was re-analysed using UV

flow values corrected for birthweight.

Corrected UV flow had a median value of 60.2ml/min/kg (4.5-139.0), with a 10" centile

value of 41.1ml/min/kg and a 90" centile value of 79.2ml/min/kg. Corrected UV flow had a
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non-normal distribution within the study cohort (Skewness = 0.33, Kurtosis = 2.10,

D’agostino-Pearson p = <0.001) (see figure).

Significant variation was observed in the corrected UV flow rate between the different mode
of delivery groups (Table 30). The lowest corrected UV flow rate was found in the group of
fetuses delivered by emergency caesarean section for presumed fetal compromise, whilst
the highest rate was found in the group of fetuses delivered by instrumental delivery for

failure to progress in the 2™ stage.

overall EmergeFr;cy LSCS Instrtgental SVD InstrtFl-r::,ental ELmse(::rsg::;y Kruskal Wallis
s:t'i::i; of 609 69 110 237 96 90 69
ﬁﬂ:ﬁ‘:&d uv 60.2 57.0 58.9 62.2 63.8 57.0 0.0
(mi/min/ke) (4.5-139.0) (24.2-130.6) (12.4-116.6) | (11.0-102.7) (23.9-99.3) (4.5-139.0)

Table 32. Corrected umbilical venous flow rate according to mode of delivery group

Using a Dunn’s multiple comparison test, the corrected UV flow rate of each mode of
delivery group was compared to all others (Table 31). A significant difference in corrected
UV flow was only found between fetuses delivered by emergency caesarean for presumed

fetal compromise group and those delivered by instrumental delivery for a prolonged 2™

stage.
Difference in rank sum p =<0.05
Emergency LSCS FD vs. 3423 No
Instrumental FD
Emergency LSCS FD vs. SVD -65.27 No
Emergency LSCS FD vs.
Instrumental FTP 82.03 ves
Emergency LSCS FD vs.
Emergency LSCS other 4045 No
Instrumental FD vs. SVD -31.04 No
Instrumental FD vs.
Instrumental FTP 4779 No
Instrumental FD vs.
Emergency LSCS other *6.212 No
SVD vs. Instrumental FTP -16.76 No
SVD vs. Emergency LSCS 24.83 No
other
Instrumental FTP vs.
Emergency LSCS other 41.58 No
Table 33. Dunn’s multiple comparison test — corrected UV flow

Cases were then grouped according to corrected UV flow rate values as <10" centile, 10™-
90" centile, and >90" centile (Table 32). Fetuses with the lowest corrected UV flow rates
were significantly more likely to be diagnosed with fetal compromise during labour than

those with the highest corrected UV flow rates.
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Corrected UV

Corrected UV Flow

Corrected UV Flow

2

Relative risk <10

LT R el Flow <10™ Centile 10"-90" Centile >90™ Centile X p= and >90th
f:::::::;sfdim Fetal 11.5% (69/602) 16.7% (10/60) 11.2% (54/482) 8.3% (5/60) 0.38 05 % cfd?a 550
:::lat'if;’:’:l::’i':gislz:;zgr"“ed at 29.7% (179/602) 41.7% (25/60) 29.3% (141/482) 21.7% (13/60) 0.12 959% C1 11"%2 239
SVD 39.4% % (237/602) 33.3% (20/60) 39.4% (190/482) 45.0% (27/60) 0.60 059, u%.zé oy
Vaginal delivery of any kind 73.6% (443/602) 65.0% (39/60) 74.7% (360/482) 73.3% (44/60 0.71 05% u%i% 113
Caesarean section other 15.0% % (90/602) 18.3% (11/60) 14.1% (68/482) 18.3% (11/60) 0.56 1.00

indication

95% C1 0.46—2.15

Table 34. Delivery outcomes according to corrected umbilical venous flow rate centile group

When maternal demographics were compared between the three corrected UV flow rate

centile groups, significant variation was observed only in the mean gestational age (Table

33). Binary logistic regression was used to adjust for this potential confounding factor, the

variation in corrected UV flow rate between fetuses with and without a diagnosis of fetal

compromise in labour remained significant.

Corrected UV

Corrected UV

Corrected UV Flow

] Flow <10" Centile AEx7 1ot.h_90th >90" Centile ANOVA/Y'
Centile

Number of Patients 602 60 482 60
% Nulliparous 75.4% (454/602) 80.0% (48/60) 75.3% (363/482) 71.7% (43/60) 0.87
Mean Maternal Age 32.4 (16 - 47) 31.4 (20-44) 32.3(16-47) 33.7 (22 -46) 0.08
Median BMI 24.0(16.0-42.0 24.0(18.4-40.0) 24.0 (16.0-42.0) 24.0(17.0-33.0) 0.98
Median gestation 41.0(37.0-42.0) 41.0(37.4-42.0) 41.1(37.0-42.0) 40.1(37.0—-42.0) 0.007
Ethnicity (%)
Caucasian 67.8% (408/602) 66.7%(40/60) 68.3% (329/482) 65.0% (39/60) 0.95
Asian 17.4% (105/602) 16.7% (10/60) 16.6% (80/482) 25.0% (15/60) 0.33
Afro-Caribbean 10.1% (61/602) 11.7% (7/60) 10.4% (50/482) 6.7% (4/60) 0.64
Other 4.7% (28/602) 5.0% (3/60) 4.8% (23/482) 3.3% (2/60) 0.88
Mode of onset of
labour (%)
Induction 80.4% (484/602) 70.0% (42/60) 81.1% (391/482) 85.0% (51/60) 0.61
Spontaneous 19.6% (118/602) 30.0% (18/60) 18.9% (91/482) 15.0% (9/60) 0.13

Table 35. Maternal demographics according to corrected UV flow centile group

109




Umbilical vein summary

Significant variation was observed in umbilical venous flow velocity, umbilical vein diameter,
and umbilical venous flow rate (both corrected and uncorrected) between the different
mode of delivery groups. The variation in umbilical venous flow was predictive of a

subsequent diagnosis of fetal compromise in labour.
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Uterine artery Doppler

Uterine artery flow velocity waveforms were recorded from 460 cases. In 144 cases, it was
not possible to acquire satisfactory uterine artery waveforms, secondary to technical
difficulties associated with imaging this vessel in late gestation. The median uterine artery Pl
was 0.70 (range 0.26 — 2.14) with a 10" centile value of 0.47 and a 90" centile value of 1.03.
Uterine artery Pl had a non-normal distribution in the study population (Skewness = 1.53,

Kurtosis = 5.24, D’agostino-Pearson p = <0.001).

No significant variation in uterine artery Pl was observed between the different mode of

delivery groups (Table 34).

Emergency LSCS Instrumental Instrumental Emergency .
Overall D D SVD FTP LSCS ETP Kruskal Wallis
Number of 460 47 90 185 70 68
Patients
] 0.70 078 0.70 0.70 0.71 0.66
Uterine artery Pl (0.26 - 2.14) (0.35 - 1.64) (0.41 - 1.29) (0.26 - 2.13) (0.37-2.14) (0.30-1.37) 0.16

Table 36. Uterine artery Pl according to mode of delivery group

Using a Dunn’s multiple comparison test, the uterine artery Pl of each mode of delivery

group was compared to all others (Table 35). No significant differences were identified.

Difference in rank sum p =<0.05

Emergency LSCS FD vs.
Instrumental FD
Emergency LSCS FD vs. SVD 26.25 No
Emergency LSCS FD vs.
Instrumental FTP
Emergency LSCS FD vs.
Emergency LSCS other
Instrumental FD vs. SVD 0.9785 No
Instrumental FD vs.

25.27 No

35.96 No

61.57 No

Instrumental FTP 1069 No
Instrumental FD vs.

Emergency LSCS other 3631 No
SVD vs. Instrumental FTP 9.713 No
SVD vs. Emergency LSCS 3533 No
other

Instrumental FTP vs. 25 61 No

Emergency LSCS other
Table 37. Dunn’s multiple comparison test — uterine artery Pl

As no significant variation in uterine artery Pl was observed between the different mode of

delivery groups, this parameter did not undergo further statistical analysis.
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Amniotic Fluid Volume

The amniotic fluid index was recorded from all 604 cases in the study population. The
median AFl was 8.7 (range 0.1 — 32.0) with a 10™ centile value of 4.6 and a 90" centile value
of 15.3. Amniotic fluid index had a non-normal distribution within the study population
(Skewness = 0.96, Kurtosis = 2.13, D’agostino-Pearson p = <0.001). Deepest vertical pool
was also recorded from all 604 cases. The median DVP was 3.9 (range 0.1 — 12.6), with a
10™ centile value of 2.2 and a 90" centile value of 6.7. The DVP had a non-normal

distribution in the study population (Skewness = 0.82, Kurtosis = 1.11. D’agostino-Pearson p

=<0.001).

Whilst the lowest AFI and DVP were found in the group of fetuses subsequently delivered by
emergency caesarean delivery for presumed fetal compromise, no significant difference in

either AFl or DVP were observed between the different mode of delivery groups (Table 36).

Emergency Instrumental Instrumental Emergency .
Overall LSCS ED D SVD TP LSCS other Kruskal Wallis
Number of Patients 604 69 110 238 96 91
AFI 8.7 7.8 8.7 9.0 8.9 8.6 0.06
(0.1-32.0) (0.1-24.0) 0.1-23.0) (1.0-26.9) (1.5-32.0) (1.0-19.5) )
3.9 35 3.8 3.9 4.2 4.0
bvp (0.1-12.6) (0.0-9.3) (0.0-8.7) (1.0-11.1) (1.5-12.6) (1.0-8.8) 0.06

Table 38. AFl and DVP according to mode of delivery group
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Using Dunn’s multiple comparison test, the AFl and DVP of each mode of delivery group was
compared to all others (Table 37). The AFl and DVP of fetuses subsequently delivered by
emergency caesarean for presumed fetal compromise was significantly different to that of

fetuses born by SVD.

Difference in rank sum AFl p = Difference in rank DVP p =<0.05
- AFI <0.05 sum - DVP
Emergency LSCS FD vs. 46.54 No 51.43 No

Instrumental FD

Emergency LSCS FD vs. SVD -69.88 Yes -69.38 Yes

Emergency LSCS FD vs.

Instrumental FTP -63.23 No -67.00 No

Emergency LSCS FD vs.

Emergency LSCS other 213 No -62.35 No

Instrumental FD vs. SVD -23.34 No -17.95 No

Instrumental FD vs.

Instrumental FTP -16.69 No -15.57 No
Instrumental FD vs.

Emergency LSCS other 5597 No -10.92 No
SVD vs. Instrumental FTP 6.644 No 2.382 No
SVD vs. Emergency LSCS 17.74 No 7028 No
other

Instrumental FTP vs. 11.10 No 4.646 No

Emergency LSCS other

Table 39. Dunn’s multiple comparison test — AFl and DVP

As only limited variation in AFl or DVP was observed between the different mode of delivery

groups, these parameters did not undergo further statistical analysis.
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Estimated fetal Weight

An estimated fetal weight (EFW) was calculated from fetal biometry for all 604 cases in the
study population. The mean EFW was 3547g (range 2136g — 5037g) with a 10™ centile value
of 2982g and a 90" centile value of 4130g. Estimated fetal weight had a normal distribution

in the study population (Skewness = 0.06, Kurtosis = 0.16, D’agostino-Pearson p = 0.58).

Estimated fetal weights were compared between the different mode of delivery groups.
Fetuses born by emergency caesarean section for presumed fetal compromise had the
lowest EFW, while those born by emergency caesarean for “other” indication had the largest
EFW, although this finding was not significant when compared using one-way ANOVA (Table
38).

Emergency Instrumental Instrumental Emergency
Overall LSCS FD FD SVD FTP LSCS other ANOVA
Number of Patients 604 69 110 238 96 91
EFW (g) 3547 3469 3471 3504 3642 3711 0.89
& (2136 — 5037) (2382 -4713) | (2136-4532) (2433 - 4779) (2409 — 5037) (2397 — 4706) )

Table 40. Estimated fetal weight according to mode of delivery

Using Bonferroni’s multiple comparisons test, the EFW of each mode of delivery group was
compared to all others (Table 39). Fetuses born by emergency caesarean section for an
indication other than fetal compromise had a significantly larger EFW than those born by
emergency caesarean for presumed fetal compromise, instrumental for presumed fetal

compromise, or SVD.

Difference in mean EFW 95% CI of means p = <0.05
Emergency LSCS FD vs. 1356 1964 t0 193.7 "
Instrumental FD
Emergency LSCS FD vs. 3510 088 to 1385 "
SvD
Emergency LSCS FD vs.
Instrumental FTP 172.6 373.0t0 27.88 No
Emergency LSCS FD vs. 9220 4448 10 -39.30 Vo

Emergency LSCS other

Instrumental FD vs. SVD -33.75 -180.2 to 112.7 No

Instrumental FD vs.

Instrumental ETP -171.2 -348.6 t0 6.177 No
Instrumental FD vs.

Emergency LSCS other -240.7 -420.7 to -60.72 Yes
SVD vs. Instrumental FTP -137.5 -291.0 to 16.09 No
SVD vs. Emergency LSCS -206.9 -363.5 t0 -50.41 Yes
other

Instrumental FTP vs. -69.48 -255.3 10 116.3 No

Emergency LSCS other

Table 41. Bonferroni multiple comparisons test — Estimated Fetal Weight
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As only limited variation in EFW was observed, no further analysis was undertaken for this

parameter.

Receiver-operator-characteristic Curve analysis

Variation in UA PI, MCA PI, the C/U ratio and corrected UV flow were all associated with
subsequent differences in the incidence of fetal compromise in labour. The performance of

these markers can be compared using ROC curves (Figure 22).

ROC Curve

Source of the
Curve

UAPI

— MCAPI
CUR

— Uvflowcorractad
Refarance Line

Sensitivity

0.0 T T T
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

Diagonal segments are produced by ties.

Figure 22. ROC curve comparison

The highest AUC was found for the C/U ratio (0.67, 95% Cl 0.58 — 0.74), compared to the
MCA PI (0.63, 95% Cl 0.55 - 0.71), the UA Pl (0.61, 95% CI 0.55 — 068) and the corrected UV
flow rate (0.60, 95% Cl 0.53 — 0.66). Whilst all were significant predictors of subsequent
caesarean delivery for presumed fetal compromise (p = <0.05), the predictive performance
of all was limited. When compared to one another, no significant difference in the AUC was

identified between the different predictors.
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Regression analyses

Regression analysis was performed to correct for any potential confounding variables, and
to determine which of the ultrasound parameters was independently predictive of
caesarean delivery for presumed fetal compromise. Potential confounding variables
included maternal demographic variables as well as the ultrasound parameters themselves.
Binary logistic regression analysis was conducted, with the dependent variable being
Caesarean section for presumed fetal compromise. Of the maternal demographic
characteristics, maternal age, gestation, and parity were considered potential confounding
factors. When examining the influence of the C/U ratio on the dependent variable, expert
statistical advice was sought and confirmed it was not possible to adjust for both the UA PI
and MCA PI, as being components of the C/U ratio they are not independent of it. All other
ultrasound parameters, including estimated fetal weight, UV flow, and AFI were included in
the logistic regression model. Within this model, the C/U ratio remained predictive of
caesarean section for presumed fetal compromise (p = 0.001, odds ratio 0.29 95% Cl 0.14 —

0.60).

The analysis was repeated including the MCA Pl and UA PI, but without the C/U ratio. After
adjustment for the other potential confounding variables the UA Pl and the MCA PI
remained significant predictors of caesarean delivery for presumed fetal compromise (p =

0.005, odds ratio 13.68 95% Cl 2.24 —83.37 and p = 0.01, 95% Cl 0.25 95% CI1 0.08 — 0.75).

The analysis was also repeated including the C/U ratio and UA PI (alongside the other
previously mentioned variables) and including the C/U ratio and MCA PI, to determine if the
C/U ratio offered additional predictive value on top of its constituent components. In both
cases the C/U ratio remained independently predictive of Caesarean delivery for presumed
fetal compromise (p = 0.02, odds ratio 0.35 95% Cl 0.15 — 0.84 and p = 0.01, odds ratio 0.26
95% Cl 0.09 — 0.74 respectively)

Multinomial regression analysis was also conducted with mode of delivery as the dependent
variable. Each mode of delivery group was compared to the SVD group, and the same
potential confounders were included in the regression model. The C/U ratio remained a
significant predictor of caesarean delivery for fetal compromise (p = 0.001, odds ratio 0.27

95% C10.12 - 0.61).
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Intra-partum and Neonatal Outcomes

Intra-partum outcomes assessed included the incidence of CTG abnormalities (classified
according to NICE criteria) and the presence or absence of meconium stained liquor.
Neonatal outcomes investigated included Apgar scores, umbilical artery pH and base excess
at delivery, and the incidence of neonatal unit admission and neonatal encephalopathy. A

composite neonatal outcome score was also calculated.

Intra-partum monitoring

All cases had intra-partum monitoring either intermittent, or continuous. Cases with normal
intermittent monitoring (not requiring the commencement of continuous monitoring) and
those with normal continuous monitoring throughout labour were, for the purposes of data

analysis, amalgamated to form one group.

Cardiotocograph (CTG) recordings were defined as normal, suspicious, or pathological on the

832 criteria for CTG

basis of National Institute for Health and Clinical Excellence (NICE)
interpretation. These national guidelines are used to improve consistency in CTG
interpretation, and are similar to those of the American Congress of Obstetricians and
Gynecologists (ACOG)®®. Within the study population 211 cases had fetal heart rate (FHR)
patterns classified as normal, 274 classified as suspicious, and 119 classified as pathological.
Cases were grouped according to these classifications and the ultrasound parameters

compared between those with normal, suspicious, and pathological (FHR) patterns (Table

40).
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FHR — Normal FHR — suspicious FHR - pathological Kruskal-
Wallis/ANOVA p=
UAPI 0.76 (0.46 - 1.42) 0.79 (0.51-1.21) 0.82 (0.53 - 1.53) 0.02
MCA PI 1.41 (0.72 - 2.29) 1.34 (0.70 - 2.32) 1.29 (0.68 — 1.89) <0.001
C/U ratio 1.83 (1.03 - 3.29) 1.73 (0.81 - 2.88) 1.58 (0.59 — 2.77) <0.001
UV flow rate 219.7 210.4 195.2 0.001
(ml/min) (34.6-577.1) (35.1-452.4) (17.9-426.6) ‘
Corrected UV
flow rate 60.6 (11.0 — 139.0) 60.6 (10.1 — 124.8) 58.0 (4.5 -130.6) 0.12
(ml/min/kg)
preninearten | 070(0.26-1.50) 0.70(030-2.14) | 074(0.41-1.19) 0.30
AFI 9.2 (1.5-23.0) 8.4 (0.1-23.0) 8.2 (0.1-23.0) 0.009
DVP 4.2 (1.2-11.1) 3.9(0.1-12.6) 3.6 (0.1-8.4) 0.04
3619 3528 3464

EFW (g) (2409 - 5037) (2397 - 4779) (2136 - 4713) 0.02

Table 42. Ultrasound parameters according to Intra-partum FHR classification

The UA PI varied significantly between the FHR classification groups. Those fetuses with
pathological heart rate patterns during labour had the highest UA PI. Dunn’s multiple
comparison test confirmed that only the difference between the “normal” and

III

“pathological” groups reached statistical significance. The MCA Pl was also found to have

significant variation between the different FHR classification groups. Fetuses with
pathological heart rate patterns during labour had the lowest MCA PI. Dunn’s test of
multiple comparisons confirmed that the MCA Pl in fetuses with normal intra-partum
monitoring differed significantly from those with suspicious and pathological heart rate
patterns. Similarly, there was significant variation in the C/U ratio between the different
FHR classification groups. Dunn’s multiple comparison test confirmed that the C/U ratio of

each group differed significantly from all other groups.

Umbilical venous flow rate also varied significantly between the FHR classification groups.
Fetuses with pathological heart rate patterns during labour had the lowest UV flow rate,
however, when Dunn’s multiple comparisons test was conducted, the UV flow rate in
fetuses with normal intra-partum monitoring was only significantly different to those with
pathological fetal heart rate patterns. Whilst corrected UV flow rates were lowest in fetuses
with pathological heart rate patterns during labour, this finding was not statistically
significant. Similarly, no significant variation in uterine artery Pl was observed between FHR

classification groups.
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Significant variation in AFl was observed between the FHR classification groups. Dunn’s
multiple comparison test confirmed that the AFI of fetuses with normal FHR patterns was
significantly different to that of fetuses with both suspicious and pathological heart rate
patterns. Whilst significant variation in DVP was observed between the FHR classification
groups when tested using the Kruskal-Wallis test, no significant differences were found using

Dunn’s multiple comparisons test.

Significant variation in EFW was observed between the different intra-partum monitoring
groups. Fetuses with pathological heart rate patterns during labour had the lowest EFW.
Dunn’s multiple comparisons test confirmed that the EFW of these fetuses was significantly
smaller (although >10" centile for gestation) than those with normal intra-partum

monitoring.

Maternal demographics were compared between the different intra-partum monitoring
groups (Table 41). Significant variation in the proportion of nulliparous women and the
gestational age was observed between the intra-partum monitoring groups. Cases with
pathological FHR patterns had the greatest proportion of nulliparous women and the latest

gestation, although the absolute difference in gestation between the groups was small.

- CTG - 2

Overall CTG - Normal CTG — Suspicious Pathological ANOVA/X
Number of Patients 604 211 274 119
% Nulliparous 75.3% (455/604) | 64.5% (136/211) | 76.6% (210/274) | 91.6% (109/119) 0.02
Mean Maternal
Age (Years) 323 (16 - 47) 32.8 (18 - 47) 32.1 (16 - 45) 32.2 (23— 44) 0.50
a"(:;’:{; BMI 24.0 (16 - 42) 24.0(17.0-41.0) | 24.0(16.0-40.0) | 23.7(17.0-42.0) 0.35
Median gestation | ) (376 _470) | 40.7(37.0-42.0) | 41.0(37.0-42.0) | 41.3(37.0-42.0) 0.04
(weeks)
Ethnicity (%)
Caucasian 67.7% (409/604) | 68.7% (145/211) | 68.6% (188/274) | 63.9% (76/119) 0.85
Asian 17.4% (105/604) | 15.6% (33/211) 15.3% (42/274) 25.2% (30/119) 0.07
Afro-Caribbean 10.3% (62/604) 11.8% (25/211) 9.6% (27/274) 8.4% (10/119) 0.62
Other 4.6% (28/604) 3.8% (8/211) 6.2% (17/274) 2.5% (3/119) 0.23
Mode of onset of
labour (%)
Induction 80.3% (485/604) | 82.0%(173/211) | 79.6% (218/274) | 79.0% (94/119) 0.94
Spontaneous 19.7% (119/604) 18.0%(38/211) 20.4% (56/274) 21.0% (25/119) 078

Table 43. Maternal demographics according to intra-partum FHR classification.
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Passage of Meconium

Liquor composition was recorded for all 604 cases in the study population.

Meconium

stained liquor occurred in 12.6% (76/604) of cases and clear liquor in 87.4% (528/604) of

cases. Between cases with clear liquor and those with meconium stained liquor, significant

variation was observed in only the MCA PI (Table 42). Cases with meconium stained liquor

had a significantly lower MCA Pl than those with clear liquor.

Clear liquor Meconium stained liquor p=

UA PI 0.79 (0.46 — 1.53) 0.77 (0.52 - 1.16) 0.83
MCA PI 1.36 (0.69 —2.29) 1.26 (0.68 —2.32) 0.003
C/U ratio 1.76 (0.59 — 3.29) 1.74 (0.83 — 2.78) 0.08
UV flow (ml/min) 207.8 (34.6 —577.1) 216.7 (17.9-377.6) 0.31
Corrected UV flow

(ml/min/ke) 60.0 (10.1 - 139.0) 61.8 (4.5-130.6) 0.54
Uterine artery PI 0.70 (0.26 — 2.14) 0.70 (0.39 — 1.64) 0.98
AFI 8.7 (0.1-26.9) 8.6 (0.9 —32.0) 0.84
DVP 3.9(0.1-11.1) 4.2 (0.9-12.6) 0.73
EFW (g) 3540 (2136 — 5037) 3601 (2489 — 4614) 0.20

Table 44. Ultrasound parameters according to liquor status

Maternal demographics were also compared between the two groups.

The meconium

stained liquor group had a significantly later gestation than the clear liquor group.

Significant differences were also observed in the proportion of cases with spontaneous

onset of labour, and in the proportion of women with ‘other’ ethnicity (Table 43).

. Meconium 2

Overall Clear Liquor St e ANOVA/X
Number of Patients 604 528 76
% Nulliparous 75.3% (455/604) | 73.3% (387/528) 89.5% (68/76) 0.13
Mean Maternal Age 32.3 (16 -47) 32.4(16.0-47.0) | 32.1(22.0-44.0) 0.89
(Years)
Median BMI (Kg/m?) 24.0 (16 — 42) 24.0(16.0-42.0) | 24.0(19.0-41.0) 0.85
Median gestation 41.0(37.0-42.0) | 40.9(37.0-42.0) | 41.4(38.0-42.0) 0.004
(weeks)
Ethnicity (%)
Caucasian 67.7% (409/604) 67.0% (354/528) 72.4% (55/76) 0.60
Asian 17.4% (105/604) 17.2% (91/528) 18.4% (14/76) 0.74
Afro-Caribbean 10.3% (62/604) 10.4% (55/528) 9.2% (7/76) 0.76
Other 4.6% (28/604) 5.3% (28/528) 0.0% (0/76) 0.04
Mode of onset of
labour (%)
Induction 80.3% (485/604) | 82.2% (434/528) 67.1% (51/76) 0.17
Spontaneous 19.7% (119/604) 17.8% (94/528) 32.9% (25/76) 0.006

Table 45. Maternal demographics and mode of onset of labour according to liquor group
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The incidence of adverse intra-partum outcomes (suspicious/pathological FHR monitoring

and meconium stained liquor) were then compared between the centile groups of each

ultrasound parameter.

Relationship between intra-partum outcomes and umbilical artery PI

No significant variation in the incidence of pathological or suspicious FHR patterns or the

incidence of meconium stained liquor was observed between the different UA Pl centile

groups (Table 44).

N UAPI<10" Centile | UAPI 107-90" Centile | UA PI>90™ Centile X2 p= _ Relative risk
50 495 59 <10 centile vs. >90™ centile
E:rhzz'g‘:zglr ing - 19.7% (119/604) 12.0% (6/50) 20.8% (103/495) 16.9% (10/59) 0.36 955% a%?zta e
;:fp'i:; '::mi"g ; 45.4% (274/604) 54.0% (27/50) 44.2%(219/495) 47.5% (28/59) 0.60 95% CI (1,:;3 _165)
Meconium stained liquor 12.6% (76/604) 16.0% (8/50) 11.7% (58/495) 16.9% (10/59) 0.44 95% CI%..i‘(lJ 21

Table 46. Comparison of intra-partum outcomes in each UA PI centile group

Relationship between intra-partum outcomes and Middle Cerebral Artery PI

Fetuses with the lowest MCA Pl were significantly more likely to subsequently develop a

pathological FHR pattern during labour, with a relative risk of five when compared to fetuses

with the highest MCA Pl values (Table 45).

No significant variation in the incidence of

“suspicious” FHR patterns or that of meconium stained liquor were observed between the

MCA PI centile groups.

th . .
MCA PI <10" Centile | MCA PI 10"-90™ Centile MCA P1>90 . Jqelativerisk
Overall Centile X p= <10" centile vs. >90
54 496 .
54 centile
FHR monitoring - o o o o 5.0
Pathological 19.7% (119/604) 27.8% (15/54) 20.4% (101/496) 5.6% (3/54) 0.02 95% Cl 1.54 — 16.29
FHR monitoring - o o o o 1.17
Suspicious 45.4% (274/604) 50.0% (27/54) 45.2% (224/496) 42.6% (23/54) 0.84 05% Cl 0.78 — 1.77
Meconium stained o o o o 1.50
liquor 12.6% (76/604) 16.7% (9/54) 12.3% (61/496) 11.1% (6/54) 0.66 95% Cl 0.57 — 3.92

Table 47. Comparison of intra-partum outcomes in each MCA PI centile group
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Relationship between intra-partum outcomes and cerebro-umbilical ratio

Significant variation in the incidence of pathological intra-partum monitoring was observed

between the C/U ratio centile groups. Fetuses with the lowest C/U ratios were four times

more likely to develop pathological FHR patterns during labour than those with the highest

C/U ratios (Table 46).

e C/U ratio 10"-90™ C/U ratio >90" Relative risk
Overall @D ;;0 (SLHEI0 Centile Centile X? p= <10™ centile vs. >90"
488 58 centile

FHR monitoring - o o o o 4.4
Pathological 19.7% (119/604) 37.9% (22/58) 18.9% (92/488) 8.6% (5/58) 0.001 95% Cl 1.79 — 10.83
FHR monitoring - o o o o 1.00
Suspicious 45.4% (274/604) 46.6% (27/58) 45.1% (220/488) 46.6% (27/58) 0.98 95% Cl 0.68- 1.48
Meconium stained 12.6% (76/604) 22.4% (13/58) 11.9% (58/488) 8.6% (5/58) 0.07 2.60

liquor

95% C10.99-6.82

Table 48. Comparison of intra-partum outcomes in each C/U ratio centile group

No significant variations in the intra-partum outcome measures were observed between the

centile groups for UV flow, Corrected UV flow, amniotic fluid index, deepest vertical pool, or

estimated fetal weight.

Intra-partum outcomes summary

There was significant variation in UA PI, UV flow rate, AFl, DVP, and EFW between the

different FHR classification groups, but this variation was not sufficient to be predictive of

subsequent pathological FHR patterns. The MCA Pl and C/U ratio were the only parameters

found to be predictive of subsequent pathological FHR patterns during labour.

MCA Pl was the only ultrasound parameter found to vary significantly between cases with

clear liquor, and those with meconium stained liquor.

A significant difference in the

incidence of meconium stained liquor was not found between the centile groups of any of

the ultrasound parameters.
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Neonatal outcomes

Birthweight and birthweight centile (adjusted for gestation) were recorded for all 604 cases
in the study population. The mean birthweight was 3530g (1780g — 5026g), with a 10"
centile value of 2690g and a 90" centile value of 4125g. Birthweight was normally
distributed within the study population (Skewness = 0.10, Kurtosis = 0.21, D’agostino-
Pearson p = 0.32). Other neonatal outcomes including the incidence of an Apgar score <7 at
one and five minutes, the incidence of umbilical artery pH <7.20, umbilical artery base
excess <-8.0, neonatal unit admission, and neonatal encephalopathy were all recorded. A

composite neonatal outcome score was also calculated.

Neonatal outcome variables were compared between the different mode of delivery groups
(Table 47). Significant variation in birthweight and birthweight centile was found between
the groups. Those infants born by emergency caesarean for presumed fetal compromise
had the lowest birthweight and birthweight centile. Bonferroni multiple comparisons test
confirmed that infants born by emergency caesarean section ‘other’ were significantly larger
than infants in all other mode of delivery groups. When birthweight centile was analysed
using the multiple comparisons test, infants born by emergency caesarean for presumed
fetal compromise had a significantly lower birthweight centile than either the instrumental

for prolonged 2™ stage or caesarean ‘other’ groups.

There was also significant variation in the incidence of an Apgar score <7 at 1 minutes,
although this variation was no longer present amongst 5 minute Apgar scores. The
incidence of low Apgar scores was highest amongst those infants born by instrumental
delivery for presumed fetal compromise, and those born by instrumental delivery for a
prolonged 2" stage. Similarly, infants born by instrumental delivery for presumed fetal
compromise had the highest incidence of acidosis at delivery, and the highest incidence of a

significant base deficit.

There was no significant variation in the incidence of neonatal unit admission between the
different mode of delivery groups. No cases of neonatal encephalopathy occurred within

the study population.

The composite neonatal outcome scores had significant variation between the mode of

delivery groups, with those infants born by instrumental delivery for presumed fetal
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compromise having the highest scores. Dunn’s multiple comparison test, confirmed that
this group had significantly higher scores than all other mode of delivery groups, except the

SVD group.
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Emergency

sl | s | M| g | et | e Ao
compromise
Mean Birthweight (g) 3530 (1780-5026) | 3426 (2478 —4906) | 3469 (1780—4940) | 3495 (2520—4480) | 3618 (2390 — 5026) 3682 (2690 —4506) | <0.001
Median Birthweight centile 53.5 (1 - 100) 44.39 (1-100) 49.38 (1 - 100) 52.01 (2 - 99) 58.27 (2 - 100) 62.69 (5 —99) <0.001
Incidence Apgar <7 at 1 min 7.5% (45/604) 10.1% (7/69) 14.5% (16/110) 3.8% (9/238) 11.5% (11/96) 2.2% (2/91) 0.001
Incidence Apgar <7 at 5 min 1.0% (6/604) 1.4% (1/69) 0.9% (1/110) 0.4% (1/238) 2.0% (2/96) 1.1% (1/91) 0.72
Incidence Cord arterial pH < 7.20 31.3% (189/604) 26.1% (18/69) 47.3% (52/110) 35.3% (84/238) 25.0% (24/96) 12.1% (11/91) <0.001
Incidence Base Excess < -8 24.2% (146/604) 11.6% (8/69) 33.6% (37/110) 30.7% (73/238) 22.9% (22/96) 6.6% (6/91) <0.001
Incidence of neonatal unit admission 1.5% (9/604) 2.9% (2/69) 2.7% (3/110) 0.8% (2/238) 1.0% (1/96) 1.1% (1/91) 0.57
Incidence of neonatal encephalopathy 0% (0/604) 0% (0/69) 0% (0/110) 0% (0/238) 0% (0/96) 0% (0/91) n/a
Mean Composite neonatal outcome score 0.78 (0-7) 0.64 (0-5) 1.2(0-5) 0.85(0-7) 0.70 (0-5) 0.31(0-5) <0.001

N.b Composite Neonatal outcome scored as follows
1. Apgar ->7@ 1min=0,<7 @ 1 min =1, <7 @5 min =2
2. Cord arterial pH->7.20=0, <7.20=1,<7.10=2,<7.00=3
3. Baseexcess->-8=0,<-8and >12=1,<-12=2
4. NNU admission-No=0,Yes=1

Table 49. Comparison of neonatal outcome variables between mode of delivery groups
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The neonatal outcome variables were then compared between the centile groups of each

ultrasound parameter.

Relationship between neonatal outcome variables and umbilical artery Pl (Table 48)

Both birthweight and birthweight centile varied significantly between the UA Pl centile

groups. The highest UA Pl values corresponded to the lowest birthweight and birthweight

centile.

Multiple comparison tests confirmed that the variation in birthweight was

significant between all groups, whilst birthweight centile was significantly lower in cases

with the highest UA PI values.

between the UA Pl centile groups.

No other neonatal outcome variables varied significantly

UAPI 10"-90"

Relative risk

th o th a
overall UAPI <1;)0 Centile Centile UA PI>95(’)9 Centile Al)\I(ZOV-A/ <10" centile
495 p= vs. >90™ centile

) ] 3530 3723 3549 3204 n/a
Mean Birthweight (8) | ;o) 5056) (2360 — 4550) (2390 - 5026) (1780 — 4498) <0.001
xi‘t‘iﬁ" Birthweight 53.5 (1 - 100) 67.0 (5 — 100) 55.0 (1 - 100) 31.0 (1-100) <0.001 n/a
Incidence Apgar <7 at o o o o 1.77
o 7.5% (45/604) 6.0% (3/50) 8.1% (40/495) 3.4% (2/59) 0.43 059% C1 091 — 1018
L";:?:"ce Apgar<7at |, % (6/604) 0% (0/50) 1.2% (6/495) 0% (0/59) 0.52 n/a
Incidence Cord o o o o 0.77
artorial pH <9.20 31.3%(189/604) 26.0%(13/50) 31.5%(156/495) 33.9%(20/59) 0.75 959% C1 043 — 1.38
Incidence Base Excess o o o o 0.69
e 24.2%(146/604) 20.0%(10/50) 24.0%(119/495) 28.8%(17/59) 0.64 95% C10.35 — 1.38
L":i'td::;ei;‘;::°"ata' 1.5% (9/604) 0% (0/50) 1.4% (7/495) 3.4% (2/59) 0.34 n/a
L"ncc'::E:fo‘:a:ﬁ:“ata' 0% (0/604) 0% (0/50) 0% (0/495) 0% (0/59) n/a n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.54 (0-3) 0.79 (0-5) 0.90(0-7) 0.68

score

Table 50. Comparison of neonatal outcome variables between UA PI centile groups
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Relationship between neonatal outcome variables and middle cerebral artery PI
(Table 49)

Only the incidence of neonatal unit admission varied significantly between the MCA PI
centile groups, with the highest incidence of neonatal unit admission found in cases with the
highest MCA Pl. However, these cases were not at significantly increased risk of neonatal

unit admission when compared to those with the lowest MCA PI.

MCA PI <10" MCA PI 10"-90" MCA PI>90" ANOVA/ Relative risk
Overall Centile Centile Centile X b= <10" centile
54 496 54 p= vs. >90" centile

] ] 3530 3577 3526 3520 n/a
Mean Birthweight (g) 1780 - 5026) (2630 — 4906) (1780 - 5026) (2680 — 4498) 0.74
Median Birthwelght 53.5 (1-100) 52.0 (3-100) 54.0 (1-100) 53.0 (5-99) 0.89 n/a
Incidence Apgar <7 at o o o o 0.29
1 min 7.5% (45/604) 3.7% (2/54) 7.3% (36/496) 13.0% (7/54) 0.20 95% C1 0.06 — 1.31
Incidence Apgar <7 at o o o o 1.00
5 min 1.0% (6/604) 1.9% (1/54) 0.8% (4/496) 1.9% (1/54) 0.62 95% C1 0.06 — 15.58
Incidence Cord 31.3% (189/604) 27.8% (15/54) | 31.0% (154/496) | 37.0% (20/54) 0.67 0.75
arterial pH < 7.20 = i s = : 95% C10.43 — 1.30
Incidence Base Excess o o o o 0.93
<8 24.2% (146/604) 24.1% (13/54) 24.0% (119/496) | 25.9% (14/54) 0.96 95% C1 0.48 — 1.79
Incidence of neonatal o o o o 0.33
unit admission 1.5% (9/604) 1.9% (1/54) 1.0% (5/496) 5.6% (3/54) 0.03 95% C1 0.04 - 3.10
L"ncc':;::o‘:a:::"ata' 0% (0/604) 0% (0/54) 0% (0/496) 0% (0/54) n/a n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.78 (0-5) 0.76 (0-5) 0.98(0-7) 0.35
score

Table 51. Comparison of neonatal outcome variables between MCA PI centile groups
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Relationship between neonatal outcome variables and the cerebro-umbilical ratio

(Table 50)

Only birthweight centile varied significantly between the C/U ratio centile groups. Cases

with the highest C/U ratios had the highest mean birthweight centile.

Dunn’s multiple

comparisons test confirmed that cases with a C/U ratio <10" centile had significantly lower

birthweight centile than those with a C/U ratio >90™ centile.

C/U ratio <10™ | C/U ratio 10™-90" | C/U ratio >90™ ANOVA/ Relative risk
Overall Centile Centile Centile X b= <10" centile
58 488 58 p= vs. >90" centile
] ] 3530 3443 3530 3614 n/a
Mean Birthweight (g) (1780 - 5026) (1780 — 4906) (2390 - 5026) (2360 — 4440) 0.14
Median Birthwelght 53.5 (1-100) 45.0 (1-100) 54.0 (1-100) 58.0 (5 - 99) 0.02 n/a
Incidence Apgar <7 at o o o o 0.57
e 7.5% (45/604) 6.9% (4/58) 7.0% (34/488) 12.1% (7/58) 0.40 95% C1 018 - 1.85
Incidence Apgar <7 at o o o o 1.00
i 1.0% (6/604) 1.7% (1/58) 0.8% (4/488) 1.7% (1/58) 0.68 95% C10.06 - 15.61
Incidence Cord 31.3% (189/604) 345%(20/58) | 30.9% (151/488) | 31.0%(18/58) | 0.90 L
arterial pH < 7.20 = 7% s = : 95% Cl 0.66 — 1.87
Incidence Base Excess o o o o 0.81
B 24.2% (146/604) 22.4% (13/58) 24.0% (117/488) | 27.6% (16/58) 0.83 95% C1 0.43 — 1.53
Incidence of neonatal 1.5% (9/604) 3.4% (2/58) 1.0% (5/488) 3.4% (2/58) 0.16 1.00
unit admission 7% ik = ik : 95% Cl 0.15 — 6.86
L"ncc':;::o‘:a:::"ata' 0% (0/604) 0% (0/58) 0% (0/488) 0% (0/58) n/a n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.91(0-5) 0.75(0-7) 0.88 (0-5) 0.46

score

Table 52. Comparison of neonatal outcome variables between C/U ratio centile groups
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Relationship between neonatal outcome variables and umbilical venous flow rate
(Table 51)

Significant variation was observed in both birthweight and birthweight centile, between the
different UV flow rate centile groups. The largest birthweight and greatest birthweight
centile were both found amongst cases with a UV flow rate >90" centile. Multiple
comparisons tests confirmed that all three UV flow rate centile groups were significantly
different from one another. No significant variation was observed between the other

individual neonatal outcome variables.

The composite neonatal outcome score did have significant variation between the UV flow
rate centile groups, with cases with a UV flow rate <10" centile having the lowest composite

score. Multiple comparison testing confirmed these cases had significantly lower composite

neonatal outcomes scores than either of the other UV flow rate centile groups.

UV flow rate UV flow rate 10"- UV flow rate ANOVA/ Relative risk
Overall <10" Centile 90" Centile >90" Centile X p= <10" centile
60 482 60 P= vs. >90™ centile
. . 3530 3224 3518 3935 n/a
Mean Birthweight (g) (1780 — 5026) (1780 - 4200) (2360 — 5026) (2610—4900) | <0-001
xifi';" Birthweight 53.5 (1-100) 27.5(1-95) 52.0 (1-100) 86.0(7-100) | <0.001 n/a
Incidence Apgar <7 at o o o o 0.40
1 min 7.5% (45/602) 3.3% (2/60) 7.9% (38/482) 8.3% (5/60) 0.46 95% C1 0.08 — 1.98
L";:‘i’:"ce Apgar <7 at 1.0% (6/602) 0% (0/60) 0.8% (4/482) 3.3% (2/60) 0.13 n/a
Incidence Cord o o o o 0.57
arterial pH < 7.20 31.4% (189/602) 20.0% (12/60) 32.4% (156/482) 35.0% (21/60) 0.24 95% C1 0.31— 1.05
Incidence Base Excess o o o o 0.44
<-8 24.3% (146/602) 11.7% (7/60) 25.5% (123/482) 26.7% (16/60) 0.11 95% C1 0.19 — 0.99
Incidence of neonatal o o o o 0.33
unit admission 1.5% (9/602) 1.7% (1/60) 1.0% (5/482) 5.0% (3/60) 0.06 95% C1 0.04 — 3.11
L"ncc':;::fo‘:;'t‘l‘::"ata' 0% (0/602) 0% (0/60) 0% (0/482) 0% (0/60) n/a n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.52(0-7) 0.79 (0-5) 0.97 (0-5) 0.009
score

Table 53. Comparison of neonatal outcome variables between UV flow rate centile groups
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Relationship between neonatal outcome variables and corrected umbilical venous
flow rate (Table 52)

Significant variation in the composite neonatal outcome score was observed between the

corrected UV flow rate centile groups. Multiple comparisons tests confirmed that cases with

a corrected UV flow rate <10 centile had significantly lower composite neonatal outcomes

scores than those with a corrected UV flow rate >90" centile.

Corrected UV

Corrected UV

Corrected UV
th

Relative risk

overall flow rate <10 flow rate 10"-90" | flow rate >90 ANOVA/ <10" centile
Centile Centile Centile X? p= vs. >90" centile
60 482 60

. . 3530 3473 3544 3478 n/a
Mean Birthweight (g) (1780 — 5026) (2620 — 4906) (1780 — 5026) (2390 — 4470) 0.35
xi‘t‘iﬁ" Birthweight 53.5 (1-100) 45.0 (3 - 100) 54.0 (1-100) 58.5 (1-99) 0.27 n/a
Incidence Apgar <7 at o o o o 0.60
1 min 7.5% (45/602) 5.0% (3/60) 7.7% (37/482) 8.3% (5/60) 0.75 95% C1 0.15-2.40
L";:?:"ce Apgar <7 at 1.0% (6/602) 0% (0/60) 0.8% (4/482) 3.3% (2/60) 0.13 n/a
Incidence Cord o o o o 0.61
artorial pH <9.20 31.4% (189/602) 23.3% (14/60) 31.5% (152/482) | 38.3% (23/60) 0.34 95% C1 095 — 1.07
Incidence Base Excess o o o o 0.56
<-8 24.3% (146/602) 15.0% (9/60) 25.1% (121/482) 26.7% (16/60) 0.30 95% C10.27 — 1.17
Incidence of neonatal o o o o 0.33
unit admission 1.5% (9/602) 1.7% (1/60) 1.0% (5/482) 5.0% (3/60) 0.06 95% C1 0.04 — 3.1
:ennc:::;::eo(:a\:l?: et 0% (0/602) 0% (0/60) 0% (0/482) 0% (0/60) n/a n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.55(0-7) 0.78 (0—5) 1.00 (0-5) 0.04

score

Table 54. Comparison of neonatal outcome variables between corrected UV flow rate centile groups
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Relationship between neonatal outcome variables and amniotic fluid index (Table

53)

Significant variation in both birthweight and birthweight centile was found between the AFI

centile groups, with the largest birthweight and greatest birthweight centile found in cases

with an AFl >90" centile.

confirmed by multiple comparison testing.

The significant difference between each of the groups was

o . AFI 10™-90" AFI >90™ Relative risk
Overall AFI <1059Centlle Centile Centile A';‘(?V_A/ <10" centile
485 60 p= vs. >90" centile
) ) 3530 3397 3527 3680 n/a
Mean Birthweight (g) (1780 - 5026) (2360 — 4906) (1780 - 5026) (2660 — 4550) 0.004
x:fi';" Birthweight 53.5 (1—100) 37.0 (2 - 100) 54.0 (1-100) 62.0(3-100) | <0.001 n/a
Incidence Apgar <7 at o o o o 0.44
1 min 7.5% (45/604) 5.1% (3/59) 7.2% (35/485) 11.7% (7/60) 0.39 95% C10.12 - 1.61
Incidence Apgar <7 at o o o o 0.51
5 min 1.0% (6/604) 1.7% (1/59) 0.6% (3/485) 3.3% (2/60) 0.12 95% C110.05 — 5.46
Incidence Cord 31.3% (189/604) 32.2% (19/59) 30.5% (148/485) | 36.7% (22/60) 0.72 0.88
arterial pH < 7.20 = e =% e : 95% C10.53 — 1.44
Incidence Base Excess o o o o 0.96
<8 24.2% (146/604) 28.8% (17/59) 22.9% (111/485) | 30.0% (18/60) 0.43 95% C10.55 — 1.68
Incidence of neonatal o o o o 0.51
unit admission 1.5% (9/604) 1.7% (1/59) 1.2% (6/485) 3.3% (2/60) 0.45 95% C110.05 — 5.46
L"ncc':;::o‘:a:::"ata' 0% (0/604) 0% (0/59) 0% (0/485) 0% (0/60) n/a n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.86 (0-5) 0.75(0-5) 0.95(0-7) 0.28

score

Table 55. Comparison of neonatal outcome variables between AFI centile groups
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Relationship between neonatal outcome variables and deepest vertical pool (Table

54)

Significant variation in both birthweight and birthweight centile was found between the DVP

centile groups, with the largest birthweight and greatest birthweight centile found in cases

with a DVP >90™ centile.

confirmed by multiple comparison testing.

The significant difference between each of the groups was

DVP <10 DVP 107-90" DVP >90" Y Relative risk
Overall Centile Centile Centile X b= <10" centile
61 484 59 p= vs. >90™ centile
. . 3530 3358 3526 3737 n/a
Mean Birthweight () | (1750 - 5026) (2360 — 4340) (1780-5026) | (2998-4550) | <%0
x:fi';" Birthweight 53.5 (1-100) 35.0(2-97) 54.0 (1-100) 68.0(18-100) | <0.001 n/a
Incidence Apgar <7 at o o o o 0.48
1 min 7.5% (45/604) 4.9% (3/61) 7.4% (36/484) 10.2% (6/59) 0.58 95% C1 0.13 — 1.84
'5";:?:"“ Apgar <7 at 1.0% (6/604) 1.6% (1/61) 1.0% (5/484) 0% (0/59) 0.66 n/a
Incidence Cord o o o o 0.97
arterial pH <7.20 31.3% (189/604) 27.9% (17/61) 32.0% (155/484) 28.8% (17/59) 0.81 959% C1 0.55 — 171
Incidence Base Excess o o o o 0.97
<8 24.2% (146/604) 26.2% (16/61) 23.6% (114/484) 27.1% (16/59) 0.82 95% C1 0.63 — 1.75
Incidence of neonatal o o o o 0.97
unit admission 1.5% (9/604) 1.6% (1/61) 1.4% (7/484) 1.7% (1/59) 0.98 95% C1 0.06 — 15.10
L"ncc':;::‘l’o"i't‘s:"ata' 0% (0/604) 0% (0/61) 0% (0/484) 0% (0/59) n/a n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.87 (0-5) 0.77 (0-5) 0.78 (0-7) 0.87

score

Table 56. Comparison of neonatal outcome variables between DVP centile groups
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Influence of fetal weight - Small for gestational age vs. appropriate for
gestational age

Following calculation of gestation controlled birthweight centiles for all cases in the study

population, 41 infants were identified with a birthweight <10™ centile for gestation, who

may have been growth restricted.

Maternal demographics (Table 55), ultrasound

parameters (Table 56), intra-partum outcomes (Table 57 and 58) and neonatal outcomes

(Table 59) were compared between the small for gestational age (SGA) group and the

appropriate for gestational age (AGA) group.

A significantly higher proportion of women of Asian ethnicity delivered an infant with

birthweight <10" centile. No other differences in maternal demographic parameters were

observed between the two groups.

Overall . q SGA th q . . AGA th q Mann 2
(Birthweight <10™ Centile) | (Birthweight 210 Centile) | Whitney/x

Number of Patients 604 41 563
% Nulliparous 75.3% (455/604) 78.0% (32/41) 75.1% (423/563) 0.84
Mean Maternal Age 32.3(16-47) 33.5 (24 - 46) 32.3(16-47) 0.18
Median BMI 24.0 (16 -42) 23.0(17 -42) 24.0 (16 -41) 0.18
Ethnicity (%)
Caucasian 67.7% (409/604) 48.8% (20/41) 69.1% (389/563) 0.13
Asian 17.4% (105/604) 34.1% (14/41) 16.2% (91/563) 0.008
Afro-Caribbean 10.3% (62/604) 9.8% (4/41) 10.9% (58/563) 0.91
Other 4.6% (28/604) 7.3% (3/41) 4.4% (25/563) 0.41
Mode of onset of labour
(%)
Induction 80.3% (485/604) 80.5% (33/41) 79.0% % (452/572) 0.99
Spontaneous 19.7% (119/604) 19.5% (8/41) 19.4% (111/572) 0.98

Table 57. Maternal demographics according to birthweight group
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Significant differences in the UA PI, UV flow rate, AFl, DVP and EFW were present between

SGA and AGA infants.

Ultrasound Parameters Overall . . SGA th " . . AGA th " M?nn
(Birthweight <10™ Centile) | (Birthweight 210" Centile) Whitney

UAPI 0.79(0.46 - 1.53) 0.85 (0.51 - 1.53) 0.78 (0.46 — 1.53) 0.004
MCA PI 135(0.68-2.32) 1.40 (0.84 - 1.76) 1.34 (0.68-2.32) 0.63
€/ ratio 1.76 (0.59-3.29) 1.71(0.90 - 2.55) 1.76 (0.59 — 3.29) 0.07
(L'nzll;'r:‘i':")'ate 210.1(17.9=577.1) 175.1 (89.9 — 340.9) 213.9 (17.9-577.1) <0.001
Correc‘ted UV flow rate 60.2 (4.5-139.0) 64.3 (31.2 - 130.6) 59.9 (4.5 - 139) 0.12
(ml/min/kg)

Uterine artery Pl 0.70(0.26 -2.14) 0.71 (0.35 - 1.39) 0.70 (0.26 — 2.14) 0.44
AFI 8.7(0.1-32.0) 7.5(0.1-15.9) 8.7(0.1-32.0) 0.02
DVP 3.9(0.1-12.6) 33(0.1-6.1) 3.9(0.1-12.6) 0.03
EFW 3547 (2136 - 5037) 2890 (2136 — 3508) 3595 (2382 — 5037) <0.001

Table 58. Mean ultrasound parameter values according to birthweight group

No significant difference in mode of delivery outcomes was identified between SGA and AGA

infants.

Delivery categor Overall s G ?
ry category (Birthweight <10™ Centile) | (Birthweight 10" Centile) X

Caesarean section Fetal 11.4% (69/604) 19.5% (8/41) 10.8% (61/563) 0.11

compromise

Fetal compromise

diagnosed at any time 29.6% (179/604) 41.5% (17/41) 28.8% (162/563) 0.15

during labour

SVD 39.4% (238/604) 46.3% (19/41) 38.9% (219/563) 0.46

L’;g.;"a' delivery of any 73.5% (444/604) 75.6% (31/41) 73.4% (413/563) 0.87

Caesarean section other 15.1% (91/604) 4.9% (2/41) 15.8% (89/563) 0.08

indication

Table 59. Mode of delivery outcomes according to birthweight group
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No significant difference in intra-partum outcomes was identified between SGA and AGA

infants.

Overall SGA GIEl 7
(Birthweight <10" Centile) (Birthweight >10" Centile) X
FHR abnormalities - o o o
pathelogica 19.7% (119/604) 31.7% (13/41) 18.8% (106/563) 0.07
FHR abnormalities - 45.4% (274/604) 43.9% (18/41) 45.5% (256/563) 0.89
Suspicious
:\i’;i?r"'”m stained 12.6% (76/604) 12.2% (5/41) 12.6% (71/563) 0.94

Table 60. Comparison of intra-partum outcomes between SGA and AGA infants.

No significant differences in neonatal outcome variables were identified between SGA and

AGA infants.

Overall SGA AGA

(Birthweight <10% Centile) (Birthweight >10" Centile) X
'I"I:‘::"ce Apgar<7at | oo/ (45/604) 7.3% (3/41) 7.5% (42/563) 0.96
'5";:?:"“ Apgar<7at |, 1o (6/604) 0% (0/41) 1.1% (6/563) 0.51
L’::::?a'r:“c:';dzo 31.3% (189/604) 22.0% (9/41) 32.0% (180/563) 0.27
Incidence Base Excess | 5o, (146/604) 14.6% (6/41) 24.9% (140/563) 0.20
<-8
L":i'td:g;‘eis‘g:?“ata' 1.5% (9/604) 0% (0/41) 1.6% (9/563) 0.42
L"ncc':;::‘l’o"i't‘s:"ata' 0% (0/604) 0% (0/41) 0% (0/563) n/a
Sﬂ;‘:gr‘:::cg‘::"ata' 0.78 (0-7) 0.61(0—5) 0.79(0-7) 0.24

Table 61. Comparison of neonatal outcome variables between SGA and AGA infants.
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Accuracy of estimating fetal weight at term

Estimated fetal weight, calculated using Hadlock’s formula, was compared to birthweight for
each of the 604 cases in the study population. The mean absolute error was 240g (0g —
898g), and the mean absolute percentage error 6.9% (0% — 34.4%). In 75.5% (456/604) EFW
was within 10% of birthweight, and within 15% in 91.7% (554/604). The Pearson correlation
coefficient between EFW and birthweight was 0.76 (p = <0.001).
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Discussion

The hypothesis for this chapter was that ultrasound parameters, measured prior to
established labour, would be predictive of subsequent intra-partum fetal compromise and

adverse neonatal outcomes.

Following recruitment of over 600 women to this research project, it was demonstrated that
within a cohort of normal, appropriately grown fetuses, significant variation existed in the
resistance indices of the umbilical artery, middle cerebral artery and in the umbilical venous
flow rate, and that these variations were able to identify fetuses at both high and low risk of
a subsequent diagnosis of fetal compromise in labour, and the need for emergency delivery.
Differences in the resistance indices of fetuses with and without subsequent signs of
compromise in labour (meconium stained liquor and abnormal fetal heart rate patterns)

were also observed.

Maternal demographics and their relationship with mode of delivery

In order to establish whether any maternal characteristics were associated with fetal
compromise in labour, and could therefore act as potential confounding factors, cases were
grouped according to mode of delivery and maternal characteristics compared within these

groups.

Nulliparous women were at significantly increased risk of requiring emergency delivery
during labour for presumed fetal compromise. Caesarean section rates are higher in

(339)

nulliparous than multiparous women*>”"'. This may be due to shorter labours in multiparous

(340, 381" and higher intra-uterine pressures

women compared to nulliparous women
associated with contractions in the nulliparous uterus®*?. Longer labours, with higher intra-
uterine pressures may contribute to the relatively increased rates of caesarean section
found in nulliparous women. Significant variation in gestation at onset of labour was also
present between the different mode of delivery groups. However, this variation although
statistically significant, may not be of clinical significance. The median gestation of the
different mode of delivery groups varied from 40.6 weeks in the SVD group, to 41.4 weeks in
the emergency caesarean for presumed fetal compromise group. The absolute difference in
gestation was therefore small, being only 0.8 weeks. Whilst gestation does influence the

ultrasound parameters used in this study, published longitudinal reference ranges‘lgs' 233, 241,
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2%8) confirm that there is minimal variation over a time period of 0.8 weeks. No other

maternal characteristics had significant variation between the mode of delivery groups.

No significant variation in the mode of delivery outcomes was observed between women
undergoing induction of labour and those in spontaneous labour. Whilst traditionally

(343)

associated with increased rates of Caesarean delivery”™, recent systematic reviews have

suggested that induction may be actually be associated with a reduction in Caesarean

section rate®,

Data from this study suggests induction of labour, where there is no
underlying indication of reduced placental function, does not significantly influence the

subsequent mode of delivery.

Although advanced maternal age has been associated with an increased rate of caesarean
section for fetal compromise®*, this relationship was not apparent in data from this study.
The reported increased relative risk of caesarean section associated with advanced maternal
age is small, and the number of cases in this study is likely to be insufficient to identify this
relationship. This study also found no relationship between ethnicity and subsequent mode

of delivery.

Maternal demographics and their relationship with ultrasound parameters

The MCA PI, C/U ratio, and AFl were all found to be significantly higher in multiparous
women when compared to nulliparous women. This finding is interesting as several
complications of pregnancy associated with placental dysfunction have also been
demonstrated to occur more frequently in nulliparous women. Pre-eclampsia, which has a
similar patho-physiology to, and is often associated with fetal growth restriction, has long

(346)

been known to occur more frequently in nulliparous women Perturbations in fetal

547 prefumo et al, suggest that the

growth are also more common in nulliparous women
discrepancy in the incidence of conditions associated with placental dysfunction between
nulliparous and multiparous women may be associated with improved trophoblastic

54 However, few studies have compared the Doppler

invasion in multiparous women
indices of fetal vessels in nulliparous and multiparous women having normal pregnancies.
Increased pressure on the fetal head during ultrasound assessment has been reported to
artificially reduce MCA end diastolic flow velocities, and thus increase the measured MCA
PI®. For a given gestation, the fetal head in nulliparous pregnancy is likely to be more

deeply engaged within the maternal pelvis than a multiparous counterpart, there is

138



therefore potential for the associated head compression to artificially reduce MCA end
diastolic flow and increase MCA PI. As a result of this possible confounding influence, the
difference in MCA Pl between nulliparous women and multiparous women may be even

greater than that suggested by data from this study.

There is limited evidence regarding the influence of parity on amniotic fluid volumes, but

(255 Redistribution

reduced amniotic fluid volumes are associated with placental dysfunction
of fetal cardiac output against a background of intrauterine hypoxia results in a relative
reduction in renal perfusion, with a consequent reduction in amniotic fluid production. The
significantly higher AFI observed in multiparous women in this study is consistent with the
suggestion that placental function may be relatively improved in multiparous pregnancy.

The findings from this study, suggest that even in normal pregnancies, subtle differences in

placental function between nulliparous and multiparous women may exist.

Significant variations in UA PI, UV flow and estimated fetal weight were observed between
the different ethnicities within the study population, with women of Asian ethnicity having
the lowest EFW, the second lowest umbilical venous flow rates and the highest UA PI.

£349)

Maternal ethnicity is known to have a significant impact on fetal birthweigh , and in

particular, Asian ethnicity is associated with reduced birthweight compared to

(350)

Caucasians Umbilical venous flow has been reported to have a strong correlation with

both fetal head and abdominal circumference!?®,

The absence of significant variation in
corrected umbilical venous flow (corrected for birthweight) between the ethnic groups
suggest that the reduced umbilical venous flow rates observed in women of Asian ethnicity
(and those in Afro-Caribbean women) are a function of the reduced birthweight in these
groups, rather than an independent finding. The higher UA Pl found in women of Asian
ethnicity may represent subtle variations in placental function, however whilst this finding

was statistically significant, the absolute difference in mean UA Pl between the ethnicity

groups was small (0.04), and therefore unlikely to be of clinical significance.
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Correlation between Doppler parameters and subsequent intra-partum fetal
compromise

To evaluate the primary outcome (mode of delivery), cases were grouped according to the
mode and indication for delivery, and each ultrasound parameter compared between the
groups. Cases were also divided into centile groups, based on each ultrasound parameter,
and the incidence of delivery outcomes compared between the centile groups. Significant
variation between the mode of delivery groups was observed for :

e UAPI/UAEDF

e MCA PI/MCA EDF

e C/Uratio

e UV flow (significant variation was observed in both UV diameter and Tamax)

e corrected UV flow
No significant variation between the mode of delivery groups was observed for

e Uterine artery PI

e AFI
e DVP
e EFW

Umbilical artery Doppler indices

The umbilical artery was one of the first fetal vessels to be investigated using Doppler

d(351)

ultrasoun , and has since become established as a valuable tool in the investigation and

(352) However, relatively

management of pregnancies complicated by fetal growth restriction
few studies have investigated umbilical artery Doppler indices in appropriately grown
fetuses from normal pregnancies. A Cochrane review published in 2010 reported that there
was insufficient evidence to warrant use of umbilical artery Doppler as a screening test in

“low risk” pregnancy®®.

Within the study population, UA Pl had a non-normal distribution with significant degree of
skewness and kurtosis. This distribution is likely to be a result of the inclusion criteria for the
study. Pregnancies with known placental dysfunction, where UA PI will be raised, were
specifically excluded from the study population. As a result the distribution had a positive

skew (towards lower UA Pl). The recruitment of ‘normal’ pregnancies only, has resulted in a
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majority of cases having ‘normal’ UA Pl values, and as such a more peaked distribution than

would be expected with less stringent inclusion criteria.

The results from this study suggest that there is significant variation in UA Pl between
fetuses born by different modes of delivery, even within a cohort of appropriately grown
fetuses. However, whilst the variation in UA Pl is statistically significant, the absolute
variation was small, with only 0.10 separating the lowest mean UA P| (emergency caesarean
‘other’) and the highest UA PI (emergency caesarean for presumed fetal compromise).
Furthermore, multiple comparison testing demonstrated that the UA Pl was only
significantly different between these two groups, with the highest and lowest UA Pl values,
and the range of UA PI values in each mode of delivery group had significant overlap with
one another. These results would appear to be consistent with published reports that UA PI

is not a valuable marker in a low risk population(ml)

. When cases were grouped according to
UA PI centiles, whilst no statistically significant findings were observed, the >90" centile UA
Pl group did have the highest incidence of caesarean delivery for presumed fetal
compromise, and the highest incidence of a diagnosis of fetal compromise at any point
during labour. Correspondingly, the <10" centile UA PI group had the lowest incidence of
both these outcomes. The positive predictive value of an umbilical artery PI >90™ centile for
emergency caesarean delivery for presumed fetal compromise was only 17%, suggesting

that a significant proportion of fetuses with a raised UA Pl are still able to tolerate the

stresses of labour sufficiently for vaginal delivery to be achieved.

Of note, UA EDF also had significant variation between the mode of delivery groups. Cases
with a UA EDF <10" centile and a UA Tamax <10™ centile were at a significantly increased
risk of requiring emergency caesarean delivery for presumed fetal compromise. These
findings demonstrate umbilical artery resistance indices may be predictive of subsequent
caesarean delivery for presumed fetal compromise. These indices, due to their dependence
on an insonation angle as close to 0 degrees as possible, may be more challenging to acquire
in a systematic and reproducible fashion outside of a research setting. It is for this reason
that angle independent measures, such as S/D ratio and Pl are used predominantly in clinical

practice.

Significant variation in UA Pl was observed between the different FHR classification groups.
Cases with pathological FHR patterns had the highest UA PI, whilst those with normal FHR

patterns had the lowest UA PI. Multiple comparison testing confirmed that fetuses with
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normal FHR patterns did have a significantly lower UA Pl than those with pathological FHR
patterns, but that the difference between the suspicious and pathological groups was not
significant. UA PI did not vary significantly between those fetuses with meconium stained

liquor and those without.

Apart from a difference in the gestation at onset of labour, maternal demographic
characteristics did not vary significantly between the three UA Pl centile groups. In this
cohort of patients, fetuses with a UA PI >90"™ centile had a significantly earlier gestation
(39.9 weeks) than those with a UA PI in the 10™-90" centile (41.0 weeks), or <10™ centile
group (41.4 weeks). This finding is consistent with that of longitudinal studies of UA PI

throughout pregnancy which show a gradual decline with advancing gestation(lss)

. However,
it is unlikely this finding represents a confounding factor as the absolute difference in
gestation between the three groups was small (1.5 weeks). The influence of this small
difference in gestation is unlikely to result in significant changes in UA Pl values, a suggestion
supported by the weak relationship between UA Pl and gestation in the study population
(figure 15). Furthermore, regression analysis used to control for gestation confirmed that

UA PI had independent and significant variation between fetuses developing signs of intra-

partum fetal compromise, and those that did not.
Results from this study suggest that, in a low risk pregnancy with an appropriately grown

fetus, the UA Pl in isolation has a limited role in risk stratification prior to labour. However

in combination with the MCA Pl in the C/U ratio its effectiveness is significantly improved.
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Middle cerebral artery Doppler indices

Whilst the reduction in cerebral resistance in cases of fetal growth restriction is well
documented®!, few studies have examined middle cerebral artery Doppler indices in

appropriately grown infants at term.

Within the study population the MCA Pl had a non-normal distribution secondary to a small
degree of skewness and kurtosis. The kurtosis of the MCA PI distribution is likely a result of
the target population being those with ‘normal’ pregnancies. With the exclusion of cases
with recognised placental dysfunction, it was anticipated that a negative skew would be
present within the population (towards higher MCA Pl values), however this was not
present. Morales-Rosello et al have reported that the degree of resistance in the MCA may
be influenced by the proximity of term labour, with assessment of MCA resistance indices
within 1-3 days of labour demonstrating a reduction in impedance indices®*”.Within the
term labour cohort of this study, 96% of cases underwent ultrasound assessment within
three days of delivery, and 19.7% of all cases were in spontaneous labour. A reduction in
impedance results in a lower MCA PI, thus the proximity to labour may be responsible for

the positive skew observed in the MCA Pl values.

Signification variation in MCA Pl between the different mode of delivery groups was
observed. Fetuses subsequently delivered by emergency caesarean delivery for presumed
fetal compromise had the lowest MCA PI, whilst those delivered by SVD had the highest
MCA PI. Multiple comparison testing confirmed that the MCA Pl in both groups of babies
delivered for presumed fetal compromise (caesarean and instrumental) were significantly
different from the SVD group. Receiver-operator-characteristic curve analyses
demonstrated that MCA Pl was a significant predictor of subsequent caesarean delivery for
presumed fetal compromise, with an AUC of 0.63, slightly better than that of the UA PI (AUC
0.61). These results suggest that some fetuses that subsequently develop signs of
compromise during labour already have a relatively reduced cerebral resistance prior to the

onset of active labour.

When divided into centile groups according to MCA Pl value, fetuses with the lowest MCA PI
(<10™ centile) were at significantly increased risk of subsequently requiring delivery by
emergency caesarean section for presumed fetal compromise, with a relative risk of 4.67
(95% Cl 1.42-15.30) compared to those with an MCA PI >90™ centile. Fetuses with the
lowest MCA Pl values were also significantly more likely to be diagnosed with fetal

compromise at any time during labour and significantly less likely to be born by SVD.
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Studies of middle cerebral artery Doppler indices in small for gestational age fetuses with
normal umbilical artery Doppler indices have suggested that a low MCA Pl indicative of
increased cerebral perfusion can occur in the absence of evidence of increased placental
resistance, and that such a finding may be correlated with increased incidence of caesarean

delivery as well as the need for neonatal unit admission®*.

Data from the current study
goes further, suggesting a relationship between MCA Pl and the ability of the fetus to
tolerate labour exists not only in fetuses that are small for gestational age, but also in

appropriately grown fetuses in normal pregnancies.

Maternal demographics were compared between the different MCA PI centile groups. Only
gestation varied significantly, with a lower mean gestation found in the group of fetuses
with the highest MCA PI. Published reference ranges have identified that MCA PI peaks

(18 As was

around 28 weeks gestation before following a gradual decline until term
observed for the UA PI, the absolute difference in gestation was small (1.7 weeks), and so
gestation was not considered to be a significant confounding variable. This is supported by
the weak correlation between MCA Pl and gestation in data from this study (see Figure 15),
and also by regression analysis which confirmed that even when gestational age is controlled

for, the MCA PI continues to have significant variation between fetuses subsequently

developing signs of fetal compromise in labour and those that did not.

When intra-partum outcomes were examined, MCA Pl was observed to vary significantly
between the intra-partum FHR classification groups, with multiple comparison testing
demonstrating that the MCA Pl in fetuses with normal intra-partum monitoring is
significantly different to that of both the ‘suspicious’ and ‘pathological’ groups. In contrast
to UA PI, MCA Pl was also observed to have significant variation between fetuses with
meconium stained liquor and those without. Leung et al demonstrated in 2006 that low
MCA PI, measured prior to external cephalic version, could be used to predict caesarean

(217)

section for non-reassuring intra-partum FHR patterns'“*”'. Middle cerebral artery Pl has also

been found to be a significant independent predictor of the presence of meconium stained

liquor in uncomplicated post-dates pregnancies®®

. Our results suggest that a fetus with a
MCA PI <10™ centile has close to a 30% chance of being diagnosed with a pathological CTG
during labour, five times higher than that of a fetus with an MCA PI >90" centile (RR 5.095%

Cl 1.54 -16.29).

Date from this study supports the suggestion that MCA PI may have potential use in the risk

stratification of normal pregnancies. Used in isolation this marker may be more predictive
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of fetal compromise than the UA PI, but still has a low positive predictive value for caesarean

delivery for presumed fetal compromise (26%).

Measurement of the MCA Doppler indices at term is facilitated by the position of the fetal
head, which frequently engages in a transverse position, making insonation of the MCA at a
0-30 degree angle feasible. The inter-observer and intra-observer variability recorded for

the MCA Pl were both acceptable and similar to other published series®®.

Cerebro-umbilical ratio

The clinical utility of the C/U ratio was first proposed in 1987, when it was observed that in
pregnancies complicated by hypertension or fetal growth restriction the ratio of the MCA PI

103%8). However, consistent with other studies of fetal

to UA PI was frequently <
haemodynamics, much of the work related to the C/U ratio has taken place in cohorts of

growth restricted fetuses.

Within this study population, the C/U ratio had a non-normal distribution. The reasons for
this distribution are likely to be similar to those detailed for the UA Pl and MCA Pl in the

previous sections.

Significant variation in the C/U ratio was observed between the different mode of delivery
groups. The absolute difference in C/U ratio between the groups (0.27) was greater than
that of both the UA PI and the MCA PI. Despite this, overlap in C/U ratio values was still
present between the various modes of delivery groups. Multiple comparison testing
confirmed that C/U ratios were significantly lower in fetuses delivered by caesarean section
for presumed fetal compromise, than in all other mode of delivery groups, except the
instrumental for fetal compromise group. These results demonstrate that fetuses that
subsequently require delivery by emergency caesarean section for presumed fetal
compromise have relatively increased placental resistance and reduced cerebral resistance,
features suggestive of relatively reduced placental function and increased cerebral perfusion
respectively. Cerebral redistribution is a physiological phenomenon seen in term fetuses,
with longitudinal reference ranges confirming that following a peak at 30 weeks, the C/U

ratio declines with advancing gestation®”).
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Fetuses with the lowest C/U ratios prior to established labour were 21 times more likely to
require caesarean section for presumed fetal compromise than those with the highest C/U
ratios. From the current data, a C/U ratio >90™ centile appears to be very protective, given
that only one of 58 cases in this group required caesarean delivery for presumed fetal
compromise. This particular case is also notable as a caesarean was performed due to a
catastrophic fetal bradycardia, prior to established uterine contractions, suggestive of an
abrupt and significant interruption of placental function. The C/U ratio may be a better
predictor of caesarean delivery for presumed fetal compromise than either UA Pl or MCA PI
alone. Although the difference in the ROC curve AUC for the UA PI, MCA Pl and C/U ratio
was not statistically significant in this study cohort, logistic regression analysis did confirm
that the C/U ratio was predictive of caesarean delivery for presumed fetal compromise even
following adjustment for the influence of MCA Pl or UA PI, suggesting it is a better predictor
than either UA Pl or MCA Pl alone. Furthermore, ROC curve AUC comparison compares the
performance of the predictive variables throughout their range of numerical values. Given
that the potential predictive value of these variables lies at the upper and lower end of the
ranges (<10th centile and >90™ centile), comparing their predictive value across the entire
range of numerical values may not be appropriate. A C/U ratio <1.24 (< 10" centile) was
associated with a positive predictive value for caesarean section for presumed fetal
compromise of 36%, whilst a C/U ratio >2.33 (>90th centile) was associated with a 98.3%
negative predictive value. Fetuses with a C/U ratio >90™ centile had an 85% vaginal delivery

rate.

The C/U ratio is reported to be an accurate method of identifying cerebral redistribution
with animal models confirming that the C/U ratio is a better predictor of fetal hypoxia than

58 " Eyaluation of the C/U ratio

either the umbilical artery or middle cerebral artery alone
in growth restricted fetuses demonstrates that low values are also associated with reduced
cord arterial pH and Apgar scores at delivery, as well as increased caesarean section

rates®?)

The results from this study suggest that a correlation between the incidence of
caesarean section for presumed fetal compromise and low C/U ratio values also exists

amongst appropriately grown fetuses.
Gestation was the only maternal demographic characteristic to have significant variation

between the different C/U ratio centile groups. Data from this study suggests a weak

correlation between gestational age and C/U ratio (Figure 17), with a gradual decline
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observed with advancing gestation. Longitudinal studies have also demonstrated that the
C/U ratio peaks around 34 weeks gestation before following a gradual decline until term*?.
The finding of significantly higher mean gestational age in the group of infants with the
lowest C/U ratios is thus consistent with previous published data, but unlikely to represent a
confounding variable as the absolute difference in gestation between the three groups was
small (1.4 weeks). Furthermore, regression analysis used to control for the variation in

gestation confirmed the C/U ratio was a significant independent predictor of caesarean

section for presumed fetal compromise.

The C/U ratio was also found to have significant variation between infants subsequently
diagnosed with normal, suspicious, or pathological FHR patterns, with fetuses with
pathological FHR patterns having the lowest mean C/U ratio. Cases with a C/U ratio <10™
centile were four times more likely to have a pathological fetal heart rate pattern during
labour than those with a C/U ratio >90™ centile. Murata et al reported that the C/U ratio,
measured in small for gestational age fetuses, could be used to predict a non-reassuring

(360) " Results from the early labour cohort in this study suggest that

fetal heart rate patterns
the C/U ratio is also predictive of abnormal fetal heart rate patterns in an appropriately

grown cohort.

The results from this study, suggest the C/U ratio may be a better predictor of subsequent
intra-partum fetal compromise and the need for emergency delivery than either UA PI or
MCA Pl alone. Despite this, the positive predictive value of a low C/U ratio for emergency
caesarean delivery for presumed fetal compromise was still relatively low (36%). In contrast
the negative predictive value offered by a high C/U ratio is very good. The C/U ratio
therefore does have potential to be used for the risk stratification of normal pregnancies

prior to labour.
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Umbilical venous flow

Adequate umbilical venous blood flow delivering oxygen and nutrients is essential to
support the fetus within the uterine environment. The rate of umbilical venous flow may be
considered a direct measure of the delivery of nutrients to the fetus by the placenta.
Despite being first measured in the 1980s°®Y, the clinical utility of Umbilical venous flow
measurement remains unknown. Studies of umbilical venous flow have demonstrated

(222, 362)

reduced flow rates in growth restricted fetuses , and in cases of growth restriction,

umbilical venous flow is reduced prior to changes in umbilical artery resistance'??®.
Furthermore, abnormalities in umbilical venous flow have been associated with an increased

incidence of operative delivery for fetal compromise®.

Both UV flow and corrected UV flow had non-normal distributions within the study
population. Both distributions had a small positive skew, and significant kurtosis. As
reduced umbilical venous flow rates are associated with growth restriction®” m), the
exclusion of such cases is likely to be responsible for the kurtosis of the study population and

its non-normal distributions.

Results from the early labour cohort demonstrate that both UV flow and UV flow corrected
for birthweight had significant variation between the different mode of delivery groups. The
lowest UV flow rate and corrected UV flow rate were found in fetuses which subsequently
required emergency delivery for presumed fetal compromise, whilst the highest rates were
found in fetuses subsequently delivered by instrumental delivery for a prolonged 2™ stage.
The variation in flow rate was secondary to variations in both umbilical venous flow velocity
and umbilical vein diameter, as both these parameters also had significant independent
variation between the mode of delivery groups. There was considerable overlap in UV flow
and corrected UV flow values between the groups, but multiple comparison testing
confirmed that in the case of UV flow, cases delivered by emergency caesarean delivery for
presumed fetal compromise were significantly different to those born by SVD. For corrected
UV flow, a significant difference was only confirmed between the caesarean for fetal
compromise group and the instrumental for prolonged 2 stage group. The absolute
variation in both UV flow and corrected UV flow between the mode of delivery groups was
small (28.9ml/min and 6.8ml/min/kg respectively). However, despite this, both cases with
the lowest UV flow and those with the lowest corrected UV, were at significantly increased
risk of a diagnosis of fetal compromise during labour. The variation in UV flow between the

mode of delivery groups was greater than that of corrected UV flow, this finding, in
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conjunction with the significant correlation observed between UV flow and birthweight,
suggest that the variation in UV flow may be confounded to an extent by variations in

birthweight.

Very little information is available regarding umbilical venous flow rates in appropriately
grown fetuses, but an association between reduced UV flow rates and poor neonatal

d®®®. The median value for corrected umbilical venous flow rate

outcomes has been observe
in our study was 60.2ml/min/kg. Various studies have examined corrected umbilical venous
flow rate at differing gestations(m' %% but few have examined umbilical venous flow rates in
appropriately grown fetuses at term. Acharya et al reported a 50" centile value for

234 with

corrected umbilical venous flow rate at 40 weeks gestation of 65.86ml/min/kg
measurements of vessel diameter and umbilical flow velocity measured at the intra-
abdominal portion of the vessel. In our study we chose to measure both the umbilical vein
diameter and flow velocity at a free loop of cord. Whilst umbilical vein diameter has been
observed to decrease from the fetus to the placenta, acquiring accurate ultrasound images
of the umbilical vein at both a 0 degree and 90 degree angle to determine diameter and

d®®). The methodological

velocity respectively are most easily achieved at a free loop of cor
differences between this study and that of Acharya et al, may explain the slightly lower

umbilical venous flow rate reported in the current study.

Results from the early labour cohort demonstrate that fetuses with the lowest UV flow and
corrected UV flow rates are at a significantly increased risk of being diagnosed with fetal
compromise during labour. Umbilical venous flow rate, along with the fetal C/U ratio, may

therefore have potential value in risk stratification of normal pregnancies prior to labour.
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Uterine artery PI

Adequate uterine artery flow velocity waveforms could only be recorded in 76.2% (460/604)
of cases. Uterine artery measurements were performed using a trans-abdominal approach,
as this was considered less invasive to the patient than a trans-vaginal approach. Several
authors have observed that imaging of the uterine arteries is best achieved via the trans-

h(33 389 It js therefore possible that trans-vaginal ultrasound may have

vaginal approac
yielded adequate flow velocity waveforms in a greater proportion of patients. Consideration
of an alternative to the trans-abdominal approach would be important for any further

studies that involved imaging the uterine artery at term.

Reference ranges for uterine artery Pl have been published. Gomez et al reported a 50"
centile value for the uterine artery Pl of 0.65 at 40 weeks, with 5" and 95" centile values of

B39 In the early labour cohort, uterine artery Pl had a 50" centile

0.47 and 0.90 respectively
value of 0.70 with 5™ and 95™ centile values of 0.45 and 1.16 respectively, similar to those

previously reported.

No significant variation in uterine artery values was observed between the different mode of

delivery groups. Whilst abnormal uterine artery Doppler is associated with the development

(366)

fetal growth restriction and pre-eclampsia™”, other studies have also reported the absence

of an association between uterine artery Pl and the development of fetal compromise in

(367)

labour™". An increased likelihood of intra-partum fetal compromise has been reported in

(368,389 " However
. 7

small for gestational age fetuses, with concurrent raised uterine artery Pl
in these studies small for gestational age was an inclusion criterion, whilst such babies were
specifically excluded from the population of the current study. Data from the early labour
cohort suggests that, in appropriately grown babies, uterine artery Pl does not correlate
with the ability of the fetus to tolerate labour. Interestingly, in pre-eclampsia, another
condition accepted to result from placental dysfunction, the late onset variant has not been

1879 It is therefore

associated with abnormal placentation or raised uterine artery P
possible that deterioration in placental function in late gestation, resulting in the
development of fetal compromise during labour, could also occur without any significant

alteration in uterine artery resistance.
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Amniotic fluid volume

Amniotic fluid volume was investigated using both the amniotic fluid index and the deepest
vertical pool as measures. Reduced amniotic fluid volumes have a strong association with
fetal growth restriction secondary to placental insufficiency(ZSG), but amniotic fluid volume

has been suggested to be only a poor predictor of subsequent neonatal outcome'?®”.

Both AFI and DVP had a non-normal distribution within the study population with a small
positive skew and significant kurtosis. As expected within a population of normal

pregnancies, the incidence of markedly low amniotic fluid volumes was small.

Whilst no significant association between AFl or DVP was observed between the mode of
delivery groups, the lowest AFl and DVP were found in the group delivered by emergency
caesarean for presumed fetal compromise, and the second lowest in those delivered by
instrumental delivery for presumed fetal compromise. These trends bordered statistical
significance (p = 0.06), and may have reached significance with a larger study population.
However, the absolute difference in both measures between the mode of delivery groups
was small (1.2 for AFl and 0.7 for DVP), meaning that even if significant variation was
observed, its clinical value may be limited. Significant variation in AFl and DVP was observed
between the intra-partum FHR classification groups, with the highest AFl and DVP found in
cases with ‘normal’ intra-partum monitoring. Multiple comparison testing confirmed that
the AFIl in cases with ‘normal’ monitoring was significantly different to that of both the
‘suspicious’ and ‘pathological’ groups, but found no significant differences in DVP between
the groups. Oligohydramnios is associated with the occurrence of variable decelerations on
fetal heart rate monitoring, thought to occur secondary to compression of the umbilical
cord®*. Amnio-infusion has been suggested as a method with which to eliminate such fetal
heart rate abnormalities, and has been reported to result in reduced use of caesarean
delivery as a result®?. The absence of significant variation in DVP between the intra-
partum monitoring groups despite a significant variation in AFl is interesting, considering
both AFI and DVP are reported to have an equally poor correlation with abnormal amniotic

573  Amniotic fluid index has

fluid volumes when measured using the dye dilution technique
been suggested to be less preferable than DVP due to a propensity to over diagnose
oligohydramnios, resulting in greater intervention rates without concurrent improvements

(374)

in perinatal outcomes”’™. In contrast, data from the current study would appear to suggest

that whilst neither AFI nor DVP is a good predictor of subsequent intra-partum outcomes,
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AFl performs marginally better. However, overall these results support the conclusions of
previous publications that amniotic fluid volume is a poor predictor of intra-partum

outcomes.
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Neonatal outcomes

This study was not powered to detect differences in neonatal outcomes. However several
interesting findings were noted. The highest incidence of low Apgar score, cord arterial pH
<7.20, cord arterial base excess <-8.0mmol/L, and the highest composite neonatal outcome
score, were all found in the group of infants delivered by instrumental delivery for presumed
fetal compromise. In contrast, the group of infants delivered by emergency caesarean
section for presumed fetal compromise had an incidence of cord arterial pH <7.20 and base
excess <-8.0, lower than that of the SVD group. These infants also had the second lowest
composite neonatal outcome score, being higher than only the emergency caesarean ‘other’
group. Infants born by SVD had the second highest composite neonatal outcome score of all
mode of delivery groups. These findings are interesting as whilst significant variation in the
neonatal outcome variables was observed, the differences between the mode of delivery
groups were not as anticipated, with infants delivered by caesarean section for presumed

fetal compromise having better neonatal outcomes than other delivery modalities.

The only other significant association between the ultrasound parameters and the neonatal
outcomes variables was a higher incidence of neonatal unit admission amongst cases with
an MCA P1 >90™ centile. This finding is interesting as these cases were significantly less likely
to be diagnosed with intra-partum compromise during labour. Further analysis of the three
cases in this group that required neonatal unit admission found that none were diagnosed
with fetal compromise during labour, and only one had an umbilical artery pH <7.20 at
delivery. In all three cases the reason for admission to the neonatal unit was sepsis, rather

than concerns regarding hypoxia.

Whilst the absence of an association between the ultrasound parameters and neonatal
outcome variables in this study, may be considered evidence of an absence of association
with true (as opposed to presumed) intra-partum fetal compromise, it is considered likely
that these commonly used measures of adverse neonatal outcomes are in themselves, poor
identifiers of true intra-partum compromise. These parameters are representative of the
neonatal condition at delivery, rather than at the time of the decision for delivery. There is
potential for them to be influenced by events occurring between these time points. The
cessation of syntocinon prior to emergency caesarean section may result in a better than
expected neonatal condition at delivery, whilst a difficult instrumental delivery may result in

a worse than expected neonatal condition.
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The influence of fetal weight on intra-partum outcomes

Multiple investigations have demonstrated that fetuses with growth restriction are at
increased risk of developing signs of compromise during labour and requiring emergency
delivery. Other studies have also suggested that fetuses that fail to meet their growth
potential, although >10™ centile in birthweight, are at increased risk of CTG abnormalities in

7) Results from the early labour cohort demonstrate that

labour and operative delivery
even amongst a cohort of apparently appropriately grown fetuses, both birthweight and
birthweight centile have significant variation between the different mode of delivery groups.
Multiple comparison testing confirmed that cases born by instrumental delivery for a
prolonged 2" stage, and emergency caesarean ‘other’ were significantly larger than those in
other mode of delivery groups. The study population did contain 41 cases with a
birthweight <10™ centile, and whilst no significant difference in the incidence of fetal
compromise or FHR abnormalities was observed between these cases and those with a
birthweight 210" centile, the SGA group did have the highest incidence of caesarean for
presumed fetal compromise, and the highest incidence of pathological FHR patterns. This
study was not powered to examine this outcome, and it is possible that an appropriately
powered study would demonstrate significant differences between SGA infants and their
AGA counterparts. The ultrasound derived estimated fetal weights in this study had a good
correlation with actual birthweight (within 10% in 75.5% of cases and within 15% in 91.7%),
and were consistent with correlations of estimated fetal weight and birthweight reported in

other studies ©7% 377,

Potential limitations of this study include the method of diagnosis of intra-partum
compromise. It is acknowledged that in cases of intra-partum fetal compromise, the
diagnosis is presumptive, based on clinical interpretation of the fetal heart rate patterns
supplemented by the clinical scenario (meconium liquor, maternal pyrexia etc.) Due to the
identified problems of using neonatal outcome variables as markers of compromise, and the
absence of a gold standard test for intra-partum fetal compromise, it was considered
reasonable to use the clinical diagnosis of fetal compromise as a surrogate for true fetal
compromise. Potential limitations of Doppler ultrasound assessment were addressed in this
study. All scans were performed by a single operator, removing any inter-observer
variability. All Doppler parameters were calculated using an automated waveform tracing of
at least three consecutive waveforms. For each case, Doppler readings were taken in

triplicate, and the mean value used for data analysis. All umbilical artery Doppler
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parameters in this study were sampled from a free loop of cord, with an angle of insonation
between 0-30 degrees, and in the absence of fetal breathing movements to ensure accurate
waveforms were recorded. Previous studies have suggested the UA Pl recordings vary along
the length of the cord, with the highest values being recorded in the intra-abdominal portion

(327,378)

of the cord, and values falling progressively towards the placental insertion It has

also been observed that there is a greater discrepancy in the PI values between the two

578 We chose the free loop as the

umbilical arteries at the intra-abdominal portion
sampling site in our study as it is the most commonly sampled site in clinical practice and the
most commonly used site for the creation of reference ranges of UA PI*® 3% The free loop
is also the simplest sampling site technically, particularly in a full term pregnancy. Middle
cerebral artery and uterine artery waveforms were acquired in accordance with current

guidelines!®®.
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Summary and key findings

Results from the early labour phase of this study have demonstrated that several ultrasound
markers of fetal wellbeing, measured prior to active labour, can identify fetuses at high and
low risk of a subsequent diagnosis of intra-partum fetal compromise. Fetuses at increased
risk of compromise in labour have a haemodynamic profile similar to that found in cases of

growth restriction.

The C/U ratio appears to be more predictive of Caesarean delivery for presumed fetal

compromise than either the UA Pl or MCA Pl used in isolation.
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Chapter 4 — Ultrasound assessment at 35 - 37 weeks gestation

Following the observation of an association between ultrasound derived markers of fetal
wellbeing measured in early labour, and clinical signs of intra-partum fetal compromise, we
sought to determine if a similar relationship existed between these ultrasound parameters
when measured earlier in pregnancy. An ultrasound assessment, identical to that
performed during early labour in the previous chapter, was undertaken between 35 and 37
weeks, a gestation that coincided with a routine antenatal clinic appointment and was

therefore not too inconvenient for women who participated in this study.

Aim
To ascertain the utility of ultrasound derived markers of fetal wellbeing, measured between

35 and 37 weeks gestation, and subsequent intra-partum and neonatal outcomes.
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Methods

This prospective observational study was undertaken over a 12 month period between July
2012 and July 2013, at Queen Charlotte’s and Chelsea Hospital, Imperial College Healthcare
Trust, London, UK. This was a proof of concept study, with a minimum target recruitment of
100 cases, similar to the previously conducted pilot study. Recruitment to the study was
undertaken using advertisements placed in the antenatal clinic, day assessment unit, and
ultrasound department at Queen Charlotte’s Hospital. An ultrasound assessment for each
participant was scheduled for between 35 and 37 weeks gestation. Informed written
consent was obtained from all patients according to the protocol described in the previous

chapter.

The procedure and technique for ultrasound assessment was identical to that of the early
labour phase of the project. All ultrasound scans were performed by a single practitioner
(Dr Tomas Prior) using a GE Voluson e portable ultrasound machine, and an AB2-7RS
curvilinear trans-abdominal probe. After completion of the ultrasound assessment, patients
were managed as per local protocols and guidelines. A formal ultrasound report was
completed and filed in the participants’ handheld maternity notes. If any fetal concerns
were raised by the ultrasound assessment the participant was referred for further
investigation/management as required. Following delivery, each case was followed up

within 48 hours by review of case notes and electronic records.

The study outcomes and methods of data analysis were identical to those described in the

previous chapter.
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Results

Recruitment to this phase of the project ran from July 2012 until July 2013. One hundred
and twenty five participants were recruited over this 12 month time period. All participants
underwent an ultrasound assessment between 35 and 37 weeks gestation, and went on to
deliver live infants. Eight percent (10/125) were delivered by elective caesarean. Of these,
breech presentation accounted for 4.8% (6/125) and maternal request for 3.2% (4/125).
Emergency caesarean sections were performed in 17.6% (22/125), of cases with an
indication of presumed fetal compromise in 8% (10/125) and failure to progress in 8%
(10/125). The remaining two emergency caesarean deliveries were performed for unstable
lie in one case, and maternal sepsis in one case. Instrumental deliveries were performed in
36.0% (45/125) of cases, with an indication of presumed fetal compromise in 17.6% (22/125)
and failure to progress in the 2™ stage in 18.4% (23/125) of cases. The remaining 38.4%
(48/125) were delivered by SVD.

Cases delivered by elective caesarean section were removed from further data analysis

yielding a study population of 115 cases.
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Maternal demographics

Details of maternal demographics were documented from the Obstetric notes (Table 60).

Overall
Number of Patients 115
% Nulliparous 86.0% (99/115)
Mean Maternal Age 32.3(20-45)

Median BMI 23.0 (17 - 115)
Mean gestation (weeks) 36.3 (35.0-37.0)
Ethnicity (%)

Caucasian 76.5% (88/115)
Asian 17.4% (20/115)
Afro-Caribbean 4.3% (5/115)
Other 1.7% (2/115)

Mode of onset of labour (%)

Induction

24.3% (28/115)

Spontaneous

75.7% (87/115)

Table 62. Maternal demographics

The maternal demographics of the 36 week cohort were compared to those of the early

labour cohort. The 36 week cohort had a significantly lower proportion of cases whose

mode of onset of labour was induction (p = <0.001), and a significantly higher proportion of

cases with spontaneous onset of labour (p = <0.001). No other significant differences were

identified between the two study populations. The median interval between ultrasound

assessment and delivery was 4.0 weeks (range 0.1 —7.0).
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Relationship between ultrasound parameters measured at 35-37 weeks gestation
and subsequent labour outcomes

Umbilical artery PI

The umbilical artery Pl had a normal distribution within the study population (Skewness =
0.29, Kurtosis = -0.38, D’agostino-Pearson p = 0.29). The mean UA Pl was 0.83 (range 0.55 —
1.20), with a 10" centile value of 0.64 and a 90™ centile value of 1.02.

Cases were sub-divided according to the subsequent mode of delivery and the UA PI
compared between these groups (Table 61). No significant variation in UA Pl was observed
between the different mode of delivery groups. Bonferroni’s multiple comparison test
confirmed that no individual mode of delivery group’s mean UA PI differed significantly from

any other group.

Emergency Instrumental Instrumental Emergency
Overall LSCS FD FD Vb FTP LSCS other ANOVA
Number of Patients 115 10 22 48 23 12
UAPI 0.83 0.82 0.80 0.85 0.83 0.81 0.56
(0.55 —1.20) (0.64-1.02 | (0.57-1.18) (0.60—1.13) (0.64 —1.20) (0.55 —1.04) :
Table 63. UA Pl according to mode of delivery group
Cases were grouped according to UA PI values of <10™ centile, 10" — 90" centile and >90™
centile and mode of delivery outcomes compared between the groups (Table 62). No
significant variation in mode of delivery outcomes was identified between the UA Pl centile
groups.
N o] UA PI<10™ UAPI 10%-90" UAPI>90" T, [ Relative risk <107
y category Centile Centile Centile p= and >90th
Caesarean section Fetal 8.7% (10/115) | 0.0% (0/6) 10.2% (10/98) 0.0% (0/11) | 0.42 n/a
compromise
Fetal compromise diagnosed at o o o o 3.67
any time during labour 27.8% (32/115) | 66.7% (4/6) 26.5% (26/98) 18.2% (2/11) | 016 | oo 0931450
0.52
0, 0, 0, 0,
SVD 41.7% (48/115) | 33.3% (2/6) 39.8% (39/98) 63.6% (7/11) | 048 | oo T o
0.92
1 H 1 1) 0, () 0,
Vaginal delivery of any kind 80.9% (93/115) 83.3% (5/6) 79.6% (78/98) 91.0% (10/11) 0.92 95% C1 0.61 - 1.37
1.83
H 0, 0, 0, 0,
Caesarean section other 10.4% (12/115) 16.7% (1/6) 10.2% (10/98) 9.1% (1/11) 0.88 95% C1 0.14 — 24.37

Table 64. Delivery outcomes according to UA PI centile group

161




Middle cerebral artery Pl

The MCA Pl had a non-normal distribution within the study population (Skewness = -0.10,

Kurtosis = -0.80, D’agostino-Pearson p = 0.02). The median MCA Pl was 1.67 (range 1.10 —

2.26) with a 10" centile value of 1.27 and a 90" centile value of 1.97. Cases were subdivided

according to subsequent mode of delivery, and the MCA Pl compared between each group

(Table 63). No significant variation was observed between the different mode of delivery

groups. Dunn’s multiple comparison test confirmed that no individual mode of delivery

group’s MCA PI differed significantly from any other group.

Emergency Instrumental Instrumental Emergency .
Overall LSCS FD D SVD ETP LSCS other Kruskal-Wallis
Number of Patients 115 10 22 48 23 12
1.67 1.66 1.72 1.66 1.65 1.74
MCAPI (1.10-2.26) (1.26 -1.91) (1.20-2.26) (1.10 —2.04) (1.22 -2.06) (1.27 -1.94) 0.98

Table 65. MCA Pl according to mode of delivery group

Cases were grouped according to MCA Pl values of <10™ centile, 10" — 90" centile and >90™

centile and mode of delivery outcomes compared between the groups (Table 64). No

significant variation in mode of delivery outcomes was identified between the MCA PI

centile groups.

—— I MCAPI<10" | MCAPI 10™90" | MCA PI>90" ¥ o= Relative risk <10"
y gory Centile Centile Centile p= and >90th

Caesarean section Fetal 8.7% (10/115) | 10.0% (1/10) 9.6% (9/94) 0.0% (0/11) | 0.59 n/a

compromise

Fetal compromise diagnosed o o o o 2.2

at any time during labour 27.8% (32/115) 40.0% (4/10) 27.7% (26/94) 18.2% (2/11) 0.64 95% C1 0.51 — 9.53
0.73

0, 0, 0, 0,

SVD 41.7% (48/115) |  40.0% (4/10) 40.4% (38/94) 54.5% (6/11) 0.79 95% C1 0.29 — 1.86

0.9
H H H 0, 0, 0, 0,
Vaginal delivery of any kind 80.9% (93/115) 90.0% (9/10) 77.7% (73/94) 100% (11/11) 0.70 95% C1 0.73 — 1.11
Caesarean section other 10.4% (12/115) 0.0% (0/10) 12.8% (12/94) 0.0% (0/11) 0.26 n/a

Table 66. Delivery outcomes according to MCA PI centile group
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Cerebro-umbilical ratio

The cerebro-umbilical ratio had a normal distribution within the study population (Skewness

= 0.21, Kurtosis = 0.02, D’agostino-Pearson p = 0.62). The mean C/U ratio was 2.02 (range

1.17 — 3.21) with a 10" centile value of 1.53 and a 90" centile value of 2.53.

Cases were subdivided according to subsequent mode of delivery, and the C/U ratio

compared between each group (Table 65). No significant variation was observed between

the different mode of delivery groups. Bonferroni’s multiple comparison test confirmed that

no individual mode of delivery group’s C/U ratio differed significantly from any other group.

Emergency Instrumental Instrumental Emergency
Overall LSCS FD FD SVD FTP LSCS other ANOVA
Number of Patients 115 10 22 48 23 12
. 2.02 2.01 2.13 1.97 2.03 2.04
¢/U ratio (1.17-3.21) (1.34-2.64) | (1.64-2.70) (1.17-3.21) (1.49-255) | (1.59-253) 0.47

Table 67. C/U ratio according to mode of delivery group

Cases were grouped according to C/U ratio values of <10™ centile, 10" — 90™ centile and

>90" centile and mode of delivery outcomes compared between the groups (Table 66). No

significant variation in mode of delivery outcomes was identified between the C/U ratio

centile groups.

) C/Uratio <10 | C/Uratio10™ | C/U ratio >90" 2 L th
Delivery category Overall Centile 90" Centile Centile X p= Relative risk <10™ and >90th
Caesarean section Fetal 8.7%(10/115) | 18.2% (2/11) 7.4% (7/94) 10.0% (1/10) 0.52 182
compromise e e e - ) 95% C10.19-17.12
Fetal compromise diagnosed o o o o 0.61
at any time during labour 27.8% (32/115) 18.2% (2/11) 28.7% (27/94) 30.0% (3/10) 0.81 95% C1 0.13 — 2.92

1.06
0, 0, 0, 0,
SvD 41.7% (48/115) 63.6% (7/11) 37.2% (35/94) 60.0% (6/10) 0.28 95% C1 0.54 — 2.08
0.91

1 H 1 0, 0, 0, 0,

Vaginal delivery of any kind 80.9% (93/115) 81.8% (9/11) 79.8% (75/94) 90.0% (9/10) 0.94 95% C1 0.64 — 1.29
Caesarean section other 10.4% (12/115) 0.0% (0/11) 12.8% (12/94) 0.0% (0/10) 0.26 n/a

Table 68. Delivery outcomes according to C/U ratio centile group
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Umbilical venous flow

Umbilical venous flow rate had a non-normal distribution in the study population (Skewness
= 0.53, Kurtosis = 0.57, D’agostino-Pearson p = 0.03). The median UV flow rate was
231.7ml/min (range 92.7 — 412.1), with a 10" centile value of 161.4ml/min and a 90" centile
value of 307.0. Cases were subdivided according to subsequent mode of delivery, and the
UV flow rate compared between each group (Table 67). No significant variation was
observed between the different mode of delivery groups. Dunn’s multiple comparison test
confirmed that no individual mode of delivery group’s UV flow rate differed significantly

from any other group.

Emergency Instrumental Instrumental Emergency LSCS .
Overall LSCS ED D SVD ETP other Kruskal-Wallis
Number of Patients 115 10 22 48 23 12
. 231.7 249.7 216.1 227.1 238.6 236.3
UV flow (ml/min) (92.7-412.1) | (125.7-295.7) | (146.0-384.6) | (92.7-399.8) | (173.6-412.1) (142.9 - 335.6) 0.91

Table 69. UV flow rate according to mode of delivery group

Cases were grouped according to UV flow rate values of <10" centile, 10" — 90" centile and
>90" centile and mode of delivery outcomes compared between the groups (Table 68). No
significant variation in mode of delivery outcomes was identified between the UV flow rate

centile groups.

Delivery catego overall UV flow rate UV flow rate UV flow rate X2 b= Relative risk <10"
y category <10" Centile | 10"-90™ Centile | >90" Centile p= and >90th
Caesarean section Fetal 8.7% (10/115) 18.2% (2/11) 8.6% (8/93) 0.0% (0/11) 035 n/a
compromise
Fetal compromise diagnosed 27.8% (32/115) 36.4% (4/11) 26.9% (25/93) 27.3% (3/11) 0.85 1.33
at any time during labour =R e o = ) 95% Cl 0.39 -4.62
1.50
0, () 0, 0,
SVD 41.7% (48/115) 54.5% (6/11) | 40.9% (38/93) 36.4% (4/11) 0.77 059% C1 0.8 — 3.88
0.80
H H H 0, 0, 0, 0,
Vaginal delivery of any kind 80.9% (93/115) 72.7% (8/11) | 80.6% (75/93) | 90.9% (10/11) | 0.89 95% C1 053 — 1.2
1.00
1 0, 0, 0, 0,
Caesarean section other 10.4% (12/115) 9.1% (1/11) 10.8% (10/93) 9.1% (1/11) 0.98 95% C1 0.01 - 14.05

Table 70. Delivery outcomes according to UV flow rate centile group
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Corrected UV flow had a non-normal distribution in the study population (Skewness = 0.54,

Kurtosis = 0.37, D’agostino-Pearson = 0.04). The median corrected UV flow rate was
65.0ml/min/kg (range 36.9 — 110.5) with a 10" centile value of 48.8ml/min/kg and 90™
centile value of 93.5ml/min/kg.

Cases were subdivided according to subsequent mode of delivery, and the corrected UV
flow rate compared between each group (Table 69). No significant variation was observed
between the different mode of delivery groups. Dunn’s multiple comparison test confirmed

that no individual mode of delivery group’s corrected UV flow rate differed significantly from

any other group.

Emergency Instrumental Instrumental Emergency .
Overall LSCS ED D SVD FTP LSCS other Kruskal-Wallis
Number of Patients 115 10 22 48 23 12
Corrected UV flow 65.0 61.1 62.6 65.4 65.9 65.2 0.80
(ml/min/kg) (36.9 —110.5) (42.3-85.1) | (45.9-110.5) (36.9-107.2) (49.0 - 106.8) (43.9-96.4) )
Table 71. Corrected UV flow rate according to mode of delivery group
Cases were grouped according to corrected UV flow rate values of <10" centile, 10" — 90"
centile and >90" centile and mode of delivery outcomes compared between the groups
(Table 70). No significant variation in mode of delivery outcomes was identified between
the corrected UV flow rate centile groups.
Corrected UV Corrected UV Corrected UV Relative risk <10™
Delivery category Overall flow rate <10" flow rate 10™- flow rate >90" X? p= and >90th
Centile 90" Centile Centile
Caesarean section Fetal 8.7% (10/115) 18.2% (2/11) 8.6% (8/93) 0.0% (0/11) 035 n/a
compromise
Fetal compromise diagnosed at o o o o 1.50
any time during labour 27.8% (32/115) 27.3% (3/11) 29.0% (27/93) 18.2% (2/11) 0.81 95% C1 0.31 - 7.30
1.50
0, 0, 0, 0,
SVD 41.7% (48/115) 54.5% (6/11) 40.9% (38/93) 36.4% (4/11) 0.77 95% C1 0.58 — 3.88
0.77
1 H 1 0, 0, 0, 0,
Vaginal delivery of any kind 80.9% (93/115) 63.6% (7/11) 82.8% (77/93) 81.8% (9/11) 0.80 95% C1 0.46 — 1.32
1.00
H 0, 0, 0, 0,
Caesarean section other 10.4% (12/115) 18.2% (2/11) 72.7% (8/11) 18.2% (2/11) 0.46 95% C1 0.17 — 5.89

Table 72. Delivery outcomes according to corrected UV flow rate centile group
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Amniotic fluid volume

Amniotic fluid volume was measured using the amniotic fluid index. Amniotic fluid index
had a normal distribution in the study population (Skewness = 0.34, Kurtosis = 0.41,
D’agostino-Pearson p = 0.19). The mean AFl was 12.7 (range 6.0 -22.0) with a 10" centile
value of 9.4 and a 90™ centile value of 16.5.

Cases were subdivided according to subsequent mode of delivery, and the AFl compared
between each group (Table 71). No significant variation was observed between the

different mode of delivery groups. Bonferroni’s multiple comparison test confirmed that no

individual mode of delivery group’s AFI differed significantly from any other group.

Emergency Instrumental Instrumental Emergency
Overall LSCS FD FD SVD FTP LSCS other ANOVA
Number of Patients 115 10 22 48 23 12
AFI 12.7 11.2 13.2 12.8 13.0 12.4 0.43
(6.0 -22.0) (7.9-15.5) (9.7-19.5) (6.0 —18.0) (6.8 20.2) (9.3-22.0) )

Table 73. AFl according to mode of delivery group.

Cases were grouped according to AFI values of <10™ centile, 10™ — 90" centile and >90™
centile and mode of delivery outcomes compared between the groups (Table 72). No
significant variation in mode of delivery outcomes was identified between the AFI centile

groups.

Delivery category Overall AFI <10" Centile AF:::g:]Zoth A:el:tgig ' X p= REIa:LV;:;SOkt; 10"
E;::::::;;e“b" Fetal 8.7% (10/115) (3/11) (7/93) (0/11) 0.07 n/a

ot any ime durng abour | 2$% G211 | B/ (28/93) WA | 046 | o ci03-2ase
SvD 41.7% (48/115) (4/11) (39/93) (5/11) 0.94 95% Cl%ig—Z,Zl
Vaginal delivery of any kind 80.9% (93/115) (7/112) (76/93) (10/11) 0.76 95% CI%.T’: 114
Caesarean section other 10.4% (12/115) (1/11) (10/93) (1/11) 0.98 95% CI ;8?_ 14.05

Table 74. Delivery outcomes according to AFI centile group
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Relationship between ultrasound parameters measured at 36 weeks gestation and
intra-partum outcomes

The incidence of intra-partum outcomes including the diagnosis of suspicious or pathological

fetal heart rate patterns, and the incidence of meconium stained liquor were also evaluated

for the 35 - 37 week cohort.

Intra-partum monitoring

Cases were sub-divided according to their intra-partum FHR classification (Table 73). Intra-

partum FHR patterns were classified as normal in 47.0% (54/115) of cases, suspicious in

37.4% (43/115) of cases, and pathological in 15.7% (18/115) of cases. The incidence of

normal intra-partum monitoring was significantly different to that of the early labour cohort

(p = 0.02), whilst the incidence of suspicious and pathological intra-partum monitoring was

not significantly different (p = 0.20 and p = 0.33 respectively). The ultrasound parameters

were compared between the intra-partum monitoring groups but no significant variations

were observed.

FHR patterns - FHR patterns - FHR patterns - Kruskal-
Normal suspicious pathological Wallis/ANOVA

p:

UA PI 0.86 (0.55 — 1.20) 0.79 (0.60 — 1.04) 0.83 (0.57 - 1.18) 0.07

MCA PI 1.65 (1.10 — 2.06) 1.69 (1.20 — 2.04) 1.79 (1.20 — 2.26) 0.39

C/U ratio 1.96 (1.17 —2.74) 2.08 (1.34-3.21) 2.10 (1.46 — 2.53) 0.20

UV flow (ml/min) 232.7(143.1-412.1) | 239.8(125.7-399.8) | 213.7 (92.7 - 295.7) 0.16

Correc:ced UV flow 65.3 (39.4 — 106.8) 65.0 (42.3-110.5) 62.6 (39.9-93.3) 0.50

(ml/min/kg)

AFI 13.0 (6.0 —22.0) 12.5(7.9-19.5) 12.6 (9.3 —16.6) 0.68

Table 75. Ultrasound parameters according to intra-partum FHR classification
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Meconium stained liquor

Meconium stained liquor was documented in 14.8% (17/115) of cases. This incidence was

not significantly different from that of the early labour cohort (p = 0.51). The ultrasound

parameters were compared between cases with and without meconium stained liquor, but

no significant variations were observed (Table 74).

Clear liquor Meconium stained liquor p=

UAPI 0.84 (0.55 - 1.20) 1.04 (0.57 — 0.88) 0.37
MCA PI 1.66(1.10-2.26) 1.72(1.20-1.99) 0.66
C/U ratio 2.01(1.17 - 2.74) 2.12 (1.63-3.21) 0.25
UV flow (ml/min) 236.0 (92.7 — 412.1) 212.5 (129.5 - 357.3) 0.25
Corrected UV flow

(ml/min/kg) 65.7 (36.9 —110.5) 59.8 (49.0 —99.8) 0.11
AFI 12.8 (6.0 —22.0) 12.1(8.2-16.6) 0.35

Table 76. Ultrasound parameters according to liquor status
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Relationship between ultrasound parameters measured at 36 weeks gestation and
neonatal outcomes

Neonatal outcome variables were compared between the different mode of delivery groups
(Table 75). Only the incidence of an Apgar score less than seven at five minutes had

significant variation between the mode of delivery groups.
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vl | st | M| gy | | e | Ao
compromise

Mean Birthweight (g) 3426 (2440 - 4566) | 3546 (2482 -4320) | 3353 (2700-4092) | 3367 (2440—4080) | 3483 (2700 -4100) | 3590 (3114 — 4566) 0.29
Median Birthweight centile 45.0 (2 - 100) 35.0 (4—91) 66.0 (2—97) 40.5 (2 -92) 56.0 (5—91) 49.5 (20 — 100) 0.33
Incidence Apgar <7 at 1 min 7.8% (9/115) 20.0% (2/10) 18.2% (4/22) 0.0% (0/48) 8.7% (2/23) 8.3% (1/12) 0.07
Incidence Apgar <7 at 5 min 0.9% (1/115) 10.0% (1/10) 0.0% (0/22) 0.0% (0/48) 0.0% (0/23) 0.0% (0/12) 0.04
Incidence Cord arterial pH < 7.20 22.6% (26/115) 60.0% (6/10) 22.7% (5/22) 18.8% (9/48) 21.7% (5/23) 8.3% (1/12) 0.11
Incidence Base Excess < -8 16.5% (19/115) 20.0% (2/10) 22.7% (5/22) 14.6% (7/48) 13.0% (3/23) 16.7% (2/12) 0.93
Incidence of neonatal unit admission 0.9% (1/115) 0.0% (0/10) 0.0% (0/22) 0.0% (0/48) 4.3% (1/23) 0.0% (0/12) 0.42
Incidence of neonatal encephalopathy 0.0% (0/115) 0.0% (0/10) 0.0% (0/22) 0.0% (0/48) 0.0% (0/23) 0.0% (0/12) n/a

Mean Composite neonatal outcome score 0.53 (0.0-4.0) 1.20 (0-3) 0.38(0-3) 0.68 (0-3) 0.48 (0-3) 0.42 (0-4) 0.06

N.b Composite Neonatal outcome scored as follows
5. Apgar ->7@ 1min=0,<7 @ 1 min=1,<7 @5 min=2
6. Cord arterial pH->7.20=0, <7.20=1,<7.10=2,<7.00=3
7. Baseexcess->-8=0,<-8and>-12=1,<-12=2
8. NNU admission-No=0,Yes=1
Table 77. Comparison of neonatal outcome variables between mode of delivery groups

170



The neonatal outcome variables were then compared between the centile groups for each

ultrasound parameter.
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Relationship between neonatal outcome variables and umbilical artery PI, MCA PI
and the C/U ratio

None of the neonatal outcome variables had significant variation between the UA PIl, MCA PI

and C/U ratio centile groups (Tables 76, 77 and 78).

UA PI <10" UAPI 107-90" UA PI>90"™ Y Relative risk
Overall Centile Centile Centile 2 <10" centile
X p= th A
vs. >90" centile
o 3426 3327 3436 3397 n/a
440 - 45 720-37 440 - 45 160 — 37
Mean Birthweight (g) (2440 - 4566) (2720 - 3730) (2440 - 4566) (3160 — 3780) 0.79
x:fi'lzn Birthweight 45.0 (2 - 100) 39.2 (4-71) 48.5 (2 - 100) 43.6 (21-87) 0.69 n/a
'1";:?:"“ Apgar <7 at 7.8% (9/115) 16.7% (1/6) 8.2% (8/98) 0.0% (0/11) 0.48 n/a
'5";:?:"“ Apgar <7 at 0.9% (1/115) 0.0% (0/6) 1.0% (1/98) 0.0% (0/11) 0.92 n/a
Incidence Cord o o o o 0.92
avtortal pH < 7.20 22.6% (26/115) 16.7% (1/6) 23.5% (23/98) 18.2% (2/11) 0.90 95% C10.10 - 8.15
Incidence Base Excess o o o o 3.67
B 16.5% (19/115) 33.3% (2/6) 16.3% (16/98) 9.1% (1/11) 0.50 95% C1 041 — 32.59
L":i'td::;eis‘:r:°"ata' 0.9% (1/115) 0.0% (0/6) 1.0% (1/98) 0.0% (0/11) 0.92 n/a
L"ncc':;::‘l’o"i't‘s:"ata' 0.0% (0/115) 0.0% (0/6) 0.0% (0/98) 0.0% (0/11) n/a n/a
Mean Composite n/a
neonatal outcome 0.53 (0.0-4.0) 0.83(0-3) 0.36 (0—-4) 0.27 (0-1) 0.56

score

Table 78. Comparison of neonatal outcome variables between UA PI centile groups
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h th

MCA PI <10m MCA PI 10"-90 MCA PI>90m ANOVA/ Relative risk
Overall Centile Centile Centile 2 <10" centile
X p= th A
vs. >90" centile
o 3426 3159 3467 3323 n/a
Mean Birthweight (g) (2440 - 4566) (2510 - 3740) (2440 - 4566) (2640 - 4100) 0.05
x:fi';" Birthweight 45.0 (2 -100) 33.0 (2-69) 47.0 (2 -100) 39.0 (4-91) 0.09 n/a
'1"2‘::"“ Apgar <7 at 7.8% (9/115) 10.0% (1/10) 8.5% (8/94) 0.0% (0/11) 0.61 n/a
;";"?:"ce Apgar <7 at 0.9% (1/115) 0.0% (0/10) 1.1% (1/94) 0.0% (0/11) 0.90 n/a
Incidence Cord o o o o 0.55
artorial pH <7.20 22.6% (26/115) 10.0% (1/10) 24.5% (23/94) 18.2% (2/11) 0.62 95% C1 000 — 5.18
Incidence Base Excess o o o o 3.30
B 16.5% (19/115) 30.0% (3/10) 16.0% (15/94) 9.1% (1/11) 0.48 05% C1 0A1 - 26.81
L":i'td::;eis‘::::mata' 0.9% (1/115) 0.0% (0/10) 1.1% (1/94) 0.0% (0/11) 0.90 n/a
L"ncc':;::fo‘l’;;'t‘s:“ata' 0.0% (0/115) 0.0% (0/10) 0.0% (0/94) 0.0% (0/11) n/a n/a
Mean Composite n/a
neonatal outcome 0.53 (0.0-4.0) 0.50 (0-2) 0.56 (0—4) 0.27 (0-1) 0.76

score

Table 79. Comparison of neonatal outcome variables between MCA PI centile groups
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C/U ratio <10™ | C/U ratio 107-90" | C/U ratio >90" Y Relative risk
Overall Centile Centile Centile 2 <10" centile
X p= th A
vs. >90" centile
o 3426 3290 4566 3456 n/a
Mean Birthweight (g) (2440 - 4566) (2510 — 3950) (2440 - 4566) (2580 — 4060) 051
x:fi'lzn Birthweight 45.0 (2 - 100) 36.0 (2 - 84) 46.5 (2 - 100) 59.5 (2 - 90) 071 n/a
'1"2‘::"“ Apgar <7 at 7.8% (9/115) 0.0% (0/11) 8.5% (8/94) 10.0% (1/10) 0.61 n/a
;";"?:"ce Apgar <7 at 0.9% (1/115) 0.0% (0/11) 1.1% (1/94) 0.0% (0/10) 0.90 n/a
Incidence Cord o o o o 0.91
artorial pH <7.20 22.6% (26/115) 18.2% (2/11) 23.4% (22/94) 20.0% (2/10) 0.93 95% C1 016 — 5.30
Incidence Base Excess o o o o 3.64
B 16.5% (19/115) 36.4% (4/11) 14.9% (14/94) 10.0% (1/10) 0.22 059% C1 048 — 2733
L":i'td::;eis‘::::mata' 0.9% (1/115) 0.0% (0/11) 1.1% (1/94) 0.0% (0/10) 0.90 n/a
L"ncc':;::fo‘l’;;'t‘s:“ata' 0.0% (0/115) 0.0% (0/11) 0.0% (0/94) 0.0% (0/10) n/a n/a
Mean Composite n/a
neonatal outcome 0.53 (0.0-4.0) 0.55(0-2) 0.53(0-4) 0.50 (0-3) 0.95

score

Table 80. Comparison of neonatal outcome variables between C/U ratio centile groups
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Relationship between neonatal outcome variables and umbilical venous flow rate

Both birthweight and birthweight centile had significant variation between the different UV

flow rate centile groups (Table 79). Infants with the highest UV flow rates had the largest

birthweight and greatest birthweight centile. No other neonatal outcome variables varied

significantly between the UV flow rate centile groups.

UV flow rate UV flow rate 10™- UV flow rate ANOVA/ Relative risk
Overall <10™ Centile 90" Centile >90" Centile D <10" centile
X" p= th .
vs. >90" centile
Mean Birthweight (g) (244?)4—2461566) (248;9—9 ?7>630) (24434—42566) (314(336—72080) <0.001 e
x:fi';" Birthweight 45.0 (2 - 100) 21.0(2-63) 42.0 (2 -100) 67.0(20-92) | <0.001 n/a
Incidence Apgar <7 at o o o o 1.00
o 7.8% (9/115) 9.1% (1/11) 7.5% (7/93) 9.1% (1/11) 0.97 05% C10.07 — 14.05
L";:‘::"ce Apgar <7 at 0.9% (1/115) 0.0% (0/11) 1.1% (1/93) 0.0% (0/11) 0.89 n/a
Incidence Cord o o o o 1.00
artorial pH <9.20 22.6% (26/115) 27.3% (3/11) 21.5% (20/93) 27.3% (3/11) 0.88 95% C1 026 — 3.91
L"f;dence Base Excess | 16 594 (19/115) 0.0% (0/11) 18.3% (17/93) 18.2% (2/11) 0.37 n/a
L":i'td:;‘;eis‘:;::°“ata' 0.9% (1/115) 0.0% (0/11) 1.1% (1/93) 0.0% (0/11) 0.89 n/a
L"ncc':;::o‘:a:::"ata' 0.0% (0/115) 0.0% (0/11) 0.0% (0/93) 0.0% (0/11) n/a n/a
Mean Composite n/a
neonatal outcome 0.53 (0.0-4.0) 0.45(0-2) 0.53(0-4) 0.64 (0-3) 0.78

score

Table 81. Comparison of neonatal outcome variables between UV flow rate centile groups
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Relationship between neonatal outcome variables and corrected umbilical venous
flow rate

None of the neonatal outcome variables had significant variation between the corrected UV

flow rate centile groups (Table 80).

Corrected UV Corrected UV Corrected UV Relative risk
overall flow rate <10 flow rate 10"-90" | flow rate >90" | ANOVA/ <10" centile
Centile Centile Centile X p= vs. >90" centile
. . 3426 3394 3448 3277 n/a
Mean Birthweight (g) (2440 — 4566) (2510 — 3950) (2440 — 4566) (2580 — 3860) 041
x:fi';" Birthweight 45.0 (2 - 100) 48.0 (2 - 84) 42.0 (2 - 100) 46.0 (2-79) 0.94 n/a
'1";:?:"“ Apgar <7 at 7.8% (9/115) 0.0% (0/11) 9.7% (9/93) 0.0% (0/11) 0.34 n/a
:;n;:?:nce Apgar <7 at 0.9% (1/115) 0.0% (0/11) 1.1% (1/93) 0.0% (0/11) 0.89 n/a
Incidence Cord o o o o 1.33
arterial pH < 7.20 22.6% (26/115) 36.4% (4/11) 20.4% (19/93) 27.3% (3/11) 0.54 95% C1 0.39 — 4.62
Incidence Base Excess o o o o 1.00
<-8 16.5% (19/115) 18.2% (2/11) 16.1% (15/93) 18.2% (2/11) 0.98 95% Cl 0.17 — 5.89
Incidence of neonatal o o o o n/a
i 0.9% (1/115) 0.0% (0/11) 1.1% (1/93) 0.0% (0/11) 0.89
Incidence of neonatal o o o o n/a
encephalopathy 0.0% (0/115) 0.0% (0/11) 0.0% (0/93) 0.0% (0/11) n/a
Mean Composite n/a
neonatal outcome 0.53(0.0-4.0) 0.55(0-2) 0.53(0-4) 0.55(0-3) 0.97
score

Table 82. Comparison of neonatal outcome variables between corrected UV flow rate centile groups
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Relationship between neonatal outcome variables and amniotic fluid volume

None of the neonatal outcome variables had significant variation between the amniotic fluid

index centile groups (Table 81).

o AFI 10™-90" AFI >90™ Relative risk
Overall PRl Eamels Centile Centile Ar)\I(ZOV:A/ <10" centile
p= vs. >90"™ centile
. ) 3426 3476 3426 3380

Mean Birthweight (g) | (2440 - as66) (3040 - 4320) (2440-4566) | (2720-3836) | °B° n/a
x:fi'lzn Birthweight 45.0 (2 - 100) 42.0 (16-97) 45.0 (2 - 100) 55.0 (4 78) 0.97 n/a
Incidence Apgar <7 at
11 7.8% (9/115) 0.0% (0/11) 8.6% (8/93) (1/11) 0.62 n/a
'5";:?:"“ Apgar <7 at 0.9% (1/115) 0.0% (0/11) 1.1% (1/93) 0.0% (0/11) 0.89 n/a
Incidence Cord o o o o 0.5
arterial pH < 7.20 22.6% (26/115) 9.1% (1/11) 24.7% (23/93) 18.2% (2/11) 0.56 95% C1 0.05 - 4.75
Incidence Base Excess o o o o 1.00
i 16.5% (19/115) 18.2% (2/11) 16.1% (15/93) 18.2% (2/11) 0.98 95% C1 0,17 — 5.89
L":i'td:g;‘eis‘g:?“ata' 0.9% (1/115) 0.0% (0/11) 1.1% (1/93) 0.0% (0/11) 0.89 n/a
L"ncc";';::fo‘l’;:ﬁ: natal | 0.0% (0/115) 0.0% (0/11) 0.0% (0/93) 0.0% (0/11) n/a o/a
Mean Composite
neonatal outcome 0.53 (0.0-4.0) 0.36 (0—3) 0.56 (0—4) 0.45(0-1) 0.56 n/a

score

Table 83. Comparison of neonatal outcome variables between AFI centile groups
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Discussion

In contrast to the findings from the early labour phase of the study, none of the ultrasound
markers measured at 35 - 37 weeks gestation had significant variation between the different
mode of delivery groups. These parameters also had no correlation with either the intra-
partum or neonatal outcome variables. Whilst the study population was small, emergent
trends that were apparent in the early labour pilot study (which had a similar population
size), were noticeably absent from this cohort. However, this study population does not
have sufficient power to conclude that ultrasound parameters measured between 35 and 37
weeks gestation are not predictive of intra-partum and neonatal outcomes. To power such
a study would require 3200 cases to be recruited (based on the pilot data described here,
assuming a significance level of 0.05, and based on an incidence of caesarean section for
presumed fetal compromise of 18% in cases with a C/U ratio <10™ centile, and 10% in cases
with a C/U ratio >90™ centile). The recruitment of such a large number of cases was

unfortunately not possible within the time available.

Mean/median values for each ultrasound parameter measured at this gestation were

consistent with those of published reference ranges‘lgs' 233, 241)

This small study, conducted between 35 and 37 weeks gestation did not identify the
differences in placental function, between babies at high and low risk of compromise in
labour, that were observed in term babies in the previous chapter. This may be because in
appropriately grown babies, it is deterioration in placental function late in the third
trimester that subsequently precipitates intra-partum fetal compromise. Should this be the
case, abnormalities will not be present when assessed at earlier gestations, at which time
the deterioration in function is yet to occur. It is possible that pregnancies affected by intra-
partum compromise undergo a more significant reduction in placental function than those
where the fetus tolerates labour well. As such, the pathophysiology of intra-partum fetal
compromise may be akin to that of late onset fetal growth restriction, which has been
reported to be associated with different placental pathology to that of early onset growth

(380)

restriction Link et al, have previously reported that a reduction in umbilical venous

blood flow (corrected for fetal weight) in the third trimester may contribute to an “adverse

intrauterine environment”®8Y,

Good placental function throughout the first and second
trimesters, with a subsequent decline in the late third trimester, may not lead to a growth

restricted/SGA fetus, as an adequate birthweight could already have been reached, but
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could manifest as an inability of the fetus to tolerate the stresses of labour. This reduction in
placental function and the concept of placental ageing has also been suggested as a possible
causative mechanism in unexplained stillbirth®?, which may itself be the result of a more
pronounced reduction in placental function. Accelerated placental maturation is also linked

(383)

with both fetal growth restriction and pre-eclampsia Mckenna et al examined the

relationship between a Grannum grade Il placenta at 36 weeks gestation and subsequent

89 " The authors observed a significantly higher incidence of low

pregnancy outcome
birthweight in cases where the placenta displayed a greater degree of maturity. They also
observed a higher rate of CTG abnormalities (19% vs. 12%). While this difference did not
reach statistical significance, the study was relatively small, including only 68 cases with a
Grade lll placenta. An earlier, but larger study, did find a significant relationship between a
Grade lll placenta at 34-36 weeks and subsequent fetal compromise in labour®®®). Published
longitudinal reference ranges for the C/U ratio report a degree of cerebral redistribution

(24). suggesting a gradual decline in placental

towards term gestation in all pregnancies
function. It is possible that a longitudinal assessment of fetal Dopplers between 36 weeks
gestation and term may be more informative of the risk of intra-partum fetal compromise

than a single scan at either gestation.
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Summary

This pilot study was undertaken to determine whether ultrasound assessments at earlier
gestations would be more predictive of intra-partum fetal compromise than those
undertaken at term. The data does not support a strong relationship between ultrasound
assessment between 35 and 37 weeks gestation and subsequent intra-partum fetal
compromise. However, the study population reported here was not sufficiently powered to
definitively refute the null hypothesis. The pilot data collected will enable accurate power
calculation for a larger study. The data reported here does suggest that the relationship
between ultrasound parameters measured between 35 and 37 weeks gestation and intra-
partum fetal compromise is unlikely to be as strong as that for ultrasound parameters
measured at term. Further evaluation with a larger study population is required to confirm

these findings.
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Chapter 5 — Relationship between biomarkers of placental function
(PAPP-A and B-HCG) and intra-partum/neonatal outcomes

Introduction

Evaluation of the synthetic function of the placenta in the first trimester has been used for

(386) (281)

the prediction of fetal anomalies and of fetal growth restriction More recently,

reduced PAPP-A levels have also been associated with an increased risk of intra-partum fetal

(28) " The large cohort of patients recruited to the early

compromise and emergency delivery
labour phase of this project provided an opportunity to investigate the relationship between
first trimester placental synthetic function and subsequent intra-partum compromise within
an appropriately grown low risk cohort of pregnancies. It also provided the opportunity to

correlate ultrasound finding at term with these markers.

Aim
To correlate first trimester maternal serum B-HCG and PAPP-A levels with intra-partum fetal

compromise and fetal haemodynamics at term.
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Methods

All women booked at Queen Charlotte’s and Chelsea Hospital are offered first trimester
screening using the combined test (B-HCG, PAPP-A, and nuchal translucency)®”. All 604
cases recruited to the early labour phase were therefore considered eligible for inclusion.
Case notes, electronic records, and printed serum screening results from the analysing
laboratory were reviewed and B-HCG and PAPP-A levels, as well as multiple of the median

(MoM) for the gestation at the time of sampling, were documented.

Following delivery, B-HCG and PAPP-A levels were correlated with mode of delivery, intra-

partum and neonatal outcomes, and with ultrasound markers of fetal wellbeing.

Data Analysis

B-HCG and PAPP-A values were compared between the different mode of delivery groups
using the Kruskal-Wallis test. The Kruskal-Wallis test, Mann Whitney test, and Spearman
correlation co-efficient were used to evaluate the relationship between B-HCG/PAPP-A
values and intra-partum and neonatal outcomes. Spearman correlation co-efficients were
used to evaluate the relationship between B-HCG/PAPP-A values and ultrasound

parameters.
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Results

BHCG and PAPP-A levels were retrieved for 70.7% (427/604) of cases. In the remaining 177
cases, no BHCG and PAPP-A levels could be found. In 59 cases, a nuchal translucency was
documented, but no serum screening results were present in any of the searched sources.
In 38 cases women had declined serum screening, 25 cases were ‘late booking’ patients, for
whom serum screening had been conducted at another institution and results were not
traceable. Twenty seven cases had screening using the Quadruple test, and in 28 cases no
reason for the absence of serum screening results was identified. All these cases were

therefore excluded from further analysis, resulting in a study population of 427 cases.

Intra-partum fetal compromise necessitating emergency caesarean delivery occurred in
11.7% of the study population (50/427), whilst instrumental delivery for presumed fetal
compromise occurred in 18.5% (79/427) of cases. Spontaneous vaginal deliveries were
achieved in 39.8% (170/427) of cases, instrumental delivery for a prolonged 2™ stage in

14.8% (63/427) and emergency caesarean ‘other’ in 15.2% (65/427).

The median B-HCG was 42.1 (range 6.2 — 651.2) with a median MoM of 1.07 (range 0.19 —
8.80). Both B-HCG and B-HCG MoM had a non-normal distribution within the study
population (Skewness = 6.17, Kurtosis = 59.75, D’agostino-Pearson p = <0.001 and Skewness

= 3.34, Kurtosis = 18.73, D’agostino-Pearson p = <0.001 respectively).

The median PAPP-A was 3059 (range 316 — 55147) with a median MoM of 1.10 (range 0.17 —
4.33). Both PAPP-A and PAPP-A MoM had a non-normal distribution in the study population
(Skewness = 9.24, Kurtosis = 136.4, D'agostino-Pearson p = <0.001 and Skewness = 1.28,

Kurtosis = 2.40, D’agostino-Pearson p = <0.001 respectively).
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Values were compared between the different mode of delivery groups (Table 82). No
significant variation in B-HCG/B-HCG MoM or PAPP-A/PAPP-A MoM and subsequent mode
of delivery was observed. Furthermore there was no significant variation in the ratio of B-
HCG MoM to PAPP-A MoM between the mode of delivery groups. Dunn’s multiple

comparison testing confirmed that no two mode of delivery groups differed significantly

from one another.

Emergency Instrumental Instrumental Emergency .
Overall LSCS ED D SVD FTP LSCS other Kruskal-Wallis
Number of Patients 427 50 79 170 63 65 p=
B-HCG 42.1 43.9 37.6 42.8 41.0 46.1 0.53
(6.2—-651.2) (13.8 —344.5) (12.5-93.1) (6.2-651.2) (17.4-152.9) (15.0-353.2) )
1.07 1.07 1.03 1.06 1.10 1.03
B-HCG MoM (0.19 - 8.80) (0.39-8.8) (0.35-2.64) (0.19-7.41) (0.54 —3.82) (0.35-6.44) 0.64
PAPP-A 3059 3088 3369 2647 3192 3167 0.10
(316 —55147) (316 -10831) | (522 —8666) (323 -55147) (626 —12836) | (690.5—7882) )
1.10 1.15 1.07 1.00 1.19 1.19
PAPP-A MoM (0.17 - 4.33) (0.17 —3.15) (0.25 -3.10) (0.28 —3.09) (0.29-4.33) (0.38 —2.98) 0.19
B-HCG MoM/PAPP-A 1.55 1.16 1.52 1.22 1.36
MoM ratio 1.39(0.14-1239 | (57 1239) | (0.14-3.32) (.21-10.65) (0.21-3.06) | (0.21-8.98) 0.21

Table 84.

BHCG and PAPP-A values according to mode of delivery group
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Intra-partum outcomes

The relationship of B-HCG and PAPP-A values with intra-partum outcomes was also

evaluated. B-HCG/B-HCG MoM, PAPP-A/PAPP-A MoM, and the B-HCG MoM/PAPP-A MoM

ratio had no significant variation between the FHR classification groups (Table 83).

Overall Normal Suspicious Pathological Kruskal-Wallis
Number of Patients 427 147 195 85 p=
2.1 443 41.0 421
B-HCG 0.73
(6.2-651.2) (13.7-651.2) (6.2-353.2) (12.5-130.0)
B-HCG MoM 1.07 1.11 1.02 1.03 0.66
) ° (0.19 - 8.80) (0.35-6.44) (0.19-8.80) (0.39-3.48) '
2745 3046 3330
PAPP-A 3059 030
(316 —55147) (323 -10514) (316 —55147) (884 —10831)
PAPP-A MoM 1.10 1.13 1.08 1.09 0.55
Ao (0.17 -4.33) (0.30-4.33) (0.17 - 3.80) (0.44 —3.15) '
B-HCG MoM/PAPP-A 118 1.46 1.23
- 0.41
MoM ratio 139(0.14-12.39 (0.21-8.98) (0.14 -12.39) (0.27 - 5.70)

Table 85. BHCG and PAPP-A values according to intra-partum monitoring group

Similarly, no significant variation was observed between cases with and without meconium

stained liquor during labour (Table 84).

Overall Clear Liquor IV.Iecom-um Mann Whitney
stained Liquor
Number of Patients 427 378 49 p=
41.8 43.9 0.40
B-HCG 42.1
(6.2-651.2) (6.2-651.2) (19.8 - 130.0)
B-HCG MoM 1.07 1.07 1.10 0.48
- ° (0.19-8.80) (0.19 - 8.80) (0.51-3.48)
3039 3188 0.68
PAPP-A 3059
(316 —55147) (316 -55150) (771 -12840)
PAPP-A MoM 1.10 1.10 1.10 0.70
A Mo (0.17 - 4.33) (0.17 - 4.33) (0.44-3.10)
B-HCG MoM/PAPP-A 1.36 1.33 0.76
MoM ratio 1.39(0.14-12.39 (0.14-12.39) (0.21-5.70)

Table 86. BHCG and PAPP-A values according to liquor status
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Neonatal outcome variables

The relationship between B-HCG and PAPP-A levels and neonatal outcomes was also

investigated (Table 85).

No significant variations in B-HCG and PAPP-A levels were observed between infants with an

Apgar score <7 at 1 minute of age and those with an Apgar score of 7 or more at 1 minute of

age.
Overall Apgar score <7 Apgar score 27 Mann Whitney
Number of Patients 427 37 390 p=
39.2 43.0 0.35
B-HCG 42.1
(6.2-651.2) (16.8 -651.2) (6.2 -353.2)
B-HCG MoM 1.07 1.00 1.07 0.24
- ° (0.19-28.80) (0.35-3.16) (0.19 - 8.80)
3020 3076 0.86
PAPP-A 3059
(316 - 55147) (796 — 10790) (316 —55150)
PAPP-A MoM 1.10 1.10 1.10 0.84
A Mo (0.17-4.33) (0.36 —2.66) (0.17-4.33)
B-HCG MoM/PAPP-A 1.09 1.42 0.16
MoM ratio 135(0.14-12.3 (0.31-2.87) (0.14-12.39)

Table 87. BHCG and PAPP-A values according to 1 minute Apgar score
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No significant correlation between B-HCG/PAPP-A levels and birthweight were observed

(Table 86).

Correlation Spearman co-efficient
B-HCG and birthweight -0.02 (p =0.62)
B-HCG MoM and birthweight -0.007 (p = 0.88)
PAPP-A and birthweight -0.01 (p =0.78)
PAPP-A MoM and birthweight 0.07 (p =0.15)
B-HCG MoM/PAPP-A MoM ratio and birthweight 0.08 (p =0.10)

Table 88. B-HCG/PAPP-A correlation with birthweight

No significant correlation between B-HCG/PAPP-A levels and birthweight centile were

observed (Table 87).

Correlation Spearman co-efficient
B-HCG and birthweight centile -0.02 (p =0.62)

B-HCG MoM and birthweight centile -0.007 (p =0.88)
PAPP-A and birthweight centile -0.03 (p =0.57)
PAPP-A MoM and birthweight centile 0.07 (p =0.16)

B-HCG MoM/PAPP-A MoM ratio and birthweight centile 0.08 (p =0.10)

Table 89. B-HCG/PAPP-A correlation with birthweight centile

B-HCG and PAPP-A levels were compared between infants with umbilical artery pH values at

delivery of <7.20 and 27.20 (Table 88). PAPP-A levels were observed to be higher in cases

with an umbilical artery pH at delivery of <7.20, but this difference was not present when

PAPP-A MoM were compared.

Overall pH <7.20 pH 27.20 Mann Whitney
Number of Patients 427 142 285
B-HCG 42.1(6.2-651.2) 46.4 (6.2 —275.4) 41.0(7.5-651.2) 0.32
B-HCG MoM 1.07 (0.19 — 8.80) 1.10 (0.40 - 6.44) 1.03 (0.19 - 8.80) 0.13
PAPP-A 3059 (316 — 55147) 3200 (710 - 55150) 2895 (285 —16910) 0.04
PAPP-A MoM 1.10 (0.17 — 4.33) 1.08 (0.28 -2.93) 1.11 (0.17-4.33) 0.67
Avomrato | 13o0a4-23 | 01T 014~ 12.39) o

Table 90. BHCG and PAPP-A values according to umbilical artery pH at delivery
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values 2-8.0 and <-8.0 (Table 89). No significant differences were observed.

Overall Base excess -8 Base excess <-8 Mann Whitney
Number of Patients 427 316 111
B-HCG 42.1(6.2-651.2) 41.7 (7.5-651.2) 44.9 (6.2 - 160.6) 0.39
B-HCG MoM 1.07 (0.19 — 8.80) 1.06 (0.19 - 8.80) 1.07 (0.45-3.23) 0.31
PAPP-A 3059 (316 — 55147) 3003 (316 — 12840) 3208 (323 - 55150) 0.26
PAPP-A MoM 1.10(0.17 —4.33) 1.12 (0.17 - 3.80) 1.05 (0.28 —4.33) 0.66
z:;lGra“:;M/PAPP-A 1.39(014-12.39 (0.141;4;)2.39) (O.Z;Ei.gz) >

B-HCG and PAPP-A levels were compared between infants with umbilical artery base excess

Table 91 BHCG and PAPP-A values according to umbilical artery base excess at delivery.

B-HCG and PAPP-A levels were also compared between infants requiring neonatal unit

admission and those that did not (Table 90). No significant variation was observed.

Overall Not admitted to NNU Admitted to NNU Mann Whitney
Number of Patients 427 420 7
B-HCG 42.1(6.2-651.2) 42.1(6.2-651.2) 35.7 (16.9-78.5) 0.47
B-HCG MoM 1.07 (0.19 — 8.80) 1.07 (0.19 - 8.80) 0.83(0.40-1.97) 0.34
PAPP-A 3059 (316 — 55147) 3095 (316 —55150) 2599 (648 — 6101) 0.56
PAPP-A MoM 1.10(0.17 — 4.33) 1.10(0.17-4.33) 0.97 (0.55-2.66) 0.86
Aot | 10014-23 |01 ) (0a1-235) o

Table 92. BHCG and PAPP-A values according to requirement for neonatal unit admission
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Finally, B-HCG and PAPP-A levels were correlated with the composite neonatal outcome

score (Table 91). No significant variations were observed.
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Kruskal-
Overall 0 1 2 3 4 >4 Wallis
Number of 427 241 85 54 29 11 7
Patients
B-HCG 42.1 41.0 43.5 40.4 57.8 36.4 30.3 0.08
(6.2-651.2) (7.5-353.2) (12.5-651.2) | (18.6—98.4) (6.2 — 160.6) (21.0-107.8) (16.9-52.1) )
B-HCG MoM 1.07 1.03 1.08 1.06 1.50 1.10 0.81 0.07
(0.19 - 8.80) (0.19 - 8.80) (0..35-6.44) (0.54 —2.64) (0.45 —3.23) (0.54 —2.28) (0.40-1.39)
PAPP-A 3059 2824 3458 3399 2312 2988 2599 0.22
(316 —55147) (316-12836) | (323-16905) | (710-10785) | (995-55147) | (1631-9419) | (1473 -5137)
1.10 1.12 1.13 1.05 0.95 1.21 1.18 0.63
PAPP-A MoM (0.17 - 4.33) (0.17 —3.80) (0.36 —4.33) (0.28 — 2.65) (0.38 —2.66) (0.55-2.22) (0.61—-1.38)
B-HCG 1.46 1.27 1.34 1.60 0.94 0.86 0.47
MoM/PAPP-A | 1.39(0.14-12.39 (0.14-12.39) (0.28 —8.82) (0.31-4.80) (0.30-3.99) (0.44-1.88) (0.41-1.74)
MoM ratio

Table 93. BHCG and PAPP-A values according to composite neonatal outcome score
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Relationship between 1* trimester BHCG/PAPP-A and ultrasound parameters

The association between 1% trimester levels of B-HCG/PAPP-A and ultrasound parameters

from the early labour cohort were investigated.

Umbilical artery PI

No significant correlation between B-HCG/PAPP-A values and UA Pl were observed within

the study population (Table 92).

Correlation Spearman co-efficient
B-HCG and UA PI 0.02 (p=0.71)
B-HCG MoM and UA PI 0.006 (p = 0.90)
PAPP-A and UA PI -0.03 (p =0.58)
PAPP-A MoM and UA PI -0.03 (p =0.42)
B-HCG MoM/PAPP-A MoM ratio and UA PI 0.02 (p =0.65)

Table 94. Correlation co-efficients of B-HCG/PAPP-A values and umbilical artery Pl

Middle cerebral artery Pl

No significant correlation between B-HCG/PAPP-A values and MCA Pl were observed within

the study population (Table 93).

Correlation Spearman co-efficient
B-HCG and MCA PI 0.09 (p =0.07)
B-HCG MoM and MCA PI 0.07 (p=0.13)
PAPP-A and MCA PI 0.02 (p=0.62)
PAPP-A MoM and MCA PI 0.01 (p=0.79)
B-HCG MoM/PAPP-A MoM ratio and MCA PI 0.07 (p=0.17)

Table 95. Correlation co-efficients of B-HCG/PAPP-A values and middle cerebral artery Pl
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Cerebro-umbilical ratio

No significant correlation between B-HCG/PAPP-A values and the cerebro-umbilical ratio

were observed within the study population (Table 94).

Correlation Spearman co-efficient
B-HCG and C/U ratio 0.03 (p =0.49)
B-HCG MoM and C/U ratio 0.03 (p=0.51)
PAPP-A and C/U ratio 0.02 (p =0.65)
PAPP-A MoM and C/U ratio 0.03 (p =0.48)
B-HCG MoM/PAPP-A MoM ratio and C/U ratio 0.03 (p = 0.60)

Table 96. Correlation co-efficients of B-HCG/PAPP-A values and the cerebro-umbilical ratio

Umbilical venous flow rate

A weak positive correlation between B-HCG MoM and UV flow rate was observed (Table 95).
No other significant correlations between B-HCG/PAPP-A values and UV flow rate were

observed within the study population.

Correlation Spearman co-efficient
B-HCG and UV flow rate 0.07 (p=0.12)
B-HCG MoM and UV flow rate 0.10 (p =0.04)
PAPP-A and UV flow rate 0.01 (p=0.77)
PAPP-A MoM and UV flow rate 0.03 (p =0.60)
B-HCG MoM/PAPP-A MoM ratio and UV flow rate 0.05 (p =0.36)

Table 97. Correlation co-efficients of B-HCG/PAPP-A values and umbilical venous flow rate
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Corrected umbilical venous flow rate

A weak positive correlation between B-HCG and B-HCG MoM and corrected UV flow rate

was observed (Table 96). No significant correlation between PAPP-A values and corrected

UV flow rate were observed within the study population. The weak positive correlation

between the B-HCG MoM/PAPP-A MoM ratio and corrected UV flow bordered significance.

Correlation Spearman co-efficient
B-HCG and corrected UV flow rate 0.11 (p =0.03)
B-HCG MoM and corrected UV flow rate 0.12 (p =0.01)
PAPP-A and corrected UV flow rate 0.03 (p =0.53)
PAPP-A MoM and corrected UV flow rate 0.01 (p =0.80)
B-HCG MoM/PAPP-A MoM ratio and corrected UV flow rate 0.09 (0.05)

Table 98. Correlation co-efficients of B-HCG/PAPP-A values and corrected umbilical venous flow rate

Uterine artery PI

A weak negative correlation between PAPP-A and PAPP-A MoM and uterine artery Pl was

observed (Table 97). No significant correlation between B-HCG values and uterine artery PI

were observed within the study population.

Correlation Spearman co-efficient
B-HCG and uterine artery PI -0.09 (p=0.12)

B-HCG MoM and uterine artery PI -0.09 (p =0.10)
PAPP-A and uterine artery Pl -0.11 (0.05)

PAPP-A MoM and uterine artery Pl -0.11 (p = 0.04)
B-HCG/PAPP-A ratio and uterine artery Pl 0.003 (p=0.95

Table 99. Correlation co-efficients of B-HCG/PAPP-A values and uterine artery Pl
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Amniotic fluid volume

No significant correlation between B-HCG values and amniotic fluid index were observed

within the study population (Table 98). Both PAPP-A and PAPP-A MoM had a weak negative

correlation with amniotic fluid index, whilst the B-HCG MoM/PAPP-A MoM ratio had a weak

positive correlation.

Correlation Spearman co-efficient
B-HCG and AFI 0.00 (p = 0.98)
B-HCG MoM and AFI 0.02 (p =0.66)
PAPP-A and AFI -0.14 (p = 0.003)
PAPP-A MoM and AFI -0.13 (p = 0.009)
B-HCG/PAPP-A ratio 0.11 (p =0.03)

Table 100. Correlation co-efficients of B-HCG/PAPP-A values and amniotic fluid index.
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Discussion

Measurement of placental derived proteins B-HCG and PAPP-A are primarily used in 1%

88 However, many studies have also

trimester screening for chromosomal anomalies
reported the relationship between 1* trimester B-HCG and PAPP-A levels, and subsequent
adverse pregnancy outcomes?> 3839 " Ag poth B-HCG and PAPP-A are produced by the
placenta, they may be considered measures of placental function. Other investigators have
also assessed the correlation between first trimester PAPP-A and B-HCG levels and

subsequent fetal compromise during labour 29,

Within the study population, both B-HCG and PAPP-A were found to have non-normal
distributions. In a similar manner to the non-normal distributions observed for many of the
ultrasound parameters measured in early labour, it is possible that the exclusion of any
pregnancies with evidence of placental dysfunction may have resulted in the non-normal

distribution.

Having evaluated 1* trimester B-HCG and PAPP-A levels from 427 normal pregnancies, no
significant variation between the mode of delivery groups for either absolute values of these
markers or gestation controlled multiples of the median (MoM) levels were identified.
Similarly no significant variation was observed between the intra-partum or neonatal

outcome groups. These findings are in contrast to those of other published studies?®® 2%,

PAPP-A

Uccella et al®®

, evaluated the relationship between PAPP-A levels and subsequent intra-
partum outcomes, and found that low PAPP-A was significantly associated with caesarean
delivery for presumed fetal compromise. A number of methodological differences may
explain the disparity between the findings of Uccella et al, and those from the current study.
Uccella et al prospectively recruited cases with a PAPP-A level <0.52 MoM and compared
this group with those with a PAPP-A level >0.52 MoM. As PAPP-A levels below this cut off
have been associated with both fetal growth restriction and pre-eclampsia®”, many cases
with PAPP-A levels below this cut off would have been excluded from the current study.
Furthermore, a proportion of cases in the Uccella study that delivered by caesarean delivery

for presumed fetal compromise were also small for gestational age, and so may have been

growth restricted, a potential confounding factor, although the authors multivariate analysis
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did suggest an independent relationship between PAPP-A levels and subsequent intra-
partum compromise. Further analysis of our data demonstrated an identical incidence of
caesarean delivery for presumed fetal compromise in cases with a PAPP-A <0.52 MoM and
those with a PAPP-A >0.52 MoM (11.7%). The current study was not designed to capture
cases with low PAPP-A levels, and as a result there were only 34 cases with PAPP-A <0.52 in
the study population. Few other studies have evaluated the association between 1%
trimester PAPP-A levels and subsequent intra-partum outcomes. It is possible that a
relationship does exist, but in a dose-dependent form, with very low 1% trimester levels

required to predispose the fetus to subsequent intra-partum fetal compromise.

Results from the current study also found no significant correlation between birthweight or
birthweight centile and 1% trimester PAPP-A levels. However, when birthweights and
birthweight centiles for cases with PAPP-A <0.52 MoM and >0.52 MoM were compared,
significantly lower birthweight and birthweight centile were found in the <0.52 MoM group
(p = 0.03 and p = 0.03 respectively). These findings support the suggestion that the
relationship between 1* trimester PAPP-A levels and placental function is not directly
proportional, and that only very low levels of PAPP-A indicate a potential reduction in

placental performance.

When 1% trimester PAPP-A levels were correlated with the early labour ultrasound
parameters, few significant relationships were identified. A weak negative correlation was
found between PAPP-A MoM and Uterine artery Pl, and also between PAPP-A MoM and AFI.
A negative correlation between Uterine artery Pl and PAPP-A levels in the 1** trimester has
been reported(agz). Increased uterine artery resistance is suggestive of sub-optimal

247) 35 is a reduction in 1°' trimester PAPP-A

placentation and adverse pregnancy outcomes
levels. No significant variation in AFl was found between cases with PAPP-A <0.52 and
those with PAPP-A >0.52. No published studies could be found examining the relationship
between 1% trimester PAPP-A levels and AFI at term. Whilst these associations did reach
statistical significance, the weakness of the correlation mean they are possibly of limited

clinical significance.
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B-HCG

Obiekwe and Chard reported in 1982 that B-HCG levels could be correlated to the
development of intra-partum fetal compromise®®”, however no publications since this time
have investigated this relationship. Whilst the current study investigated B-HCG levels
measured during the 1* trimester, Obiekwe and Chard evaluated levels measured between
36 and 40 weeks gestation, a methodological difference that may be responsible for the
disparity in results. Data from the current study does not support the existence of a
relationship between B-HCG levels in the 1* trimester and subsequent intra-partum fetal
compromise. A more recognised association is that of fetal growth restriction/SGA with low
1** trimester B-HCG levels. Kirkegaard et al™ found that a B-HCG level < 0.5 MoM was
associated with a significantly increased odds ratio for SGA. However, data from the current
study did not demonstrate any significant correlation between birthweight or birthweight
centile and 1* trimester B-HCG values. Further analysis of our data using a cut of B-HCG of
0.5 MoM failed to demonstrate significant variation in the incidence of caesarean delivery
for presumed fetal compromise, or a difference in birthweight or birthweight centile. As the
current study targeted recruitment of ‘normal’ pregnancy, the absence of an association
between birthweight and B-HCG levels may be due to an insufficient number of low B-HCG
cases within the study population. Only 21 cases were identified with a B-HCG level <0.5
MoM. The results of Kirkgaard et al demonstrate that the odds ratio for SGA increased as
the cut off B-HCG level was reduced, with the strongest relationship identified when a cut
off of <0.3 MoM was used. Only one case in the current study population was identified

with a B-HCG level this low.

When the relationship between 1°*' trimester B-HCG levels and ultrasound parameters was
examined, the only significant finding was a weak positive correlation between umbilical
venous flow and corrected umbilical venous flow, and B-HCG MoM values. Whilst there is a
paucity of published evidence directly describing the relationship between B-HCG and
umbilical venous flow, there is a growing body of work demonstrating that abnormalities in
ductus venosus flow (which is dependent on umbilical venous flow to a degree) is associated

(393)

with chromosomal anomalies™””, which in turn are associated with abnormal B-HCG levels.
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Summary

B-HCG and PAPP-A levels measured in the 1* trimester are not predictive of intra-partum
fetal compromise within a ‘normal’ population. As already discussed in chapter 4, there is
significant potential for placental function to deteriorate throughout pregnancy, and as a
result it is perhaps unsurprising that measures of the placenta’s synthetic function in the 1%
trimester do not correlate with its performance at the end of pregnancy. The absence of an
association between 1°*" trimester markers and subsequent intra-partum fetal compromise
further supports the suggestion that intra-partum fetal compromise occurring in low risk
pregnancy is precipitated by a gradual reduction in function of a previously adequate
placenta, rather than the presence of a sub-optimally developed placenta secondary to

impaired placentation.
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Chapter 6 — Composite risk score

Introduction

Results from the early labour phase of the project demonstrated that UA PI, MCA PI, the C/U
ratio, and umbilical venous flow, when measured in early labour, have significant variation
between fetuses subsequently delivered by different modes of delivery. Division of cases
into centile groups according to the values of each of these parameters, further
demonstrated that they were predictive of subsequent signs of fetal compromise during
labour. Whilst the C/U ratio was the most predictive measure when used independently and
had excellent negative predictive value, its positive predictive value (when the C/U ratio was
<10™ centile) for subsequent caesarean delivery for presumed fetal compromise was only

36%.

Further investigations demonstrated that measurement of the same ultrasound parameters,
at an earlier gestation (36 weeks), and the levels of the placental proteins, PAPP-A and B-
HCG, measured during the 1° trimester were not similarly predictive of subsequent mode of

delivery, or the development of signs of intra-partum fetal compromise.

The most valuable markers of intra-partum fetal compromise identified during this project
were therefore UA PI, MCA PI, the C/U ratio, and umbilical venous flow, measured in early
labour. This chapter details the development of a composite risk score, from these
variables, in an effort to increase the positive predictive value for subsequent intra-partum
fetal compromise, and yet maintain the good negative predictive value that the C/U ratio

offered when used in isolation.
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Aims

1. To develop a composite risk score to predict intra-partum fetal compromise, using

early labour UA PI, MCA PI, C/U ratio, and umbilical venous flow.

2. To correlate this composite risk score with subsequent intra-partum and neonatal

outcomes.
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Methods

Data from the early labour cohort was used for this phase of the study. As all cases required
a full complement of Doppler parameters, two cases where data regarding umbilical venous
flow rate was absent were excluded, resulting in a study population of 602 cases. Cases
were divided quantitatively into three groups (<10th centile, 10th-90th centile, and >90th
centile) based on the pulsatility index of each of the fetal vessels (and corrected flow rate in
the case of the umbilical vein). Points (0-2) were awarded to each case for each Doppler
parameter (Table 99), and then added together to calculate the composite risk score. The
scoring mechanism was kept deliberately simplistic, to facilitate use by clinicians and other
health care professionals at the bedside. The minimum number of points each case could
accumulate was zero, whilst the maximum number of points was eight. Cases were then
sub-classified according to the scores from all fetal vessels and intra-partum and neonatal

outcomes compared.

UAPI MCA PI C/U ratio Corrected UV flow
<10™ Centile 0 2 2 2
10™-90™ Centile 1 1 1 1
>90™ Centile 2 0 0 0

Table 101. Points' allocation

The primary outcomes for the study were mode of delivery, and the presence/absence of a
diagnosis of intra-partum fetal compromise. Secondary outcomes included the intra-partum
outcomes variables and neonatal outcome variables used in the early labour and 36 week

gestation phases.

Data analysis

Composite risk score values were compared between the mode of delivery groups using
Kruskal-Wallis and Dunn’s multiple comparison testing. The incidence of intra-partum
outcomes was compared between composite risk score groups using chi-squared testing and

calculation of relative risks with 95% confidence intervals.
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Results

Composite risk scores were calculated for 602 cases.

Umbilical artery
Within the study population the UA Pl had a 10™ centile value of 0.63 and a 90™ centile
value of 0.98. This resulted in 50 cases with a UA Pl <10" centile, 494 cases with a UA PI 10"

- 90" centile, and 58 cases with a UA PI >90™ centile (see Table 99 for points allocation).

Middle cerebral artery

Within the study population the MCA Pl had a 10™ centile value of 1.03 and a 90" centile
value of 1.72. This resulted in 54 cases with an MCA PI <10" centile, 494 cases with an MCA
PI 10" — 90" centile, and 54 cases with an MCA PI >90™ centile (see Table 99 for points

allocation).

Cerebro-umbilical ratio

Within the study population the C/U ratio had a 10" centile value of 1.24 and a 90" centile
value of 2.33. This resulted in 57 cases with a C/U ratio <10™ centile, 487 cases with a C/U
ratio 10" — 90™ centile, and 58 cases with a C/U ratio >90" centile (see Table 99 for points'

allocation).

Corrected Umbilical venous flow

Within the study population corrected umbilical venous flow had a 10™ centile value of 41.1
ml/min/kg, and a 90" centile value of 79.2 ml/min/kg. This resulted in 60 cases with a
corrected UV flow <10" centile, 482 cases with a corrected UV flow 10" — 90™ centile, and

60 cases with UV flow >90™ centile (see Table 99 for points' allocation).

The accumulated composite risk score had a non-normal distribution (D’agostino-Pearson p
= <0.001), with a median value of 4 (range 0 — 8). The non-normal distribution occurred
secondary to kurtosis (1.4) as opposed to skewness (0.04), and as a result the mean is still

considered representative of the distribution.

The accumulated score was then compared between infants in each mode of delivery group
(Table 100). Infants born by emergency caesarean section for presumed fetal compromise

had the highest mean score (4.6, range 2-8), whilst infants born by instrumental delivery for

202



a prolonged 2" stage had the lowest mean score (3.8, range 0-6). Infants born by SVD had a
mean score of 3.9 (range 1-7), and those born by instrumental delivery for presumed fetal
compromise had a mean score of 4.2 (range 1-7). The difference in score between the
different mode of delivery groups was significant (p=<0.001). Dunn’s multiple comparison
testing confirmed that the mean composite risk score in cases delivered by caesarean for
presumed fetal compromise was significantly different to all other mode of delivery groups,

except cases delivered by instrumental for presumed fetal compromise.

Emergency Instrumental Instrumental Emergency .
Overall LSCS ED D SVD TP LSCS other Kruskal Wallis
Number of Patients 602 69 110 237 96 90
Composite risk score 4.0(0-8) 4.6(2-8) 4.2(1-7) 39(1-7) 3.8(0-6) 39(1-7) <0.001

Table 102. Composite risk score according to mode of delivery group

Cases were then grouped according to their accumulated score from all fetal vessels (Table
101). Fifteen cases had a composite risk score of 7-8, 121 cases had a score of 5-6, 412 cases
had a score of 3-4, and 54 cases had a score of 0-2. Mode of delivery outcomes were
compared between these composite risk score groups. Fetuses with the highest scores (7 or
8) had the highest incidence of emergency caesarean delivery for presumed fetal
compromise, with an incidence of 53.3% seen in this group. In comparison, fetuses with the
lowest scores (0-2) had an incidence of caesarean delivery for presumed fetal compromise
of just 3.7%. When compared to fetuses with the lowest scores, those with the highest
scores were at increased risk of caesarean delivery for presumed fetal compromise, with a
relative risk of over 14. These fetuses were also more likely to be diagnosed with fetal
compromise during the labour and were less likely to be born vaginally (either instrumental

or spontaneous vaginal delivery).
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) Composite Composite Composite | Composite , Relative risk 0-2 and
Delivery category Overall score score score score X'p= 7-8
0-2 3-4 5-6 7-8
Caesarean section for Fetal 11.5% 3.7% 9.7% 15.7% 53.3% <0.001 14.40
compromise (69/602) (2/54) (40/412) (19/121) (8/15) ) 95% Cl 3.41-60.78
Fetal compromise diagnosed 29.7% 16.7% 27.7% 36.4% 80.0% <0.001 4.80
at any time during labour (179/602) (9/54) (114/412) (44/121) (12/15) ) 95% Cl 2.51-9.17
SVD 39.4% 53.7% 38.1% 40.5% 13.3% 0.13 0.25
(237/602) (29/54) (157/412) (49/121) (2/15) ) 95% CI 0.07 — 0.92
Vaginal delivery of any kind 73.6% 85.2% 74.0% 71.1% 40.0% 0.33 0.47
(443/602) (46/54) (305/412) (86/121) (6/15) ) 95% C1 0.25-0.88
Caesarean section for other 15.0% 11.1% 16.3% 13.2% 6.7% 0.59 0.60
indication (90/602) (6/54) (67/412) (16/121) (1/15) ) 95% C1 0.08 — 4.61

Table 103. Delivery outcomes according to composite risk score group

Maternal demographic parameters were compared between the four different risk score
groups. Significant variation was found only in the gestation at onset of labour, which was
lower (40.1 weeks) in the lowest scoring group than in the other groups (40.5, 40.7, and 40.5

weeks).

Intra-partum outcomes

The intra-partum outcome variables were compared between the different composite risk
score groups (Table 102). Significant variation in the incidence of pathological intra-partum
monitoring was observed. Compared to those with the lowest composite risk scores, cases
with the highest risk scores were almost five times more likely to subsequently develop
pathological fetal heart rate patterns during labour. No significant variation in the incidence
of either suspicious intra-partum monitoring or meconium stained liquor was observed

between the risk score groups.

Overall Score 0 -2 Score3-4 Score 5 -6 Score7-8 X2p= : t-alzatli;l.e;i_slg
g:fhz'r:g"i::‘la"ﬁes " | 19.8% (119/602) 11.1% (6/54) 19.2% (79/412) | 21.5% (26/121) | 533%(8/15) | <0.001 | oo f"jf_ 1170
ngp?z::::ma"ﬁes T | 45.5% (274/602) 44.0% (24/58) | 44.7% (184/412) | 49.6% (60/121) | 40.0% (6/15) 0.56 05% a%.ig 17
:\i’;?r"i”m stained 12.5% (75/602) 13.0% (7/54) | 11.4% (47/412) | 15.7%(19/121) | 133%(2/15) | 0.49 95% I E'g‘j“ Caas

Table 104.

Intra-partum FHR classification and meconium status according to composite risk score group
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Neonatal outcomes

Both birthweight and birthweight centile had significant variation between the different

composite risk score groups.

The group with the lowest risk score had the highest

birthweight and the highest birthweight centile, whereas cases with the highest composite

risk scores had the second lowest birthweight and the lowest birthweight centile.

No other significant variation in neonatal outcome variables was observed between the

different composite risk score groups (Table 103).

Relative risk
Overall Score 0 -2 Score3 -4 Score 5 -6 Score7-8 aHovd 0-2vs.7-
X2 p= 8)
Mean Birth weight 3530 3618 3559 3408 3415 0.005 n/a
(g (1780 — 5026) (2360 — 4470) (2390 - 5026) (1780 — 4858) (2676 — 4906) :
Medlan Birth weight 53.5 (1 - 100) 61.0 (5-99) 55.5(1-100) | 43.0(1-100) | 23.0(3-100) | <0.001 n/a
;";:‘::"ce Apgar <7 at 7.5% (45/602) 11.1% (6/54) 7.5% (31/412) 6.6% (8/121) 0% (0/15) 0.53 n/a
Incidence Apgar <7 at n/a
5 min 1.0% (6/602) 1.9% (1/54) 0.7% (3/412) 1.7% (2/121) 0% (0/15) 0.71
Incidence Cord 0.64
: 31.4% (189/602) 31.5% (17/54) 31.6% (130/412) | 32.2% (39/121) 20.0% (3/15) 0.88 95% Cl 0.21-
arterial pH < 7-:20
1.88)
Incidence Base Excess 0.24
<8 24.3% (146/602) 27.8% (15/54) 24.0% (99/412) | 25.6% (31/121) 6.7% (1/15) 0.51 95% CI (0.03
-1.67)
Incidence of neonatal o o o o o n/a
unit admission 1.5% (9/602) 3.7% (2/54) 0.7% (3/412) 3.3% (4/121) 0% (0/15) 0.10
Incidence of neonatal o o o o o n/a
encephalopathy 0% (0/602) 0% (0/54) 0% (0/412) 0% (0/121) 0% (0/15) n/a
Mean Composite n/a
neonatal outcome 0.78 (0-7) 0.89 (0-5) 0.75(0-5) 0.88(0-7) 0.40 (0—4) 0.28
score

Table 105. Neonatal outcomes according to composite risk score group
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Discussion

Results from the early labour phase of this project demonstrated that the UA PI, MCA P,
C/U ratio, and UV flow did vary significantly between fetuses subsequently born by different
modes of delivery. However, whilst the negative predictive value, particularly of a high C/U
ratio (NPV 98%) was good, their positive predictive value was relatively low (36%). The
development of the composite risk score has demonstrated that by combining these
parameters, the positive predictive value for caesarean delivery for presumed fetal
compromise in the highest risk cases can be improved to over 50%, whilst largely
maintaining the negative predictive value for fetuses with the lowest risk scores. In this
study, fetuses with the highest risk scores were over 14 times more likely to require delivery
by caesarean section for presumed fetal compromise, when compared to those with the

lowest risk scores.

Significant variation in both birthweight and birthweight centile was also observed, with the
largest infants found in the group with the lowest risk score. This difference cannot be
accounted for by maternal demographics, as apart from gestation, no significant variation in
maternal demographic characteristics was observed between the different risk score groups.
Whilst the gestation of the lowest risk score group was significantly lower than that of the
other groups, the absolute difference in gestation between the groups was small (0.6
weeks), and for this reason the difference in gestation is unlikely to have a confounding
influence. Furthermore, an earlier gestation would be expected to result in a smaller
birthweight, not the larger birthweights observed in the study population. The greater size
of infants in the lowest risk score groups is suggestive that placental function is better in
these pregnancies, resulting in a lower incidence of intra-partum compromise and
emergency delivery. It is important to note however that risk stratification on the basis of
estimated fetal weight alone would be unreliable. In the highest risk scoring group 93.3%
(14/15) of babies had birth weights above the 10" centile, a cut off generally used to define

a small for gestational age fetus.

Whilst the use of the composite risk score was able to identify pregnancies at high and low
risk of intra-partum fetal compromise, a significant limitation is that the majority of
caesarean sections for presumed fetal compromise still took place in cases with risk scores
outside the highest group. As a result whilst the scoring system described here is predictive

of intra-partum fetal compromise, its predictive value is likely to be insufficient to enable its
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use as a decision making tool regarding mode of delivery. It is likely that even a perfect
assessment of placental function may have limited positive predictive value for intra-partum
fetal compromise, as whilst such an assessment would determine how much ‘stress’ a fetus
could tolerate during labour, in this regard not all labours are equal. Intrauterine pressures
are known to be reduced in multiparous women, in whom rates of intra-partum fetal

(69)

compromise are lower™”. Fetuses exposed to increased levels of uterine activity during

labour, are more likely to be acidotic at deIivery(GS).

The prediction of intra-partum fetal
compromise, with an adequate positive predictive value to guide mode of delivery decisions
prior to labour, is therefore likely to require not only an estimate of the fetuses ability to
tolerate the stresses of labour, but also an estimate of the degree of stress it is required to

endure in order to achieve a vaginal delivery.
Whilst the positive predictive value of this test may limit it’s clinical utility, the extremely
good negative predictive value of this technique, would lend itself to the identification of

pregnancies suited to delivery away from a hospital setting.

No significant variation in neonatal outcome variables was observed between the different

composite risk score groups.
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Chapter 7 — Maternal Oxygen therapy

Introduction

The risk stratification of normal pregnancies prior to established labour, offers not only the
opportunity for women to make more informed decisions about their mode and place of
delivery, but also the opportunity to target therapies to those cases identified as high risk for
intra-partum fetal compromise. Such therapies would aim to modify the risk profile of an
individual fetus, reducing the likelihood of intra-partum fetal compromise, and the
associated requirement for emergency operative delivery. The studies reported in this
thesis have suggested that deterioration in placental function in the late third trimester may
predispose some appropriately grown fetuses to intra-partum compromise. This reduction
in placental function may limit the effective oxygenation of fetal blood during periods of
stress, such as during labour. Fetuses at increased risk of intra-partum compromise share
similar haemodynamic features with those affected by fetal growth restriction, a condition

associated with chronic hypoxia®®*.

The association of growth restriction and hypoxia

Lichty et al examined ‘prematurity’ rates amongst the counties of Colorado observing that
the highest ‘prematurity’ rates were associated with populations residing at the greatest

altitude, and that despite the difference in birthweight, there was no significant difference in

(395)

gestational age between these babies and those born at sea level™™'. This difference was

initially presumed secondary to maternal socio-demographic factors, but in 1997, Jensen

and Moore suggested that high altitude residence was responsible for the increased

(396)

incidence of low birthweight babies Similar associations were reported in other high

(397, 398)

altitude populations , and the association between the reduced Oxygen tension in

these environments and a reduction in birthweight was established®*.

The differing partial pressure of Oxygen in maternal and fetal blood is a critical regulator of

Oxygen diffusion across the placental barrier®,

At high altitudes, the lower Oxygen
tension reduces the diffusion gradient and may impact the oxygenation of fetal blood. The
reduced Oxygen tension also influences placental development. Uterine artery blood flow

(394)

increases during pregnancy in order to improve fetal oxygenation However, this

increase is tempered by high altitude residence'*®, despite uterine artery resistance being
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lower at altitude than at sea level during the first 25 weeks of pregnancy. There is also

evidence that remodelling of spiral arteries, critical in establishing a low resistance

circulation within the placenta, is reduced in women residing at altitude!*?.

An association between hypoxia and a restriction in fetal growth is also suggested by several
animal studies. De Grauw et al demonstrated that exposure of pregnant rats to hypoxic

conditions led to a reduction in fetal weight“®®, whilst a similar finding in sheep was

|(409)

observed by Jacobs et a Furthermore, studies of chick embryos have found that

increasing atmospheric Oxygen content can ameliorate the growth retarding effects of

(405)

altitude In humans, umbilical venous blood in growth restricted fetuses, sampled by

cordocentesis prior to labour, has been found to have reduced Oxygen tensions when

(406)

compared to appropriately grown babies™ . Maternal hyper-oxygenation in cases of severe

growth restriction does result in increased Oxygen tensions within the fetal circulation”. A
Cochrane review conducted in 2003 examined three further trials investigating the use of

maternal hyper-oxygenation to treat fetal growth restriction%®.

Studies by Battaglia et
al“® Jjohanson et al**?, and Lindow et al**, all reported a reduction in perinatal mortality,
but were confounded by a higher gestational age at delivery in the group of women

receiving Oxygen therapy. A significant increase in birthweight was not reported.

Maternal Oxygen therapy and fetal compromise

Maternal Oxygen therapy is frequently employed during labour in an effort to improve
Oxygenation of a compromised fetus. There are reports that maternal hyper-oxygenation
can influence fetal wellbeing. In 1988, Leader and Baillie compared fetal movements in
response to vibroacoustic stimulation (a test of fetal wellbeing'®*?), finding that the

incidence of a normal response was significantly reduced when mothers were asked to

(413)

breathe a reduced concentration of inspired Oxygen™". Whilst some studies have reported

(414)

benefit from maternal Oxygen therapy™ ", others have suggested it may have a negative

(415)

impact on the fetus via Oxygen mediated vasoconstriction of fetal vessels"™™'. Thorp et al

treated women with supplemental Oxygen during the second stages of labour, comparing

umbilical cord pH to a control group"**®.

Whilst they observed a statistically significant
reduction in pH associated with Oxygen therapy, this reduction was not felt to be clinically
significant. Furthermore, the study was confounded by the longer second stage experienced
by babies in the Oxygen therapy group. A similar study performed in 1992 examined

umbilical cord biochemistry after maternal Oxygen administration during elective caesarean
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and found no significant differences between the Oxygen therapy and control groups(m).

However, Simpson and James demonstrated in 2005 that maternal Oxygen therapy does

increase fetal Oxygen saturation, particularly in fetuses with saturations of less than 40%'“¥.

The impact of maternal oxygen therapy on the fetal heart rate is similarly contentious. Both
Khazin et al** and Althabe et al®* reported an improvement of pathological fetal heart
rate patterns during maternal Oxygen administration. An increase in the number of

d(421)

accelerations has also been reporte However, other authors have observed a

reduction in fetal heart rate variability following maternal Oxygen administration*?.

There has been limited investigation of the impact of maternal hyper-oxygenation on feto-
placental blood flow. Anincrease in the internal carotid artery Pl was reported by Arduini et

(423)

al'™*, but subsequent reports demonstrated no effect on middle cerebral artery and

umbilical artery resistance indices!***.

Safety of maternal Oxygen therapy

Maternal oxygen therapy is currently used routinely in obstetrics in a variety of settings. In
many Obstetric units, women who develop acute fetal heart rate abnormalities during
labour are treated empirically with high flow oxygen therapy in an attempt to improve fetal
oxygenation. Women undergoing epidural insertion, where there is a risk of maternal
hypotension (and subsequent fetal distress) following the procedure, are also given
supplemental oxygen. Women with severe lung disease and/or cardiac disease may require

long term supplemental oxygen for maternal reasons.

The potential issues concerning the safety of maternal Oxygen therapy include Oxygen

(415,425 3nd the production of

induced vasoconstriction on the maternal side of the placenta
Oxygen free radicals and lipid peroxidation. Jouppila et al observed that following maternal
Oxygen therapy, intervillous blood flow on the maternal side of the placenta was
reduced(“s), however, no concomitant effect was observed on umbilical venous flow rates.
Despite this potentially adverse effect, other investigators have not demonstrated a
deleterious effect of Oxygen therapy on placental function or fetal wellbeing. Whilst Thorp
et al did report lower umbilical artery pH in babies whose mothers received supplemental
Oxygen(m), this difference was not clinically significant, and the study was confounded by

the significantly longer second stage of labour found in the Oxygen therapy group(m).
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Oxygen free radicals may be generated following both hypoxia and hyperoxia, and

h(426)

production may be compounded by a combination of bot . There is potential for such

(427)

free radicals to interact with lipid cell membranes resulting in damage In ex-utero life,

this has been suggested to exacerbate hypoxic ischaemic encephalopathy. Klinger et al
examined outcomes of neonates with hypoxic ischaemic encephalopathy and found that

babies exposed to extreme hyperoxia and hypocapnia in the first few hours of life had a

(428)

greater incidence of adverse outcome Animal studies also suggest that maternal

hyperoxia is associated with an increased production of free radical species in the fetus***

430) However, in a randomised controlled trial in humans, Khaw et al found no evidence of

increased lipid peroxidation in either mother or fetus, following maternal hyper-oxygenation

during caesarean delivery*?”.

Aim
To investigate the effect of maternal Oxygen therapy on feto-placental haemodynamics.
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Methods

This self-controlled cohort study was undertaken between July 2013 and November 2013 at
the Mater Mother’s Hospital, Brisbane, Australia. The study protocol was reviewed and
accepted by the Mater Research Ethics Committee (Reference no. HREC/13/MHS/99). All
women at term with uncomplicated, singleton pregnancies, and likely to deliver within 72
hours were considered eligible for inclusion. Data from previous studies was used for power
calculation. This suggested a power of >0.8 to demonstrate a change in the C/U ratio of 0.3
following maternal Oxygen therapy could be achieved with a sample size of 20 participants.
The study was powered to demonstrate a change of 0.3 in the C/U ratio as data from
previous studies suggested this would be sufficient to reduce the risk of intra-partum fetal

compromise for babies with the lowest C/U ratios.

Potential participants were approached by a member of the research team prior to
induction of labour, or in the latent phase of spontaneous labour (<4cm dilated). Women
with a history suggestive of placental dysfunction, such as pre-eclampsia, or SGA/FGR were
not eligible for inclusion. Participants were asked to read an information sheet (Appendix E),
and given time to ask questions and have any concerns addressed prior to enrolment. Those
happy to be included in the study were asked to sign a consent form (Appendix F). All
participants then underwent an ultrasound scan, identical to those performed during the
previous chapters of this thesis. After a 20 minute time period, a further ultrasound scan
was performed (to act as a control for subsequent scans performed after Oxygen therapy),
and all measurements, except fetal biometry were repeated. After completion of this
ultrasound scan, participants were asked to breathe 60% Oxygen, through a facial mask. To
ensure that all participants received the same concentration of inspired Oxygen, Venturi
masks with adjustable ties were used to deliver an accurate Oxygen concentration and to
achieve a close fit to the participant’s nose and mouth. An inspired Oxygen concentration of
60% was chosen as this is the highest fixed concentration achievable with a Venturi mask.
After 20 minutes, maternal Oxygen therapy was stopped, and a repeat ultrasound scan
performed. One further scan was performed following another 20 minute period of
breathing normal room air. Maternal Oxygen saturations were monitored throughout the

procedure.
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Fetal haemodynamics were then compared between the baseline scan performed at 0
minutes, and subsequent scans performed at 20, 40 and 60 minutes, using paired t-tests,

correlation co-efficients.
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Results

Twenty women were recruited to the study over a three week time period. Maternal

demographics are documented in Table 104.

Overall
Number of Patients 20
% Nulliparous 70.0% (14/20)
Mean Maternal Age (years) 28.8 (16 —37)
Mean BMI (kg/m?) 26.6 (21-32)

Mean gestation (weeks)

40.3 (38.0— 14.4)

Ethnicity (%)

Caucasian (15/20)
Asian (4/20)
Afro-Caribbean (0/20)
Other (1/20)
Mode of onset of labour (%)

Induction 80.0% (16/20)
Spontaneous 20.0% (4/20)

Table 106. Maternal demographics and mode of onset of labour

The UA PI, MCA PI, C/U ratio, UV flow, and uterine artery Pl were compared between time

points using paired t-tests (Table 105). Only MCA PI varied significantly between assessment

before and after maternal Oxygen therapy (1.37 vs. 1.35).

statistically significant, the absolute variation was small (0.02).

Whilst this variation was

Furthermore, a similar

variation in MCA Pl was observed between the 0 and 20 minute ultrasound assessments,

during which participants breathed room air only.

0 mins 20 mins 0-20 40 mins (Post 0 - 40 mins 60 mins 0-60
mins 0?) p= mins
p= p=
UAPI 0.79 0.77 0.02 0.79 0.30 0.78 0.38
(0.52-1.24) (0.53-1.17) (0.52-1.24) (0.52-1.25)
MCA PI 1.37 1.34 0.02 1.35 0.04 1.34 0.07
(0.83-1.89) (0.82-1.90) (0.81-1.81) (0.81-1.81)
C/U ratio 1.79 1.80 0.77 1.78 0.62 1.78 0.56
(0.99-2.87) (0.99-2.79) (0.99-2.87) (1.00-2.85)
UV  Flow 220.5 221.3 0.69 220.2 0.92 222.0 0.64
(ml/min) (116.2-344.1) (108.8-331.0) (116.1-355.4) (122.0-348.6)
UtA PI 0.71 0.73 0.27 0.74 0.25 0.72 0.68
(0.47-1.08) (0.40-1.11) (0.36-1.09) (0.40-1.14)

Table 107. Comparison of Doppler parameters between the baseline scan (0 minutes) and each subsequent timepoint
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The degree of change in the Doppler parameters between the baseline assessment, and at
each additional timepoint was also evaluated (Table 106). No significant variation was

identified.

0-20mins 0-40 mins 0-60 mins p=
UAPI 0.02 (-0.03-0.09) 0.01 (-0.08-0.08) 0.01 (-0.11-0.10) 0.69
MCA PI 0.03 (-0.08-0.12) 0.02 (-0.06-0.13) 0.03 (-0.12-0.18) 0.94
C/U ratio -0.01 (-0.18-0.14) 0.01 (-0.13-0.20) 0.02 (-0.20-0.23) 0.78
UV Flow (ml/min) -0.75(-18.8-14.3) | 0.32(-20.0-31.0) | -1.46(-20.1-34.6) | 0.90
UtA PI -0.02 (-0.19-0.07) | -0.02(-0.18-0.13) | -0.01(-0.24-0.22) | 0.89

Table 108. Comparison of the change in Doppler parameters between baseline and each subsequent timepoint

To establish whether the fetal response to maternal Oxygen therapy was dependent on the
baseline value of each Doppler parameter (measured during the 0 minute ultrasound
assessment), the degree of change in each ultrasound parameter (between 0 and 40
minutes) was correlated with its baseline value (0 minutes). No significant relationships were

identified (Table 107).

Spearman correlation co-efficient (Baseline value vs.
change in value)
UAPI 0.35 (95% Cl -0.13-0.69, p = 0.13)
MCA PI 0.05 (95% Cl -0.41-0.49, p = 0.84)
C/U ratio 0.06 (95% CI -0.40-0.50,p = 0.79)
UV Flow (ml/min) -0.04 (95% Cl -0.42-0.48, p = 0.88)
Uterine artery Pl -0.02 (95% ClI -0.54-0.51, p = 0.93)

Table 109. Correlation between the degree of change in each ultrasound parameter and its baseline value
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Discussion

The aim of this study was to establish whether maternal Oxygen therapy could influence
flow velocity waveforms in the fetal umbilical artery, middle cerebral artery, and umbilical
vein, and the maternal uterine artery. The study was powered to detect a change in the C/U
ratio of 0.3 after maternal Oxygen therapy. Following Oxygen therapy, no significant change
in the cerebro-umbilical ratio was identified. A significant change in the MCA Pl was
observed, but the absolute change in the MCA PI was small (0.02). Furthermore, a similar
change was observed in both the MCA PI, and the UA Pl between the 0 and 20 minute time
periods. As the study was not powered to detect such small changes, these findings must be
interpreted with caution. The degree of change observed, between the baseline scan and
each of the three subsequent scans, were not significantly different from one another.
Furthermore, the degree of change had no correlation with the initial baseline value of the
Doppler parameter. These results suggest that in routine pregnancy, the resistance indices
of the umbilical, middle cerebral and uterine arteries, as well umbilical venous flow, are not
significantly influenced by maternal Oxygen therapy, a conclusion consistent with that of
Manabe et al, who observed no change in fetal UA and MCA resistance indices following

maternal Oxygen administration'***).

Investigation of maternal Oxygen therapy has predominantly focused on its use as a

treatment for fetal growth restriction, as a consequence of the association of the chronic

t(399)'

hypoxia of high altitude residence with low birthweigh Whilst studies have

demonstrated that increasing the concentration of maternal inspired Oxygen does result in

(407)

an increased Oxygen partial pressure in the fetal circulation™ ", and fetal growth restriction

(406), none of the randomised controlled trials

is associated with reduced Oxygen tensions
evaluating maternal Oxygen therapy as a treatment for fetal growth restriction

demonstrated a significant increase in birthweight(‘ms’.

Due to the association of hypoxia and fetal growth restriction*”, high altitude residence is

432 Residence at altitude is

frequently used as a model of hypoxia induced pathology
associated with a reduced concentration of inspired Oxygen, but studies suggest that
maternal adaptations, including increased ventilation and haemoglobin concentration, result
in a maternal arterial Oxygen content similar to that of women at sea level®®®. Birthweights
in ethnic groups with more than 8000 years of high altitude living are relatively

(433)

protected ™', despite arterial Oxygen content in these women being similar to those of
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more recent migrants, in whom birthweights are substantially reduced®®”. Furthermore,
fetal adaptations at altitude result in increased Oxygen extraction from maternal blood, and
whilst absolute Oxygen delivery is reduced at altitude, when normalised for fetal weight

values are similar in low and high altitude populations(434)

. These studies therefore suggest
that the reduction in fetal weight associated with the relative hypoxia of high altitude
residence is not secondary to hypoxia itself, but a result of maternal and fetal adaptations to
hypoxia, including metabolic remodelling of the placenta itself**®. The reduction in fetal
weight may itself be a protective response designed to maintain a normal rate of Oxygen
delivery. Furthermore, Krampl et observed a higher UAPI in pregnancies at altitude, but no

concomitant reduction in the MCA PI*®),

The authors of this study suggested that an
increased fetal haematocrit may be responsible for the absence of brain sparing despite the
hypoxia of altitude. These results suggest that whilst some fetuses may show evidence of
haemodynamic changes similar to those found in cases of growth restriction, these changes
may not occur as a result of reduced Oxygen delivery to the fetus. Rather they may be a
manifestation of changes in placental function secondary to chronic hypoperfusion/hypoxia,

and as such are unlikely to be ameliorated by a short term increase in maternal inspired

Oxygen concentration.

The reduction in placental function that results in fetal growth restriction and intra-partum
fetal compromise is likely to affect not only gaseous exchange within the placenta, but also
the transfer of other substrates critical for fetal wellbeing. As well as hypoxia, the reduced
fetal growth in high altitude populations is associated with fetal hypoglycaemia and

(432)

hypoinsulinaemia An increase in the consumption of Glucose by the placenta during

anaerobic metabolism (in order to maintain Oxygen availability to the fetus), limiting the

(432)

availability of this substrate to the fetus Even mild hypoxia can influence fetal glucose

delivery, despite maintenance of adequate fetal Oxygenation(‘m)

. If a reduction in placental
function, predisposing a fetus to compromise in labour, is a result of deficiency of other

substrates, short term maternal Oxygen supplementation will not remedy these deficiencies.

This study is limited by its composition of women with routine pregnancies. It is possible
that maternal Oxygen therapy could influence flow velocity waveforms in cases where
placental function is already reduced, such as in cases of fetal growth restriction, but have
no effect in pregnancies with adequate placental function. However, even though the study

population was small, it did include two cases were with a C/U ratio <10™ centile (both of
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which subsequently required emergency caesarean delivery for presumed fetal
compromise), and no significant alteration in resistance indices was identified in these cases.
Furthermore, the baseline value for each Doppler parameter had no correlation with the

degree of change in that parameter following maternal Oxygen therapy.

Summary

Results from this study suggest that short term maternal Oxygen therapy, in appropriately
grown term fetuses, does not influence resistance indices of the umbilical artery, middle

cerebral artery, or uterine artery, nor does it affect flow rate in the umbilical vein.
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Chapter 8 — Relationship between pre-labour ultrasound and
development at 18-24 months

Introduction

Increasingly, an adverse intra-uterine environment is being recognised to be detrimental not
only to fetal development, but also to health and development after delivery and into adult

life. Fetal growth restriction is associated with an increased risk of heart disease, stroke,

(320)

diabetes, and hypertension”", an association thought to demonstrate the principle of

(438)

developmental plasticity and fetal programming™™'. An adverse intra-uterine environment

may also precipitate trans-generational effects, impacting the health of not only the current

generation, but subsequent ones as well**?.

Fetal growth restriction and the development of a brain sparing circulation, whilst

(440)

considered protective in-utero™, are associated with an increased incidence of childhood

(317), and a

behavioural problems®®, deficits in memory**”, reduced IQ at 5 years of age
greater requirement for special educational needs in childhood®*®. Recently, reduced
performance in neurobehavioral testing has also been observed in appropriately grown

fetuses with increased frontal brain perfusion(324).

The Ages and Stages Questionnaire (ASO,)(W) is a parent completed developmental
screening test, that has been recommended for screening the development of low risk

children®*?,

Using the ASQ, parents can score their child’s development in five different
categories; communication, gross motor, fine motor, problem solving, and personal-social.
Parent completed tools including the ASQ are reported to be an effective method of
screening for developmental delay, with an average specificity and sensitivity of 86% and

444 The ASQ has the added benefit of assessing development in an age-

85% respectively
independent manner, meaning the development of children at multiple different ages may

be compared.

Within the cohort of participants recruited to the early labour phase of this project, cases
were identified with relatively increased cerebral perfusion (evidence by a low C/U ratio)
and relatively reduced cerebral perfusion (as evidence by a high C/U ratio). This phase of

the research project aimed to identify whether neurodevelopment, assessed using the
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parent completed ASQ (third edition), was different between children with the lowest term

C/U ratios and those with the highest term C/U ratios.

Methods

All cases recruited during the early labour phase were considered eligible for inclusion.
Cases were grouped according to C/U ratio values of <10" centile, 10"-90™ centile, and >90™
centile. Those cases in the <10™ centile and >90™ centile group were selected for the study

population.

For each case, the age of the child was calculated from the date of delivery. An age
appropriate ASQ, request letter, and a stamp-addressed envelope (for return of the
guestionnaire), were then posted to each participant, requesting they complete the ASQ
with their child, and return the questionnaire to the research team. In each case,
participants were given a date by which the ASQ must be returned, to ensure the ASQ

remained appropriate for the child’s age.

On receipt of the completed questionnaires, each case was scored according to the AQA-3
age specific information summary. Overall scores, as well as those for each category, were
then compared between the two C/U ratio groups. Mean scores were compared using a

student’s t-test/Mann Whitney test.
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Results

The early labour cohort contained 604 cases, of which 58 had a C/U ratio <10™ centile and
58 had a C/U ratio >90"™ centile. This resulted in a study population of 116. Of the 116 ASQs
sent to participants, only 34.5% (40/116) were returned. Twenty one of these were cases
with a C/U ratio <10™ centile, and 19 were cases with a C/U ratio >90™ centile. Maternal
demographics between the C/U ratio centile groups were compared in the early labour
phase of the project. Only gestation had significant variation between the C/U ratio centile
groups, and whilst significant, the absolute difference in gestation was small (1.4 weeks),

and so was not considered as a confounding factor.

Scores from the completed ASQs were analysed according to each development category, as

well as the combined score.

The communication score ranged from 20 — 60, with a median of 50 (mean 46.1), and a
normal distribution (D’agostino-Pearson p = 0.15). For cases with a C/U ratio < 10" centile
the mean score was 48.6 (range 20 — 60), compared to 43.4 (range 20 — 60) in cases with a

C/U ratio >90" centile. This difference did not reach statistical significance (p = 0.19).

The gross motor score ranged from 15 — 60, with a median of 55 (mean 51.5), and a non-
normal distribution (D’agostino-Pearson p = <0.001). For cases with a C/U ratio <10™ centile
the mean score was 51.9 (range 20 — 60) compared to 51.1 (range 15 — 60) in cases with a

C/U ratio >90™ centile. This difference did not reach statistical significance.

The fine motor score ranged from 35 — 60, with a median of 55 (mean 52.9), and a normal
distribution (D’agostino-Pearson p = 0.06). For cases with a C/U ratio <10" centile the mean
score was 52.9 (range 35 — 60), compared to 52.9 (range 35 — 60) in cases with a C/U ratio
>90" centile (p = 0.99)

The problem solving score ranged from 30 — 60, with a median of 50 (mean 50.0), and a
normal distribution (D’agostino-Pearson p = 0.20). For cases with a C/U ratio <10™ centile
the mean score was 49.3 (range 35 — 60) compared to 50.8 (range 30 — 60) in cases with a

C/U ratio >90" centile (p = 0.52).
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The personal-social score ranged from 15 — 60, with a median of 50 (mean 48.0), and a non-
normal distribution (D’agostino-Pearson = 0.01). For cases with a C/U ratio <10" centile the
mean score was 48.3 (range 15 — 60) compared to 47.6 (range 30 — 60) in cases with a C/U

ratio >90" centile (p = 0.72).

These scores resulted in a combined score ranging from 140 — 295, with a median of 252.5
(mean 248.5), and a non-normal distribution (D’agostino-Pearson p = 0.004). For cases with
a C/U ratio <10™ centile the mean score was 251.0 (range 140 — 285), compared to 245.8
(range 175 — 295) in cases with a C/U ratio >90"™ centile. This difference was not statistically

significant (p = 0.52).

Scores from the ASQs were also compared between cases with a diagnosis of intra-partum
fetal compromise and those without. Sixteen cases had a diagnosis of intra-partum fetal
compromise. Within this group the mean total ASQ score was 245.9 (range 140 — 290),
compared to 250.2 (range 200 — 295) in the 24 cases without a diagnosis of intra-partum

fetal compromise. This difference did not reach statistical significance (p = 0.70).
No significant variation was found between the composite risk score groups and the total

ASQ score (p = 0.69), or the composite neonatal outcome score and the total ASQ score (p =

0.50).
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Discussion

Recent studies have demonstrated that cerebral redistribution in utero is associated with

(16318441 | this study we investigated

adverse long term neurodevelopmental outcomes
the association between neurodevelopment, assessed using a parental completed
questionnaire, and the C/U ratio measured at term, in an appropriately grown cohort of
normal fetuses from uncomplicated pregnancies. No significant difference in
neurodevelopmental outcomes was observed between fetuses with the lowest C/U ratios
and those with the highest C/U ratios. Similarly, no association between a diagnosis of fetal
compromise in labour and adverse neurodevelopmental outcomes was observed. Whilst no

significant differences were observed, these results must be interpreted with caution as only

34.5% (40/116) of ASQs were completed and returned.

Evidence from 1% trimester levels of B-HCG and PAPP-A, and ultrasound scans performed at
35 - 37 weeks gestation, suggest that appropriately grown fetuses with a reduced C/U ratio
at term do not have a sub-optimally functioning placenta throughout pregnancy, but that
deterioration in placental function may occur in some cases in the late third trimester. The
increased cerebral perfusion in cases with a C/U ratio <10™ centile at term, by occurring
later in development, may have a reduced impact on neurodevelopmental outcomes. Mula

(324), observed an increased incidence of adverse neurodevelopmental outcomes in

et al
fetuses with increased cerebral perfusion measured using fractional moving blood volume
(FMBV) between 32 and 36 weeks gestation. Interestingly, even at this gestation they did
not observe an association between reduced C/U ratios and neurodevelopmental outcomes.
Fractional moving blood volume measures blood flow via quantification of the returned
power Doppler signal in a region of interest, and has been validated against gold standard in

“45) " This technique is able to quantify blood flow to particular brain regions.

vivo techniques
Roza et al, found that the association between increased perfusion of the frontal lobes
(assessed using the anterior cerebral artery) and subsequent ‘problem behaviour’ was
greater than the association when perfusion was assessed using the middle cerebral

(316) Therefore, as evidence of increased cerebral perfusion, the relatively reduced

artery
C/U ratio observed in some cases in our study may not have the required specificity to
correlate with subsequent neurodevelopmental scores. Indeed FMBV has been reported to
be a more sensitive measure of cerebral distribution than conventional Doppler indices in

small for gestational age fetuses**.
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The ASQ-3 assessment tool used in this study has been validated in western populations”‘”).
However, whilst it is suggested to be an effective tool for the detection of severe
developmental delay, its accuracy in mild cases appears more limited**®. Given that in our
cohort the infants studied were from a ‘normal’ population, any deficits in

neurodevelopmental outcomes are likely to be subtle. The ASQ may lack the sensitivity to

detect such subtle changes.
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Chapter 9 — Conclusions and further work

This aim of this thesis was to investigate the relationship between ultrasound markers of

fetal wellbeing and intra-partum and neonatal outcomes.

Results from the early labour

study (Chapter 3) demonstrated that ultrasound assessment in early labour could identify

babies at high and low risk of a subsequent diagnosis of intra-partum fetal compromise, and

the need for emergency delivery. The UA PI, MCA PI, C/U ratio, and UV flow rate were

found to be predictive of subsequent intra-partum fetal compromise The C/U ratio was

found to be the most predictive marker when used in isolation. The performance of these

Doppler parameters when used as a diagnostic test is detailed in tables 108, 109. For this

comparison a positive test was considered a UA PI >90™" centile, or an MCA PI, C/U ratio, or

UV flow rate <10™ centile, or a composite risk score of 7-8.

To predict emergency caesarean delivery for presumed fetal compromise (Table 108).

Specificity Sensitivity PPV Positive Liklihood ratio
90.8% 14.5% 17.0% 1.58
UAPI
(88.0% - 93.1%) (7.5% - 25.5%) (8.9% - 29.4%) (95% C1 0.84 —2.98)
92.5% 20.3% 25.9% 2.71
MCA PI
(89.9% - 94.5%) (11.9% - 32.0%) | (15.4% - 39.9%) (95% Cl 1.56 — 4.73)
93.1% 30.4% 36.2% 4.40
C/U ratio
(90.5% - 95.0%) (20.2% - 42.8%) | (24.3% - 50.0%) (95% Cl 2.74 — 7.06)
90.6% 14.5% 16.7% 1.54
UV flow
(87.7% - 92.9%) (7.5% - 25.5%) (8.7% - 29.0%) (95% C1 0.82 —2.90)
Composite 98.7% 11.6% 53.3% 8.82
risk score (97.2% — 99.4%) (5.5% —22.1%) | (27.4% - 77.7%) (95% Cl 3.30 — 23.59)

Table 110. Prediction of caesarean delivery for presumed fetal compromise
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To predict a diagnosis of fetal compromise during labour (Table 109).

Specificity Sensitivity PPV Positive Liklihood ratio
90.8% 11.2% 33.9% 1.22
UA PI
(87.6% - 93.3%) (7.1% - 16.9%) | (22.4% - 47.5%) (0.73-2.03)
92.7% 12.9% 42.6% 1.76
MCA PI
(89.7% - 94.9%) (8.5% - 18.9%) (29.5% - 56.7%) (95% Cl 1.06 —2.93)
94.1% 18.4% 56.9% 3.13
C/U ratio
(91.3% - 96.1%) (13.2% - 25.1%) | (43.3% - 69.7%) (1.92-5.11)
91.7% 14.0% 41.7% 1.69
UV flow
(88.6% - 94.1%) (9.4% - 20.1%) | (29.3% - 55.1%) (95% Cl 1.04 —2.73)
Composite 99.3% 6.7% 80.0% 9.45
risk score (97.8% —99.8%) (3.7% - 11.7%) (51.4% - 94.7%) (95% Cl 2.70 — 33.09)

Table 111. Prediction of a diagnosis of fetal compromise during labour

The negative predictive value, for caesarean section for presumed fetal compromise, of
ultrasound parameters suggestive of good placental function can also be assessed. For this

analysis a negative test was considered to be a UA PI <10™ centile, or an MCA PI, C/U ratio,

or UV flow >90" centile, or a composite risk score of 0-2 (Table 110).

Specificity Sensitivity NPV Negative Likelihood ratio
8.6% 94.2% 92.0%
UAPI 0.67 (95% Cl 0.25 — 1.81)
(6.4% - 11.4%) (85.1% - 98.1%) (79.9% - 97.4%)
9.5% 95.7% 94.4%
MCA PI 0.46 (95% Cl1 0.15—1.43)
(7.2% - 12.4%) (87.0% - 98.9%) | (83.7% - 98.6%)
10.7% 98.6% 98.3%
C/U ratio 0.14 (95% C1 0.02 — 0.98)
(8.2%-13.7%) | (91.1%-99.9%) | (89.5% - 99.9%)
10.3% 92.8% 91.7%
UV flow 0.70 (95% C1 0.29 — 1.69)
(7.9% - 13.3%) | (83.2%-97.3%) | (80.9% - 96.9%)
Composite 9.8% 97.1% 96.3%
0.30 (95% C1 0.07 — 1.20)
risk score (7.4% - 12.7%) (90.0% - 99.5%) | (86.2% - 99.4%)

Table 112. Negative predictive value and negative likelihood ratio of reassuring ultrasound parameters

Of all the Doppler parameters, a low C/U ratio (<10™ centile) had the best positive predictive
value for caesarean delivery (36.2%) and for fetal compromise during labour (56.9%), as well
as the highest positive likelihood ratios (4.40 and 3.13 respectively. A high C/U ratio (>90™
centile) also had the best negative predictive value for caesarean delivery (98.3%) and the

lowest negative likelihood ratio (0.14). Results from the early labour phase of this project
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suggest that babies with the lowest C/U ratios are 21 times more likely to require
emergency caesarean delivery for presumed fetal compromise than those with the highest
C/U ratios. Whilst the 95% confidence intervals for these measures do overlap with those of
the UA Pl and MCA PI, it should be noted that the study was not powered to demonstrate
statistically significant differences in these indices. Furthermore, regression analysis does
suggest that the C/U ratio is a better predictor of caesarean delivery for presumed fetal

compromise than either of its constituent components used alone.

The value of the C/U ratio as a marker of fetal compromise has been investigated in other
published reports. Devine et al evaluated a number of techniques used to monitor
postdates pregnancy including the C/U ratio, biophysical profile and AFI. They found a C/U

449 " siristatidis et al

ratio of <1.05 to be the most accurate predictor of adverse outcome
measured the C/U ratio of fetuses during abnormal CTG recordings, with caesarean section
being indicated if the C/U ratio was <1 for more than 2 minutes. They found the use of the
C/U ratio led to a significant reduction in rates of caesarean section, with no adverse effect
on neonatal outcome reported®. Data from this study supports these findings, but also
suggests that the C/U ratio can have a predictive role, identifying prior to active labour
fetuses at high and low risk of subsequently developing signs of fetal compromise. In
contrast, a recent report published by D’Antonio et al concluded the cerebro-umbilical ratio
was not predictive of adverse outcome in a population of otherwise normal post term

“5) " 1n the D’Antonio study the incidence of ‘adverse pregnancy outcome’ was

pregnancies
compared between fetuses above and below a C/U ratio cut off value. “Adverse pregnancy
outcome’ was defined as operative delivery for presumed fetal compromise (based on ST
segment analyses), but also umbilical artery pH<7.15 and a base excess < -11mmol/L. As a
result, the population of cases defined as having an adverse pregnancy outcome, is likely to
have included several cases where acidosis at delivery was not associated with signs of
compromise during labour. Neonatal outcomes from the early labour cohort in this study,
demonstrate that fetuses born by SVD had the second highest rate of acidosis at delivery. It
is therefore possible that the ‘adverse pregnancy outcome’ group of the D’Antonio study is
likely to have included several cases born by SVD. In fact, of the 58 cases the authors

reported as having an ‘adverse outcome’ only 22 were delivered by emergency caesarean

delivery.

Whilst the C/U ratio, used alone as a predictor of fetal compromise, may not have a positive

likelihood ratio sufficient to guide mode decisions regarding mode of delivery, the good
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negative likelihood ratio offered by a high C/U ratio does have potential to guide place of
delivery decisions in some circumstances. Knowledge that the likelihood of intra-partum
fetal compromise was extremely low, may encourage women to consider birth away from
an obstetric setting, which evidence suggests may be associated with reduced

intervention®?,

Whilst significant differences in fetal haemodynamics were observed between the different
mode of delivery groups, no significant variation was found in uterine artery Pl. The absence
of an association between uterine artery Pl and cases of intra-partum fetal compromise is
suggestive that the reduced placental function in these babies (evidenced by reduced C/U
ratios) is not the result of early abnormal placentation. Abnormal placentation is associated
with a raised uterine artery P13, secondary to the persistence of a high resistance placental

(249)

circulation This process is implicated in fetal growth restriction, with sub optimal

trophoblastic invasion and a failure of the conversion of spiral arteries to a low resistance

form during placental development the likely cause!**.

Both ultrasound parameters at 35-37 weeks gestation (Chapter 4) and 1% trimester B-
HCG/PAPP-A values (Chapter 5) showed no correlation with subsequent intra-partum fetal
compromise. These results are also suggestive that a reduction in placental function in the
late third trimester, rather than abnormal placentation per se, may predispose some
appropriately grown fetuses to intra-partum compromise. Alongside this concept of
‘placental ageing’, there is also potential for the fetal demands placed on the placenta to
change between 36 weeks gestation and term. Umbilical venous flow, which may be
considered representative of fetal oxygen and nutrient supply, gradually increases with

233) " This increased perfusion places increasing demands on both

advancing gestation
passive and active transport of nutrients, as well as gaseous transfer across the maternal-
fetal interface within the placenta. The placenta responds to these increasing demands with
a continuous increase in size throughout pregnancy”®. However, for a given birthweight,
placental weights are lower in SGA fetuses than their AGA counterparts'®, and reduced

©1) A failure

placental weight has also been associated with intra-partum fetal compromise
to maintain adequate placental growth to satisfy increasing fetal nutritional demands in late
gestation may therefore have an adverse influence on the feto-placental relationship,

predisposing the fetus to compromise in labour.
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Neonatal outcomes

Early labour ultrasound assessment was not found to be predictive of the neonatal condition
at birth, assessed using Apgar scores, umbilical artery pH and base excess, and the
requirement for neonatal unit admission. Interestingly, babies born by instrumental delivery
for presumed fetal compromise had the poorest condition at birth, whilst those delivered by
caesarean for presumed fetal compromise had the second best composite neonatal
outcome score of all mode of delivery groups. These results suggest that the condition at
birth may be influenced not only by fetal wellbeing throughout labour, but also by other
factors including the mode of delivery itself, and periods of intra-uterine fetal resuscitation.
For example, following a decision to deliver a fetus by emergency caesarean for presumed
fetal compromise, a mother may be treated with high concentration oxygen therapy, placed
in a left lateral position, and have any oxytocin augmentation stopped. These measures may
allow for improvement in the condition of the fetus. In contrast, the decision to deliver a
fetus by instrumental delivery may be followed by a prolonged and sometimes difficult
delivery, resulting in a potential deterioration in the neonatal outcome variables. Bloom et
al®) compared neonatal outcomes in infants delivered by emergency caesarean for fetal
compromise both within 30 minutes of the decision to deliver, and after 30 minutes.
Neonatal outcomes were worse in the group of infants delivered fastest. The authors
suggest this relates to the greater urgency with which the more clinically compromised
infants were delivered. However, it may also relate to the shorter period of “fetal
resuscitation” prior to delivery. This conclusion is supported by the author’s observation that
of the infants delivered greater than 30 minutes following a decision to deliver, 95% did not

experience a single measure of neonatal compromise.

The potential for neonatal outcome variables to be influenced in this way casts doubt on the
appropriateness of their frequent use as measures of intra-partum compromise. Whilst an
Apgar score <7 at five minutes is associated with an increased relative risk of subsequent
cerebral palsy, epilepsy, and cognitive impairment, the absolute risk of adverse outcomes in

I“57) " Evidence from magnetic resonance imaging (MRI) studies

these cases is still smal
suggest moderate or severe brain lesions are predominantly associated with an Apgar score
of <3 at one minute, and that even within this group, 28% of cases had normal imaging or

458 As demonstrated in the early labour cohort (incidence

only minor white matter changes
of Apgar <3 at one minute 0.8%, Apgar <7 at five minutes 1.0%), such low Apgar scores occur

very rarely within a normal population, meaning very large study populations are required to
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make statistically valid conclusions. As a consequence, many studies (including the current
project) evaluating intra-partum monitoring techniques as predictors of intra-partum
compromise have chosen to use the incidence of a less abnormal Apgar score as a marker of
neonatal outcome. However, in the absence of a correlation between these Apgar scores
and subsequent long term effects, it is impossible to conclude whether these scores are
associated with true intra-partum fetal compromise or a consequence of the delivery

process itself.

Low umbilical artery pH at delivery is associated with subsequent neonatal mortality and
long term morbidity. However, there is a strong dose-response relationship with the
association between a pH of <7.00 and adverse outcomes far stronger than that of a pH
<7.20 but >7.00*?". Whilst neonatal encephalopathy and subsequent cerebral palsy are rare
outcomes amongst a normal population, a pH of <7.20 at delivery occurs relatively
frequency, even amongst cases with no evidence of compromise during labour (25% in the
instrumental for prolonged 2" stage group). This suggests reductions in umbilical artery pH
may be a consequence of the mode of delivery itself, and not necessarily indicative of a

compromised fetus.
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The composite risk score

In Chapter 6, ultrasound markers from the early labour cohort were combined to create a
composite risk score. Using this scoring system, the excellent negative predictive value
(98.3%) conferred by a high C/U ratio is largely maintained, but a high composite risk score
offers a better positive predictive value than a low C/U ratio used in isolation (53.3% vs.
36.2%), and a better positive likelihood ratio (8.8 vs. 4.4). Whilst these results must be
interpreted with caution, as the 95% confidence intervals for these indices did overlap with
those of the individual ultrasound parameters, the study was not powered to demonstrate
these differences. A larger prospective study is required to confirm whether the composite

risk score offers additional benefit, beyond that of its constituent parameters.

The composite risk score identified a cohort of women, representing 9% of the study
population (54/604), in whom the likelihood of caesarean delivery for fetal compromise was
extremely low (3.7%). Recently, analysis of almost 14 million births in the United States
found significantly increased risk of an Apgar score of 0 at five minutes, neonatal seizures,
and significant neurological dysfunction in births that took place outside of a hospital

setting“®?.

Interestingly, births outside of a hospital setting were composed of a greater
proportion of multiparous women, pregnancies that should have a reduced incidence of
complications. The Birthplace in England and Wales study also demonstrated increased risk
of adverse neonatal outcomes in nulliparous women delivering outside of a hospital setting,

but also reduced intervention rates**?

. The composite risk score described here could be
used as a screening tool to guide decisions regarding birthplace setting, potentially reducing
the incidence of adverse outcomes in non-hospital settings. This technique could be easily
transferred to clinical practice, and used in this way would not result in the requirement to
image a large number of babies at term, given that currently only a small percentage of

women choose to have a homebirth®®?,

It is likely that prior knowledge regarding the
likelihood of the fetus becoming distressed in labour would influence maternal decision
making, potentially encouraging more women to consider birth outside an obstetric unit in

low risk cases, whilst ensuring high risk cases were delivered in an appropriate environment.
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Maternal Oxygen therapy

In chapter 7, the use of maternal Oxygen therapy as a potential therapeutic measure was
investigated. Maternal Oxygen therapy, at the dosage used in this study, did not lead to any
significant improvement in the measured Doppler indices. The study population was
predominantly composed of babies with ‘normal’ ultrasound parameters, in which an
increased risk of intra-partum fetal compromise was not anticipated. Further investigation
is required to evaluate maternal Oxygen therapy in an at risk population (i.e. babies with low

C/U ratios/high composite risk scores).

Why do increased operative delivery rates matter?

Globally, caesarean section rates have risen significantly over the last 30 years, with

4%2) " The introduction of continuous

fetal monitoring has been held partly responsible for this rise®. Whilst debate surrounds

considerable international variation from 0.4% to 40%

(463, 464)

the optimal caesarean section rate, , a frequently quoted figure of 15%, reached after

evaluating caesarean section rates in countries with the lowest rates of maternal and
neonatal mortality, was suggested by the World Health Organisation in 1985. Evidence also

suggests that whilst not resulting in improved outcomes, increased caesarean section rates

(465)

may result in increased maternal morbidity, even after adjustment for risk factors It is

estimated that in Latin America, home to some of the world’s highest caesarean section

rates, 1.5 million unnecessary caesarean sections are performed each year, contributing to

100 maternal deaths and 40000 cases of neonatal respiratory morbidity“®.

Caesarean section is now an extremely safe surgical procedure, but it does have recognised
complications. Liu et al compared spontaneous vaginal delivery with elective caesarean
section and found a three times higher rate of severe maternal morbidity in the elective
caesarean group. Within this study, the caesarean section group had an increased risk of

cardiac arrest (OR 5.1), venous thrombo-embolism (OR 2.1), infection (OR 3.1), and

467
)( ).

haemorrhage requiring hysterectomy (OR 2.1 Infants born by caesarean section are

known to have increased rates of respiratory complications when compared to those born

(468)

by vaginal delivery In less developed countries, where the risks associated with

(469)

caesarean delivery are greater'™”’, accurate identification of intra-partum fetal compromise

and the prevention of unnecessary caesarean section, is even more paramount.
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In the UK, where the current caesarean section rate is around 24%(470), a 1% rise is estimated

(471)

to cost the National Health Service an additional £5million each year Reducing
unnecessary caesarean sections may therefore result in both a reduction in morbidity and
mortality rates as well as financial expenditure. With the NHS facing some of the most
stringent financial restrictions in its history, safely reducing caesarean section rates, would

result in significant benefit to the NHS.

As a result of these potential benefits, obstetric units are now under increasing medical,
political, and economic pressure to reduce rates of caesarean section, and increase rates of
home births and those in midwifery led units. Experience from the recent Birthplace

(452) suggests planned delivery outside of an Obstetric unit is associated with a reduced

study
incidence of intervention and a higher percentage of “normal births”. When considering
multiparous women alone, no difference in adverse perinatal outcome was observed.
However, the babies of nulliparous women who planned a home delivery were at increased
risk of adverse outcomes. Furthermore, transfer rates from all non-obstetric units were
noted to be high, around 30% for nulliparous women and 6-8% for multiparous women.
This data suggests that whilst birth outside of an obstetric unit may be beneficial for some
low risk pregnancies, with reduced intervention and no increased risk of complications,
improved selection of women suitable for delivery outside of an obstetric unit is required.
Better risk stratification of pregnancies prior to labour, would facilitate more informed

decisions regarding mode and place of delivery, potentially reducing unnecessary

interventions, and improving both maternal and neonatal outcomes.
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Further work

Through this research study, ultrasound parameters have been identified that are associated
with both an increased and reduced incidence of fetal compromise during labour. The
observation that flow velocity waveforms of the umbilical artery, middle cerebral artery, and
umbilical vein, are indicative of placental function, even in the appropriately grown fetus,

raises several further research questions.

Can the predictive value of these markers be improved?

Whilst an increased UA PI, reduced MCA PI, reduced C/U ratio, and reduced UV flow rate
when measured in early labour were all associated with an increased incidence of
subsequent caesarean delivery for presumed fetal compromise, the positive predictive value
for all these markers used in isolation was low. Even when combined as a composite risk
score, the majority of caesarean deliveries for presumed fetal compromise still occurred in
cases outside the highest risk score group. Results from both the 36 week cohort and from
analysis of 1*" trimester B-HCG and PAPP-A levels suggest that normal pregnancies affected
by fetal compromise in labour are likely to have had an adequately functioning placenta for
the majority of the pregnancy, and that it is the change in placental function toward the end
of pregnancy that may manifest as intra-partum fetal compromise. It is therefore possible
that longitudinal assessment of UA Pl, MCA PI, the C/U ratio, and UV flow, in a cohort of
normal pregnancies, may identify cases in which there is a significant deterioration in these
markers in the last few weeks of pregnancy. Potentially, the degree of deterioration may be
a more accurate predictor of subsequent intra-partum fetal compromise than the absolute
value of these parameters when measured at term. This research question could be
answered by a prospective observational study, with a cohort of women with low risk
pregnancies recruited at 36 weeks. Ultrasound assessments could be performed weekly
until delivery, and intra-partum and neonatal outcomes correlated both with the absolute
values of each ultrasound parameter, but also with the gradient of change observed

between the weekly ultrasound assessments.

Multiple biochemical markers have been suggested to be informative of placental

function'®®),

Assessment of first trimester B-HCG and PAPP-A levels in this study did not
demonstrate a relationship with subsequent intra-partum fetal compromise, or with

ultrasound parameters measured at term. However, assessment of these markers, as well
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as others, in the third trimester or prior to labour, may be more informative of placental
function at that stage of pregnancy. Combining biochemical markers of placental function
with ultrasound parameters may result in a more predictive test. Furthermore, the use of
other techniques such as proteomics may offer further insight into fetal wellbeing. A
proteomic profile consistent with intra-amniotic inflammation has already been

d(472)

establishe and been demonstrated to correlate with non-reassuring features on fetal

(473)

heart rate monitoring in a pre-term population*™’”. Alterations in the proteomic signature of

(474)

umbilical cord blood has also been reported in cases of fetal growth restriction”™"™, and

markers of pre-eclampsia identified in maternal urine!*’>

. Application of this technique to
intra-partum fetal compromise may allow identification of new predictive or diagnostic

markers.

Is there potential for clinical application of this technique?

The observation that fetal haemodynamics provide information regarding placental function
in the appropriately grown fetus, as well as in cases of small for gestational age, may enable
better monitoring of routine pregnancy. Sadly, a significant proportion of stillbirths are
unexplained, occurring in routine pregnancies with no identifiable risk factors’®.  The
proportion of stillbirths classified as unexplained also increases with advancing gestation(m).
It is possible that at least some of these stillbirths occur following a deterioration of
placental function, in an already adequately grown fetus. Such deterioration may be
evidenced by changes in fetal haemodynamics.

(477)

Stillbirth is more common in post term pregnancy”™". As a result induction of labour after

41 weeks gestation is routinely offered to women at many Obstetric units. For older

mothers, due to the associated increased incidence of post-term stillbirth*’®

, induction may
be offered at earlier gestations. Whilst this policy is designed to reduce the incidence of still
birth, it is criticised by many vocal advocates of normal birth who insist it precipitates a

‘cascade of intervention’*’.

Currently, no technique exists to facilitate an individualised
approach to the management of postdates pregnancy. Potentially, assessment of fetal
haemodynamics at 41 weeks gestation (or earlier in older mothers) may enable
identification of pregnancies where placental function is relatively reduced which would
benefit from induction of labour, whilst also identifying those pregnancies with adequate

placental function where an expectant approach to management is appropriate. Such a

technique would result in a significant reduction in the number of women requiring
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induction of labour for post term pregnancy, and may result in both an increased incidence

of normal birth, and a reduced incidence of stillbirth.

Combining pre-labour assessment with current intra-partum monitoring regimes is another
potential clinical application of this technique. Continuous fetal heart rate monitoring is

4 " As a result the use of continuous monitoring in

hampered by its inherent poor specificity
routine pregnancy is not advised®. This policy is designed to limit the impact a test with a
high false positive rate has on this low risk cohort. However, women undergoing induction
of labour, where antenatal complications are limited to post-dates pregnancy, are not
afforded this protection and routinely have continuous fetal heart rate monitoring during
labour. As a result there is potential for greater intervention in these cases following the
occurrence of false positive fetal heart rate patterns. Whilst in induced labour it is
paramount to observe the frequency of stimulated uterine contractions, fetal heart rate
monitoring may not be a necessity in all cases. Assessment of fetal haemodynamics prior to
induction of labour could be used to allocate women to continuous or intermittent intra-
partum fetal monitoring. This technique could potentially reduce intervention rates in these

cases by limiting the exposure of all inductions to the poor specificity of continuous fetal

heart rate monitoring.

Recent publications

Recently, a number of studies have been published examining the association of a low C/U
ratio with adverse outcomes. These studies report retrospective data, that was not
collected with the subsequent analysis in mind. Nevertheless, they add to knowledge and

warrant consideration.

In 2014, Khalil et al reported a retrospective cohort study, examining data collected over a
14 year period at a tertiary referral hospital in the UK. All included cases had an ultrasound
assessment performed within 2 weeks of delivery. The authors report that the C/U ratio
(adjusted for gestation and presented as multiples of the median) was independently
associated with the risk of operative delivery for presumed fetal compromise (odds ratio
0.67, 95% CI 0.52 — 0.87, p=0.003), supporting the conclusions of our study. In their large
retrospective analysis, the authors were also able to demonstrate the C/U ratio as an
independent predictor of neonatal unit admission (odds ratio 0.55, 95% Cl 0.33 — 0.92,
p=0.021)"57,
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A further large cohort study was published in April 2015, in which Bakalis et al report a
retrospective analysis of data collected at three UK hospitals between May 2011 and August
20148, The authors examined data from ultrasound scans performed between 30 and 34
weeks gestation and the association of the C/U ratio measured at this gestation with a
number of subsequent adverse outcomes. The authors report that the C/U ratio was a poor
predictor of adverse outcome, but did note that the performance was improved in cases
scanned within 2 weeks of delivery. This retrospective analysis can therefore not be
compared to the prospective data reported in our study. There is clearly significant
potential for placental function to change between an ultrasound assessment at 30-34
weeks gestation and subsequent delivery at term. While the number of patients in this
retrospective analysis is large (30,780), only 27 cases underwent Caesarean delivery for
presumed fetal compromise within two weeks of the ultrasound assessment, less than half
the number reported in our prospective study. Furthermore, these cases would by
definition have been delivered premature (<37 weeks gestation) and the results of this study

are therefore likely to be significantly confounded.

A further study published by the same research group evaluated the performance of the C/U
ratio measured at 35 — 38 weeks gestation , again concluding the C/U ratio was a poor

(“482) However, the authors reported the C/U ratio was more

predictor of adverse outcome
predictive of caesarean delivery for presumed fetal compromise when the assessment was
performed within two weeks of delivery. Despite a large number of included cases (6038),
only 59 caesarean deliveries for presumed fetal compromise occurred within two weeks of
the ultrasound assessment. Importantly, in each of these retrospective studies, staff
managing the labour would not have been blinded to the ultrasound assessment.
Furthermore, the latter two studies were conducted across 3 different sites, with potential
for significant disparity in the threshold required for a diagnosis of intra-partum fetal
compromise. Despite their limitations, these studies do suggest that when measured distant
from labour, the performance of the C/U ratio or other parameters to predict intra-partum
compromise are likely to be diminished. Neither study assessed the predictive performance
of a high C/U, which in our study proved to have a close to 100% negative predictive value

for caesarean delivery for presumed fetal compromise and negative likelihood ratio of 0.14

(95% C10.02 —0.98).
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Conclusion

Ultrasound assessment in early labour can identify babies at high and low risk of subsequent
intra-partum compromise. The C/U ratio is the most predictive individual parameter, but
combining assessment of the UA PI, MCA PI, C/U ratio and UV flow as a composite risk score
may be more predictive than any parameter used in isolation. Whilst additional prospective
studies are required to further evaluate the clinical application of this technique, potential
applications include risk stratification of pregnancies prior to labour, to enable more
informed decisions regarding place of delivery, as well as enabling a more targeted approach

to intra-partum monitoring.

The observation that fetal Dopplers are indicative of placental function, even amongst
appropriately grown fetuses, means they may be further utilised in fetal assessment. For
example, this technique has potential to be used in the management of post-dates
pregnancy. Babies with reduced placental function at risk of stillbirth, in whom induction of
labour would be beneficial, could be distinguished from those with good placental function
where expectant management may be more appropriate. Further investigation of this

technique using randomised controlled trials is essential before any clinical application.

238



References

1. Clark SL, Hankins GDV. Temporal and demographic trends in cerebral palsy—Fact
and fiction. American journal of obstetrics and gynecology 2003; 188(3): 628-33.

2. Blair E, Stanley F. Intrapartum asphyxia: a rare cause of cerebral palsy. J Pediatr
1988; 112(4)(Apr): 515-9.

3. Perlman JM. Intrapartum Hypoxic-Ischemic Cerebral Injury and Subsequent Cerebral
Palsy: Medicolegal Issues. Pediatrics 1997; 99(6): 851-9.

4, Graham EM, Ruis KA, Hartman AL, Northington FJ, Fox HE. A systematic review of

the role of intrapartum hypoxia-ischemia in the causation of neonatal encephalopathy.
American journal of obstetrics and gynecology 2008; 199(6): 587-95.

5. Okereafor A, Allsop J, Counsell SJ, et al. Patterns of Brain Injury in Neonates Exposed
to Perinatal Sentinel Events. Pediatrics 2008; 121(5): 906-14.

6. Johnson SL, Blair E, Stanley FJ. Obstetric malpractice litigation and cerebral palsy in
term infants. Journal of Forensic and Legal Medicine 2011; 18(3): 97-100.

7. NHSLA. Ten years of maternity claims: An analysis of NHS litigation authority data.
2012; (October).

8. Lach L, Kohen D, Garner R, et al. The health and psychosocial functioning of

caregivers of children with neurodevelopmental disorders. Disabil Rehabil 2009; 31(9): 741-
52.

9. Alfirevic Z, Devane D, Gyte G. Continuous cardiotocography (CTG) as a form of
electronic fetal monitoring (EFM) for fetal assessment during labour. Cochrane Database
Syst Rev 2013; 31;5(May): CD006066. doi: 10.1002/14651858.CD006066.pub?2.

10. Driul L, Londero A, Della Martina M, et al. Intrauterine growth restriction and
pregnancy outcome. Minerva Ginecol 2008; 60(3)(Jun): 231-8.

11. Marconi AM, Ronzoni S, Vailati S, Bozzetti P, Morabito A, Battaglia FC. Neonatal
Morbidity and Mortality in Intrauterine Growth Restricted (IUGR) Pregnancies Is Predicated
Upon Prenatal Diagnosis of Clinical Severity. Reproductive Sciences 2009; 16(4): 373-9.

12. Low JA, Pickersgill H, Killen H, Derrick EJ. The prediction and prevention of
intrapartum fetal asphyxia in term pregnancies. American journal of obstetrics and
gynecology 2001; 184(4): 724-30.

13. Janbu T, Nesheim B. Uterine artery blood velocities during contractions in pregnancy
and labour related to intrauterine pressure. Br J Obstet Gynaecol 1987; 94(12)(Dec): 1150-5.
14. ACOG. ACOG Practice bulletin no. 134: fetal growth restriction. Obstet Gynecol
2013; 121(5)(May): 1122-33. .

15. Villar J, Belizan J. The evaluation of the methods used in the diagnosis of intrauterine
growth retardation. Obstet Gynecol Surv 1986; 41(4)(Apr): 187-99.
16. Hadlock F, Deter R, Harrist R. Sonographic detection of abnormal fetal growth

patterns. Clin Obstet Gynecol 1984; 27(2)(Jun): 342-51.

17. Robinson J. Growth of the fetus. Br Med Bull 1979; 35(2)(May): 137-44.

18. Moran M, McAuliffe FM. Imaging and assessment of placental function. Journal of
Clinical Ultrasound 2011; 39(7): 390-8.

19. Abramowicz JS, Sheiner E. Ultrasound of the Placenta: A Systematic Approach. Part
II: Functional Assessment (Doppler). Placenta 2008; 29(11): 921-9.

20. Kirkegaard I, Uldbjerg N, Oxvig C. Biology of pregnancy-associated plasma protein-A
in relation to prenatal diagnostics: an overview. Acta Obstetricia et Gynecologica
Scandinavica 2010; 89(9): 1118-25.

21. Vrachnis N, Kalampokas E, Sifakis S, et al. Placental growth factor (PIGF): a key to
optimizing fetal growth. Journal of Maternal-Fetal and Neonatal Medicine 2013; 26(10): 995-
1002.

239



22. Eremia SC, de Boo HA, Bloomfield FH, Oliver MH, Harding JE. Fetal and Amniotic
Insulin-Like Growth Factor-l Supplements Improve Growth Rate in Intrauterine Growth
Restriction Fetal Sheep. Endocrinology 2007; 148(6): 2963-72.

23. Montanari L, Alfei A, Albonico G, et al. The impact of first-trimester serum free beta-
human chorionic gonadotropin and pregnancy-associated plasma protein A on the diagnosis
of fetal growth restriction and small for gestational age infant. Fetal Diagn Ther 2009;
(25(1)): 130-5. doi: 10.1159/000207554.

24, Eunson P. The long-term health, social, and financial burden of hypoxic—ischaemic
encephalopathy. Developmental Medicine & Child Neurology 2015; 57: 48-50.

25. Kurinczuk JJ, White-Koning M, Badawi N. Epidemiology of neonatal encephalopathy
and hypoxic—ischaemic encephalopathy. Early human development 2010; 86(6): 329-38.

26. Mclintyre S, Taitz D, Keogh J, Goldsmith S, Badawi N, Blair EVE. A systematic review
of risk factors for cerebral palsy in children born at term in developed countries.
Developmental Medicine & Child Neurology 2013; 55(6): 499-508.

27. Goldenberg RL, McClure EM, Bann CM. The relationship of intrapartum and
antepartum stillbirth rates to measures of obstetric care in developed and developing
countries. Acta Obstetricia et Gynecologica Scandinavica 2007; 86(11): 1303-9.

28. Walker KF, Cohen AL, Walker SH, Allen KM, Baines DL, Thornton JG. The dangers of
the day of birth. BJOG: An International Journal of Obstetrics & Gynaecology 2014; 121(6):
714-8.

29. Lawn J, Shibuya K, Stein C. No cry at birth: global estimates of intrapartum stillbirths
and intrapartum-related neonatal deaths. Bull World Health Organ 2005; 83(6)(Jun): 409-17.
30. Lawn JE, Cousens S, Zupan J. 4 million neonatal deaths: When? Where? Why? The
Lancet 2005; 365(9462): 891-900.

31. Lawn J. Four Million Neonatal Deaths: an Analysis of available Cause-of-Death Data
and Systematic Country Estimates with a Focus on “Birth Asphyxia” Institute of Child Health,
University College London 2009.

32. Wall SN, Lee ACC, Carlo W, et al. Reducing Intrapartum-Related Neonatal Deaths in
Low- and Middle-Income Countries—What Works? Seminars in perinatology 2010; 34(6):
395-407.

33. Murray DM, Bala P, O’Connor CM, Ryan CA, Connolly S, Boylan GB. The predictive
value of early neurological examination in neonatal hypoxic—ischaemic encephalopathy and
neurodevelopmental outcome at 24 months. Developmental Medicine & Child Neurology
2010; 52(2): e55-e9.

34. Sarnat HB, Sarnat MS. Neonatal encephalopathy following fetal distress: A clinical
and electroencephalographic study. Archives of Neurology 1976; 33(10): 696-705.
35. Robertson C, Finer N, Grace M. School performance of survivors of neonatal

encephalopathy associated with birth asphyxia at term. J Pediatr 1989 114(5)(May): 753-60.
36. van Schie PEM, Schijns J, Becher JG, Barkhof F, van Weissenbruch MM, Vermeulen
RJ. Long-term motor and behavioral outcome after perinatal hypoxic-ischemic
encephalopathy. European Journal of Paediatric Neurology 2015; 19(3): 354-9.

37. Perez A, Ritter S, Brotschi B, et al. Long-Term Neurodevelopmental Outcome with
Hypoxic-Ischemic Encephalopathy. The Journal of Pediatrics 2013; 163(2): 454-9.e1.

38. NHSLA. NHSLA. Reports and accounts 2012/13. 2013.

39. National Audit Office. Maternity services in england. 2013; (November).

40. Librach C, Werb Z, Fitzgerald M, et al. 92-kD type IV collagenase mediates invasion
of human cytotrophoblasts. J Cell Biol 1991; 113(2):( Apr;): 437-49.

41. Lyall F, Bulmer JN, Kelly H, Duffie E, Robson SC. Human Trophoblast Invasion and
Spiral Artery Transformation: The Role of Nitric Oxide. The American Journal of Pathology
1999; 154(4): 1105-14.

240



42. Linzke N, Schumacher A, Woidacki K, Croy BA, Zenclussen AC. Carbon Monoxide
Promotes Proliferation of Uterine Natural Killer Cells and Remodeling of Spiral Arteries in
Pregnant Hypertensive Heme Oxygenase-1 Mutant Mice. Hypertension 2014; 63(3): 580-8.
43. Srisuparp S, Strakova Z, Fazleabas AT. The Role of Chorionic Gonadotropin (CG) in
Blastocyst Implantation. Archives of medical research 2001; 32(6): 627-34.

44, Lawrence JB, Oxvig C, Overgaard MT, et al. The insulin-like growth factor (IGF)-
dependent IGF binding protein-4 protease secreted by human fibroblasts is pregnancy-
associated plasma protein-A. Proceedings of the National Academy of Sciences 1999; 96(6):
3149-53.

45, Murthi P, Kalionis B, Rajaraman G, Keogh R, Da Silva Costa F. The role of homeobox
genes in the development of placental insufficiency. Fetal Diagn Ther 2012; 32(4): 225-30.
doi: 10.1159/000339657. .

46. Kaufmann P, Black S, Huppertz B. Endovascular Trophoblast Invasion: Implications
for the Pathogenesis of Intrauterine Growth Retardation and Preeclampsia. Biology of
Reproduction 2003; 69(1): 1-7.

47. Pardi G, Marconi A, Cetin I. Pathophysiology of intrauterine growth retardation: role
of the placenta. Acta Paediatr Suppl 1997; 423(Nov): 170-2.

48. Pardi G, Marconi AM, Cetin |. Placental-fetal Interrelationship in IUGR Fetuses—A
Review. Placenta 2002; 23: S136-541.

49, Goldman-Wohl D, Yagel S. Regulation of trophoblast invasion: from normal
implantation to pre-eclampsia. Molecular and Cellular Endocrinology 2002; 187(1-2): 233-8.
50. Plaks V, Rinkenberger J, Dai J, et al. Matrix metalloproteinase-9 deficiency

phenocopies features of preeclampsia and intrauterine growth restriction. Proceedings of
the National Academy of Sciences 2013; 110(27): 11109-14.

51. Zhou Y, McMaster M, Woo K, et al. Vascular Endothelial Growth Factor Ligands and
Receptors That Regulate Human Cytotrophoblast Survival Are Dysregulated in Severe
Preeclampsia and Hemolysis, Elevated Liver Enzymes, and Low Platelets Syndrome. The
American Journal of Pathology 2002; 160(4): 1405-23.

52. Le Bouteiller P, Solier C, Proll J, Aguerre-Girr M, Fournel S, Lenfant F. Mini
symposium. The major histocompatibility complex in pregnancy: Part Il. Placental HLA-G
protein expression in vivo: where and what for? Human Reproduction Update 1999; 5(3):
223-33.

53. Rouas-Freiss N, Marchal RE, Kirszenbaum M, Dausset J, Carosella ED. The al domain
of HLA-G1 and HLA-G2 inhibits cytotoxicity induced by natural killer cells: Is HLA-G the public
ligand for natural killer cell inhibitory receptors? Proceedings of the National Academy of
Sciences 1997; 94(10): 5249-54.

54. Kovo M, Schreiber L, Bar J. Placental vascular pathology as a mechanism of disease
in pregnancy complications. Thrombosis Research 2013; 131, Supplement 1(0): S18-S21.
55. Cetin |, Marconi A, Bozzetti P, et al. Umbilical amino acid concentrations in

appropriate and small for gestational age infants: a biochemical difference present in utero.
Am J Obstet Gynecol 1988; 158(1)(Jan): 120-6.

56. Loukeris K, Sela R, Baergen RN. Syncytial Knots as a Reflection of Placental Maturity:
Reference Values for 20 to 40 Weeks' Gestational Age. Pediatric and Developmental
Pathology 2010; 13(4): 305-9.

57. Spinillo A, Gardella B, Bariselli S, Alfei A, Silini E, Dal Bello B. Placental
histopathological correlates of umbilical artery Doppler velocimetry in pregnancies
complicated by fetal growth restriction. Prenatal Diagnosis 2012; 32(13): 1263-72.

58. Roberts DJ, Post MD. The placenta in pre-eclampsia and intrauterine growth
restriction. Journal of Clinical Pathology 2008; 61(12): 1254-60.

241



59. Vedmedovska N, Rezeberga D, Teibe U, Melderis |, Donders GG. Microscopic lesions
of placenta and Doppler velocimetry related to fetal growth restriction. Arch Gynecol Obstet
2011; 284(5): 1087-93.

60. Heinonen S, Taipale P, Saarikoski S. Weights of Placentae From Small-for-Gestational
Age Infants Revisited. Placenta 2001; 22(5): 399-404.

61. Husslein H, Moswitzer B, Leipold H, Moertl M, Worda C. Low placental weight and
risk for fetal distress at birth. J Perinat Med 2012; 20;0(0)(Jun): 1-3. doi: 10.1515/jpm-2012-
0085.

62. Bonds D, Gabbe S, Kumar S, Taylor T. Fetal weight/placental weight ratio and
perinatal outcome. Am J Obstet Gynecol 1984; 15;149(2)(May): 195-200.

63. Rosenberg K, Trevathan W. Birth, obstetrics and human evolution. BJOG: An
International Journal of Obstetrics & Gynaecology 2002; 109(11): 1199-206.

64. Fleischer A, Anyaegbunam A, Schulman H, Farmakides G, Randolph G. Uterine and
umbilical artery velocimetry during normal labor. Am J Obstet Gynecol 1987; 157(1)(Jul): 40-
3.

65. Li H, Gudmundsson S, Olofsson P. Acute centralization of blood flow in compromised
human fetuses evoked by uterine contractions. Early human development 2006; 82(11):
747-52.

66. Wladimiroff J, vd Wijngaard J, Degani S, Noordam M, van Eyck J, Tonge H. Cerebral
and umbilical arterial blood flow velocity waveforms in normal and growth-retarded
pregnancies. Obstet Gynecol Surv 1987; 69(5)(May): 705-9.

67. Lindgvist PG, Molin J. Does antenatal identification of small-for-gestational age
fetuses significantly improve their outcome? Ultrasound in Obstetrics and Gynecology 2005;
25(3): 258-64.

68. Bakker P, Kurver P, Kuik D, Van Geijn H. Elevated uterine activity increases the risk of
fetal acidosis at birth. Am J Obstet Gynecol 2007; 196(4)(Apr): 313.e1-6.

69. Arulkumaran S, Gibb D, Lun K, Heng S, Ratnam S. The effect of parity on uterine
activity in labour. Br J Obstet Gynaecol 1984; 91(9)(Sep): 843-8.

70. Brar H, Platt L, DeVore G, Horenstein J, Medearis A. Qualitative assessment of
maternal uterine and fetal umbilical artery blood flow and resistance in laboring patients by
Doppler velocimetry. Am J Obstet Gynecol 1988; 158(4)(Apr): 952-6.

71. Olofsson P, Thuring-Jonsson A, Marsal K. Uterine and umbilical circulation during the
oxytocin challenge test. Ultrasound in Obstetrics and Gynecology 1996; 8(4): 247-51.
72. Li H, Gudmundsson S, Olofsson P. Acute increase of umbilical artery vascular flow

resistance in compromised fetuses provoked by uterine contractions. Early human
development 2003; 74(1): 47-56.

73. Fu J, Olofsson P. Intracerebral regional distribution of blood flow in response to
uterine contractions in growth-restricted human fetuses. Early human development 2007;
83(9): 607-12.

74. Szydlowska K, Tymianski M. Calcium, ischemia and excitotoxicity. Cell Calcium 2010;
47(2):122-9.
75. Phillis JW, O’Regan MH. Characterization of modes of release of amino acids in the

ischemic/reperfused rat cerebral cortex. Neurochemistry International 2003; 43(4-5): 461-7.
76. Pivovarova NB, Nguyen HV, Winters CA, Brantner CA, Smith CL, Andrews SB.
Excitotoxic Calcium Overload in a Subpopulation of Mitochondria Triggers Delayed Death in
Hippocampal Neurons. The Journal of Neuroscience 2004; 24(24): 5611-22.

77. Jensen A, Garnier Y, Middelanis J, Berger R. Perinatal brain damage—from
pathophysiology to prevention. European journal of obstetrics, gynecology, and
reproductive biology 2003; 110: S70-S9.

242



78. Davies KJ, Goldberg AL. Oxygen radicals stimulate intracellular proteolysis and lipid
peroxidation by independent mechanisms in erythrocytes. Journal of Biological Chemistry
1987; 262(17): 8220-6.

79. Hossmann K. The hypoxic brain. Insights from ischemia research. Adv Exp Med Biol
1999.; 474: 155-69.
80. Berger R, Jensen A, Krieglstein J, Steigelmann J. Effects of acute asphyxia on brain

energy metabolism in fetal guinea pigs near term. ) Dev Physiol 1991; 16(1)(Jul): 9-11.

81. Lafemina MJ, Sheldon RA, Ferriero DM. Acute Hypoxia-lschemia Results in Hydrogen
Peroxide Accumulation in Neonatal But Not Adult Mouse Brain. Pediatr Res 2006; 59(5):
680-3.

82. Williams C, Gunn A, Mallard C, Gluckman P. Outcome after ischemia in the
developing sheep brain: an electroencephalographic and histological study. Ann Neurol
1992; 31(1)(Jan): 14-21.

83. Norman M. Perinatal brain damage. Perspect Pediatr Pathol 1978; 4: 41-92.

84. Berger R, Garnier Y. Pathophysiology of perinatal brain damage. Brain Research
Reviews 1999; 30(2): 107-34.

85. Szymonowicz W, Schafler K, Cussen L, Yu V. Ultrasound and necropsy study of
periventricular haemorrhage in preterm infants. Arch Dis Child 1984; 59(7)(Jul): 637-42.

86. Kergaradec MJAL. Memoire sur I’Auscultation applique a I'Etude de la Grossesse ou
Recherches sur deux nouveaux signs propres a faire reconnoitre plusiers circonstances de
I'Etat de Gestation: lu a I’Academie royal de medicine dans sa séance generale du 26
decembre 1821. Paris 1822.

87. Haus CJ. Die Auscultation in Bezug auf Schwangerschaft. Wurxburg 1823.

88. Schwartz H. Die vorzetigen Athembewegungen. Leipzig 1858.

89. Seitz L. Die Fotalen Herztone wahrend der Geburt. Habilitation, Munchen 1903.

90. Hon E. The electronic evaluation of the fetal heart rate. Preliminary report. Am J
Obstet Gynecol 1958; 75: 1215-30.
91. Callagan D, Rowland T, Goldman D. Ultrasonic Doppler observation of the fetal

heart. Obstetrics and Gynecology, Philadelphia 1964; 23: 637-41.

92. Steer P. Surveillance during labour. J Perinat Med 2009; 37(5): 451-6.

93. Graham E, Petersen S, Christo D, Fox H. Intrapartum electronic fetal heart rate
monitoring and the prevention of perinatal brain injury. Obstet Gynecol Surv 2006; 108(3 Pt
1)(Sep): 656-66.

94, Nelson KB, Dambrosia JM, Ting TY, Grether JK. Uncertain Value of Electronic Fetal
Monitoring in Predicting Cerebral Palsy. New England Journal of Medicine 1996; 334(10):
613-9.

95. Ayres-de-Campos D, Bernardes J, Costa-Pereira A, Pereira-Leite L. Inconsistencies in
classification by experts of cardiotocograms and subsequent clinical decision. Br J Obstet
Gynaecol 1999; 106(12)(Dec): 1307-10.

96. Bernardes J, Costa-Pereira A, Ayres-de-Campos D, Geijn HPv, Pereira-Leite L.
Evaluation of interobserver agreement of cardiotocograms. International Journal of
Gynecology & Obstetrics 1997; 57(1): 33-7.

97. FIGO. Intrapartum surveillance: recommendations on current practice and overview
of new developments. FIGO Study Group on the Assessment of New Technology.
International Federation of Gynecology and Obstetrics. Int J Gynaecol Obstet 1995;
49(2)(May): 213-21.

98. ACOG. ACOG Practice Bulletin No. 106: Intrapartum fetal heart rate monitoring:
nomenclature, interpretation, and general management principles. Obstet Gynecol 2009;
114(1)(Jul): 192-202.

99. NICE. The use of electronic fetal monitoring. 2001; (May).

243



100. Byford S, Weaver E, Anstey C. Has the incidence of hypoxic ischaemic
encephalopathy in Queensland been reduced with improved education in fetal surveillance
monitoring? Australian and New Zealand Journal of Obstetrics and Gynaecology 2014; 54(4):
348-53.

101. Santo S, Ayres-de-Campos D. Human factors affecting the interpretation of fetal
heart rate tracings: an update. Curr Opin Obstet Gynecol 2012; 24(2)(Mar): 84-8.

102. Boog G. Asphyxie périnatale et infirmité motrice d’origine cérébrale (Il — Implications
médico-légales et prévention). Gynécologie Obstétrique & Fertilité 2011; 39(3): 146-73.

103.  Williams B, Arulkumaran S. Cardiotocography and medicolegal issues. Best Practice
& Research Clinical Obstetrics & Gynaecology 2004; 18(3): 457-66.

104. Bernardes J, Moura C, de Sa J, Leite L. The Porto system for automated
cardiotocographic signal analysis. J Perinat Med 1991; 19(1-2): 61-5.

105. Costa A, Ayres-de-Campos D, Costa F, Santos C, Bernardes J. Prediction of neonatal
acidemia by computer analysis of fetal heart rate and ST event signals. American journal of
obstetrics and gynecology 2009; 201(5): 464.e1-.e6.

106. Nielsen P, Stigsby B, Nickelsen C, Nim J. Computer assessment of the intrapartum
cardiotocogram. Il. The value of compared with visual assessment. Acta Obstet Gynecol
Scand 1988; 67(5): 461-4.

107. Dawes G, Meir Y, Mandruzzato G. Computerized evaluation of fetal heart-rate
patterns. J Perinat Med 1994; 22(6): 491-9.

108.  Ayres-de-Campos D, Ugwumadu A, Banfield P, et al. A randomised clinical trial of
intrapartum fetal monitoring with computer analysis and alerts versus previously available
monitoring. BMC Pregnancy Childbirth 2010; 10:71. doi: 10.1186/1471-2393-10-71.(Oct 28).
109. Ananth C, Chauhan S, Chen H, D'Alton M, Vintzileos A. Electronic fetal monitoring in
the United States: temporal trends and adverse perinatal outcomes. Obstet Gynecol 2013;
121(5)(May): 927-33.

110.  Resnik R. Electronic fetal monitoring: the debate goes on...and on...and on. Obstet
Gynecol 2013; May(121(5)): 917-8.

111. Thacker S, Stroup D, Chang M. Continuous electronic heart rate monitoring for fetal
assessment during labor. Cochrane Database Syst Rev 2006;; (3):CD000063.

112.  Alfirevic Z, Devane D, Gyte G. Continuous cardiotocography (CTG) as a form of
electronic fetal monitoring (EFM) for fetal assessment during labour. Cochrane Database
Syst Rev 2006; 19;(3):CD006066.(Jul ).

113. Beard R, Filshie G, Knight C, Roberts G. The significance of the changes in the
continuous fetal heart rate in the first stage of labour. ) Obstet Gynaecol Br Commonw 1971;
78(10)(Oct): 865-81.

114. Chandraharan E, Arulkumaran S. Prevention of birth asphyxia: responding
appropriately to cardiotocograph (CTG) traces. Best Practice & Research Clinical Obstetrics &
Gynaecology 2007; 21(4): 609-24.

115. Saling E. A new method for examination of the child during labor. Introduction,
technic and principles. Arch Gynakol 1962; 197: 108-22.

116.  Weisbrot I, James L, Prince C, Holaday D, Apgar V. Acid-base homeostasis of the
newborn infant during the first 24 hours of life. J Pediatr 1958; 52(4)(Apr): 395-403.

117. Mahendru AA, Lees CC. Is intrapartum fetal blood sampling a gold standard
diagnostic tool for fetal distress? European Journal of Obstetrics & Gynecology and
Reproductive Biology 2011; 156(2): 137-9.

118.  Alfirevic Z, Devane D, Gyte G. Continuous cardiotocography (CTG) as a form of
electronic fetal monitoring (EFM) for fetal assessment during labour. Cochrane Database
Syst Rev 2006; 19;(3)(Jul): CD006066.

119. Greene K. Scalp blood gas analysis. Obstet Gynecol Clin North Am 1999; 26(4)(Dec):
641-56, vii.

244



120. East C, Leader L, Sheehan P, Henshall N, Colditz P. Intrapartum fetal scalp lactate
sampling for fetal assessment in the presence of a non-reassuring fetal heart rate trace.
Cochrane Database Syst Rev 2010; 17;(3)(Mar): CD006174. doi:
10.1002/14651858.CD006174.pub?2.

121.  Steer P. Is fetal blood sampling and pH estimation helpful or harmful? Arch Dis Child
1987; 62(11)(Nov): 1097-8.

122.  Kruger K, Hallberg B, Blennow M, Kublickas M, Westgren M. Predictive value of fetal
scalp blood lactate concentration and pH as markers of neurologic disability. Am J Obstet
Gynecol 1999; 181(5 Pt 1)(Nov): 1072-8.

123.  Westgren M, Kruger K, Ek S, et al. Lactate compared with pH analysis at fetal scalp
blood sampling: a prospective randomised study. Br J Obstet Gynaecol 1998; 105(1)(Jan): 29-
33.

124.  Wiberg-Itzel E, Lipponer C, Norman M, et al. Determination of pH or lactate in fetal
scalp blood in management of intrapartum fetal distress: randomised controlled multicentre
trial. BMJ 2008; 336(7656): 1284-7.

125. Ramanah R, Martin A, Riethmuller D, Maillet R, Schaal JP. Intérét de la mesure des
lactates au scalp foetal au cours du travail. Etude comparative avec le pH au scalp.
Gynécologie Obstétrique & Fertilité 2005; 33(3): 107-12.

126.  Borruto F, Comparetto C, Treisser A. Prevention of cerebral palsy during labour: role
of foetal lactate. Arch Gynecol Obstet 2008; 278(1): 17-22.

127.  Heinis AMF, Spaanderman ME, Gunnewiek JMTK, Lotgering FK. Scalp blood lactate
for intra-partum assessment of fetal metabolic acidosis. Acta Obstetricia et Gynecologica
Scandinavica 2011; 90(10): 1107-14.

128.  Greene K, Dawes G, Lilja H, Rosén K. Changes in the ST waveform of the fetal lamb
electrocardiogram with hypoxemia. Am J Obstet Gynecol 1982; 15;144(8)(Dec ): 950-8.

129. Neilson J. Fetal electrocardiogram (ECG) for fetal monitoring during labour.
Cochrane Database Syst Rev 2012; 18;4(Apr): CD000116. doi:
10.1002/14651858.CD000116.pub3.

130. Westgate J, Harris M, Curnow JSH, Greene KR. Plymouth randomized trial of
cardiotocogram only versus ST waveform plus cardiotocogram for intrapartum monitoring in
2400 cases. American journal of obstetrics and gynecology 1993; 169(5): 1151-60.

131. Salmelin A, Wiklund |, Bottinga R, et al. Fetal monitoring with computerised ST
analysis during labor: a systematic review and meta-analysis. Acta Obstet Gynecol Scand
2012; 19. doi: 10.1111/j.1600-0412.2012.12009.x.(Sep).

132. Amer-Wahlin 1, Hellsten C, Norén H, et al. Cardiotocography only versus
cardiotocography plus ST analysis of fetal electrocardiogram for intrapartum fetal
monitoring: a Swedish randomised controlled trial. The Lancet 2001; 358(9281): 534-8.

133.  Doria V, Papageorghiou AT, Gustafsson A, Ugwumadu A, Farrer K, Arulkumaran S.
Review of the first 1502 cases of ECG-ST waveform analysis during labour in a teaching
hospital. BJOG: An International Journal of Obstetrics & Gynaecology 2007; 114(10): 1202-7.
134.  Amer-Wahlin |, Ingemarsson |, Marsal K, Herbst A. Fetal heart rate patterns and ECG
ST segment changes preceding metabolic acidaemia at birth. BJOG: An International Journal
of Obstetrics & Gynaecology 2005; 112(2): 160-5.

135. Kwee A, van der Hoorn-van den Beld C, Veerman J, Dekkers A, Visser G. STAN® S21
fetal heart monitor for fetal surveillance during labor: an observational study in 637
patients. Journal of Maternal-Fetal and Neonatal Medicine 2004; 15(6): 400-7.

136. Westerhuis M, Kwee A, Van Ginkel AA, Drogtrop AP, Gyselaers WIJA, Visser GHA.
Limitations of ST analysis in clinical practice: three cases of intrapartum metabolic acidosis.
BJOG: An International Journal of Obstetrics & Gynaecology 2007; 114(10): 1194-201.

137. Johnson N, Johnson V, Bannister J, Lilford R. Measurement of fetal peripheral
perfusion with a pulse oximeter. Lancet 1989; 22;1(8643):898.(Apr).

245



138.  Gardosi J, Carter M, Becket T. Continuous intrapartum monitoring of fetal Oxygen
saturation. The Lancet 1989; 334(8664): 692-3.

139. Chan ED, Chan MM, Chan MM. Pulse oximetry: Understanding its basic principles
facilitates appreciation of its limitations. Respiratory Medicine 2013; 107(6): 789-99.

140. East CE, Colditz PB, Begg LM, Brennecke SP. Update on intrapartum fetal pulse
oximetry. Australian and New Zealand Journal of Obstetrics and Gynaecology 2002; 42(2):
119-24.

141. Johnson N, Johnson V, Fisher J, Jobbings B, Bannister J, Lilford R. Fetal monitoring
with pulse oximetry. Br J Obstet Gynaecol 1991; 98(1)(Jan): 36-41.

142.  Johnson N, Johnson VA. Continuous fetal monitoring with a pulse oximeter: A case
of cord compression. American journal of obstetrics and gynecology 1989; 161(5): 1295-6.
143.  Seelbach-Gobel B, Heupel M, Kihnert M, Butterwegge M. The prediction of fetal
acidosis by means of intrapartum fetal pulse oximetry. American journal of obstetrics and
gynecology 1999; 180(1): 73-81.

144. Bloom S, Swindle R, Mcintire D, Leveno K. Fetal pulse oximetry: duration of
desaturation and intrapartum outcome. Obstet Gynecol 1999; 93(6)(Jun): 1036-40.

145. McNamara H, Chung D, Lilford R, Johnson N. Do fetal pulse oximetry readings at
delivery correlate with cord blood oxygenation and acidaemia? Br J Obstet Gynaecol 1992;
99(9)(Sep): 735-8.

146.  Garite TJ, Dildy GA, McNamara H, et al. A multicenter controlled trial of fetal pulse
oximetry in the intrapartum management of nonreassuring fetal heart rate patterns.
American journal of obstetrics and gynecology 2000; 183(5): 1049-58.

147.  Kiihnert M, Schmidt S. Intrapartum management of nonreassuring fetal heart rate
patterns: A randomized controlled trial of fetal pulse oximetry. American journal of
obstetrics and gynecology 2004; 191(6): 1989-95.

148.  East CE, Brennecke SP, King JF, Chan FY, Colditz PB. The effect of intrapartum fetal
pulse oximetry, in the presence of a nonreassuring fetal heart rate pattern, on operative
delivery rates: A multicenter, randomized, controlled trial (the FOREMOST trial). American
journal of obstetrics and gynecology 2006; 194(3): 606.e1-.e16.

149. Bloom SL, Spong CY, Thom E, et al. Fetal Pulse Oximetry and Cesarean Delivery. New
England Journal of Medicine 2006; 355(21): 2195-202.

150. East C, Colditz P. Intrapartum oximetry of the fetus. Anesth Analg 2007; 105(6
Suppl)(Dec): S59-65.

151. East C, Chan F, Colditz P, Begg L. Fetal pulse oximetry for fetal assessment in labour.
Cochrane Database Syst Rev 2007; 18;(2)(Apr): CD004075.

152.  NICE. Clinical guideline 55: Intrapartum care. 2007; (Sept).

153.  Manning F, Platt L, Sipos L. Antepartum fetal evaluation: development of a fetal
biophysical profile. Am J Obstet Gynecol 1980; 15;136(6)(Mar): 787-95.

154.  Raynalde T. The byrth of mankynde. London: T Ray 1545; Vol 94.

155.  Snyder F, Rosenfeld M. Breathing of Amniotic Fluid as a Normal Function of Fetal
Respiration. Exp Biol Med (Maywood) 1937 vol. 36 no. 1 (February): 45-6.

156. Boddy K, Dawes G, Fisher R, Pinter S, Robinson J. Foetal respiratory movements,
electrocortical and cardiovascular responses to hypoxaemia and hypercapnia in sheep. J
Physiol 1974; 243(3)(Dec): 599-618.

157.  Calvert J, Richards C. Fetal breathing movements and fetal distress. Br J Obstet
Gynaecol 1979; 86(8)(Aug): 607-11.

158.  Vintzileos A, Campbell W, Ingardia C, Nochimson D. The fetal biophysical profile and
its predictive value. Obstet Gynecol 1983; 62(3)(Sep): 271-8.

159. Baskett T, Gray J, Prewett S, Young L, Allen A. Antepartum fetal assessment using a
fetal biophysical profile score. Am J Obstet Gynecol 1984; 1;148(5)(Mar): 630-3.

246



160. Devoe LD. Antenatal Fetal Assessment: Contraction Stress Test, Nonstress Test,
Vibroacoustic Stimulation, Amniotic Fluid Volume, Biophysical Profile, and Modified
Biophysical Profile—An Overview. Seminars in perinatology 2008; 32(4): 247-52.

161.  Miller DA, Rabello YA, Paul RH. The modified biophysical profile: Antepartum testing
in the 1990s. American journal of obstetrics and gynecology 1996; 174(3): 812-7.

162. Kim S, Khandelwal M, Gaughan J, Agar M, Reece E. Is the intrapartum biophysical
profile useful? Obstet Gynecol 2003; 102(3)(Sep): 471-6.

163. Lalor J, Fawole B, Alfirevic Z, Devane D. Biophysical profile for fetal assessment in
high risk pregnancies. Cochrane Database Syst Rev 2008; 23;(1)(Jan): CD000038. doi:
10.1002/14651858.CD000038.pub?2.

164. Torloni MR, Vedmedovska N, Merialdi M, et al. Safety of ultrasonography in
pregnancy: WHO systematic review of the literature and meta-analysis. Ultrasound in
Obstetrics and Gynecology 2009; 33(5): 599-608.

165.  Salvesen KA, Eik-Nes SH. Is ultrasound unsound? A review of epidemiological studies
of human exposure to ultrasound. Ultrasound in Obstetrics and Gynecology 1995; 6(4): 293-
8.

166.  Barnett SB, Rott H-D, ter Haar GR, Ziskin MC, Maeda K. The sensitivity of biological
tissue to ultrasound. Ultrasound in Medicine & Biology 1997; 23(6): 805-12.

167.  Sheiner E, Abramowicz J. A symposium on obstetrical ultrasound: is all this safe for
the fetus? Clin Obstet Gynecol 2012; 55(1)(Mar): 188-98.

168.  Abbott JG. Rationale and derivation of Ml and TI—a review1. Ultrasound in Medicine
& Biology 1999; 25(3): 431-41.

169. ISUOG Practice Guidelines: use of Doppler ultrasonography in obstetrics. Ultrasound
in Obstetrics & Gynecology 2013; 41(2): 233-9.

170. Nyborg WL. Biological effects of ultrasound: Development of safety guidelines. Part
II: General review. Ultrasound in Medicine & Biology 2001; 27(3): 301-33.

171.  Miller D. Safety assurance in obstetrical ultrasound. Semin Ultrasound CT MR 2008;
29(2)(Apr): 156-64.

172. Tarantal A, Hendrickx A. Evaluation of the bioeffects of prenatal ultrasound
exposure in the cynomolgus macaque (Macaca fascicularis): I. Neonatal/infant observations.
Teratology 1989; 39(2)(Feb): 137-47.

173. Newnham JP, Evans SF, Michael CA, Stanley FJ, Landau LI. Effects of frequent
ultrasound during pregnancy: a randomised controlled trial. The Lancet 1993; 342(8876):
887-91.

174. Newnham JP, Doherty DA, Kendall GE, Zubrick SR, Landau LL, Stanley FJ. Effects of
repeated prenatal ultrasound examinations on childhood outcome up to 8 years of age:
follow-up of a randomised controlled trial. The Lancet; 364(9450): 2038-44.

175.  Ziskin M. Update on the safety of ultrasound in obstetrics. Semin Roentgenol 1990;
25(4)(Oct): 294-8.

176.  Hadlock F, Harrist R, Sharman R, Deter R, Park S. Estimation of fetal weight with the
use of head, body, and femur measurements--a prospective study. Am J Obstet Gynecol
1985; 1;151(3)(Feb): 333-7.

177. Moreira de Sa RA, Salomon LJ, Carvalho PRN, Lopes LM, Ville Y. Predicting adverse
neonatal outcome in severe fetal compromise: A pivotal role for estimated fetal weight Z
scores. Prenatal Diagnosis 2007; 27(12): 1129-32.

178. Weiss E, Ulrich S, Berle P. Condition at birth of infants with previously absent or
reverse umbilical artery end-diastolic flow velocities. Arch Gynecol Obstet 1992; 252(1): 37-
43,

179. Li H, Gudmundsson S, Olofsson P. Prospect for vaginal delivery of growth restricted
fetuses with abnormal umbilical artery blood flow. Acta Obstetricia et Gynecologica
Scandinavica 2003; 82(9): 828-33.

247



180. Danielian P, Allman A, Steer P. Is obstetric and neonatal outcome worse in fetuses
who fail to reach their own growth potential? Br J Obstet Gynaecol 1992; 99(6)(Jun): 452-4.
181.  Prior T, Mullins E, Bennett P, Kumar S. Prediction of intrapartum fetal compromise
using the cerebroumbilical ratio: a prospective observational study. Am J Obstet Gynecol
2013; 208(2)(Feb): 124.e1-6.

182. Ben-Haroush A, Yogev Y, Bar J, et al. Accuracy of sonographically estimated fetal
weight in 840 women with different pregnancy complications prior to induction of labor.
Ultrasound in Obstetrics and Gynecology 2004; 23(2): 172-6.

183. Dudley NJ. A systematic review of the ultrasound estimation of fetal weight.
Ultrasound in Obstetrics and Gynecology 2005; 25(1): 80-9.

184.  Fitzgerald DE, Drumm JE. Non-invasive measurement of human fetal circulation
using ultrasound: a new method. British Medical Journal 1977 2: 1450-1.

185.  Parra-Cordero M, Lees C, Missfelder-Lobos H, Seed P, Harris C. Fetal arterial and
venous Doppler pulsatility index and time averaged velocity ranges. Prenatal Diagnosis 2007;
27(13): 1251-7.

186. Berkowitz G, Chitkara U, Rosenberg J, et al. Sonographic estimation of fetal weight
and Doppler analysis of umbilical artery velocimetry in the prediction of intrauterine growth
retardation: a prospective study. Am J Obstet Gynecol 1988; 158(5)(May): 1149-53.

187.  Giles W, Trudinger B, Baird P. Fetal umbilical artery flow velocity waveforms and
placental resistance: pathological correlation. Br J Obstet Gynaecol 1985; 92(1)(Jan): 31-8.
188. Tan T, Yeo G. Intrauterine growth restriction. Curr Opin Obstet Gynecol 2005;
17(2)(Apr): 135-42.

189.  Miller J, Turan S, Baschat AA. Fetal Growth Restriction. Seminars in perinatology
2008; 32(4): 274-80.

190. Cruz-Martinez R, Figueras F. The role of Doppler and placental screening. Best
Practice & Research Clinical Obstetrics & Gynaecology 2009; 23(6): 845-55.

191. Li H, Gudmundsson S, Olofsson P. Acute increase of umbilical artery vascular flow
resistance in compromised fetuses provoked by uterine contractions. Early Hum Dev 2003;
74(1)(Oct): 47-56.

192. Beattie RB, Dornan JC, Thompson W. Intrauterine growth retardation: Prediction of
perinatal distress by Doppler ultrasound. The Lancet 1987; 330(8565): 974.

193.  Brar H, Platt L, Paul R. Fetal umbilical blood flow velocity waveforms using Doppler
ultrasonography in patients with late decelerations. Obstet Gynecol 1989; 73(3 Pt 1)(Mar):
363-6.

194. Damron D, Chaffin D, Anderson C, Reed K. Changes in umbilical arterial and venous
blood flow velocity waveforms during late decelerations of the fetal heart rate. Obstet
Gynecol 1994; 84(6)(Dec): 1038-40.

195. Ogunyemi D, Stanley R, Lynch C, Edwards D, Fukushima T. Umbilical artery
velocimetry in predicting perinatal outcome with intrapartum fetal distress. Obstet Gynecol
1992; 80(3 Pt 1)(Sep): 377-80.

196. Yoon B, Oh I, Lee P, Kim W, Syn H, Kim S. Is an abnormal Doppler umbilical artery
waveform ratio a risk factor for poor perinatal outcome in the non-small for gestational age
fetus? Am J Perinatol 1993; 10(3)(May): 245-9.

197.  Siristatidis C, Salamalekis E, Kassanos D, Creatsas G. Alterations in Doppler
velocimetry indices of the umbilical artery during fetal hypoxia in labor, in relation to
cardiotocography and fetal pulse oximetry findings. Arch Gynecol Obstet 2005; 272(3): 191-
6.

198. Chan F, Lam C, Lam Y, To W, Pun T, Lee C. Umbilical artery Doppler velocimetry
compared with fetal heart rate monitoring as a labor admission test. Eur J Obstet Gynecol
Reprod Biol 1994; 31;54(1)(Mar): 1-6.

248



199. Howarth G, Pattinson R, Kirsten G, Truter H, Odendaal H. Umbilical artery Doppler
velocimetry in the prediction of intrapartum fetal compromise. S Afr Med J 1992;
7;81(5)(Mar): 248-50.

200.  Farrell T, Chien P, Gordon A. Intrapartum umbilical artery Doppler velocimetry as a
predictor of adverse perinatal outcome: a systematic review. Br J Obstet Gynaecol 1999;
106(8)(Aug): 783-92.

201.  Alfirevic Z, Stampalija T, Gyte G. Fetal and umbilical Doppler ultrasound in normal
pregnancy. Cochrane Database Syst Rev 2010; 4;(8)(Aug): CD001450. doi:
10.1002/14651858.CD001450.pub3.

202. Thornburg K. Fetal response to intrauterine stress. Ciba Found Symp 1991; 156:17-
29.

203. Cohn H, Sacks E, Heymann M, Rudolph A. Cardiovascular responses to hypoxemia
and acidemia in fetal lambs. Am J Obstet Gynecol 1974; 15;120(6)(Nov): 817-24.

204. van den Wijngaard J, Groenenberg |, Wladimiroff J, Hop W. Cerebral Doppler
ultrasound of the human fetus. Br J Obstet Gynaecol 1989; 96(7)(Jul): 845-9.

205. Mari G, Moise Jr K, Deter R, Kirshon B, Carpenter Jr R, Huhta J. Doppler assessment
of the pulsatility index in the cerebral circulation of the human fetus. Am J Obstet Gynecol
1989; 160(3)(Mar): 698-703.

206. Locci M, Nazzaro G, De Placido G, Montemagno U. Fetal cerebral haemodynamic
adaptation: a progressive mechanism? Pulsed and color Doppler evaluation. J Perinat Med
1992; 20(5): 337-43.

207.  Sherer D. Prenatal ultrasonographic assessment of the middle cerebral artery: a
review. Obstet Gynecol Surv 1997; 52(7)(Jul): 444-55.

208. Ishimatsu J, Hotta M, Matsunaga T, et al. Cerebral Artery Blood Flow Velocity
Waveforms in Normal and Small for Dates Fetuses. The Kurume Medical Journal 1989; 36(4):
181-4.

209. Veille J-C, Cohen I. Middle cerebral artery blood flow in normal and growth-retarded
fetuses. American journal of obstetrics and gynecology 1990; 162(2): 391-6.

210.  Arduini D, Rizzo G. Prediction of fetal outcome in small for gestational age fetuses:
comparison of Doppler measurements obtained from different fetal vessels. J Perinat Med
1992; 20(1): 29-38.

211. Mari G, Deter R. Middle cerebral artery flow velocity waveforms in normal and
small-for-gestational-age fetuses. Am J Obstet Gynecol 1992; 166(4)(Apr): 1262-70.

212. Hata T, Aoki S, Manabe A, et al. Subclassification of small-for-gestational-age fetus
using fetal Doppler velocimetry. Gynecol Obstet Invest 2000; 49(4): 236-9.

213.  Hershkovitz R, Kingdom JCP, Geary M, Rodeck CH. Fetal cerebral blood flow
redistribution in late gestation: identification of compromise in small fetuses with normal
umbilical artery Doppler. Ultrasound in Obstetrics and Gynecology 2000; 15(3): 209-12.

214.  Schenone MH, Mari G. The MCA Doppler and its Role in the Evaluation of Fetal
Anemia and Fetal Growth Restriction. Clinics in Perinatology 2011; 38(1): 83-102.

215. Campbell S, Vyas S, Nicolaides K. Doppler investigation of the fetal circulation. J
Perinat Med 1991; 19(1-2): 21-6.

216.  Cruz-Martinez R, Figueras F, Hernandez-Andrade E, Oros D, Gratacos E. Fetal brain
Doppler to predict cesarean delivery for nonreassuring fetal status in term small-for-
gestational-age fetuses. Obstet Gynecol 2011; 117(3)(Mar): 618-26.

217. Leung TY, Fok WY, Chan LW, Law LW, Lau TK. Prediction of intrapartum Cesarean
delivery for non-reassuring fetal status after a successful external cephalic version by a low
pre-version pulsatility index of the fetal middle cerebral artery. Ultrasound in Obstetrics and
Gynecology 2006; 27(4): 416-9.

249



218. Lam H, Leung WC, Lee CP, Lao TT. The use of fetal Doppler cerebroplacental blood
flow and amniotic fluid volume measurement in the surveillance of postdated pregnancies.
Acta Obstetricia et Gynecologica Scandinavica 2005; 84(9): 844-8.

219. Kassanos D, Siristatidis C, Vitoratos N, Salamalekis E, Creatsas G. The clinical
significance of Doppler findings in fetal middle cerebral artery during labor. European
Journal of Obstetrics & Gynecology and Reproductive Biology 2003; 109(1): 45-50.

220. Gill R, Kossoff G, Warren P, Garrett W. Umbilical venous flow in normal and
complicated pregnancy. Ultrasound Med Biol 1984; 10(3)(May-Jun): 349-63.

221.  Ferrazzi E, Rigano S, Bozzo M, et al. Umbilical vein blood flow in growth-restricted
fetuses. Ultrasound in Obstetrics and Gynecology 2000; 16(5): 432-8.

222. Boito S, Struijk PC, Ursem NTC, Stijnen T, Wladimiroff JW. Umbilical venous volume
flow in the normally developing and growth-restricted human fetus. Ultrasound in Obstetrics
and Gynecology 2002; 19(4): 344-9.

223. Rigano S, Bozzo M, Ferrazzi E, Bellotti M, Battaglia FC, Galan HL. Early and persistent
reduction in umbilical vein blood flow in the growth-restricted fetus: A longitudinal study.
American journal of obstetrics and gynecology 2001; 185(4): 834-8.

224.  Galan H, Jozwik M, Rigano S, et al. Umbilical vein blood flow determination in the
ovine fetus: comparison of Doppler ultrasonographic and steady-state diffusion techniques.
Am J Obstet Gynecol 1999; 181(5 Pt 1)(Nov): 1149-53.

225. Di Naro E, Ghezzi F, Raio L, et al. Umbilical vein blood flow in fetuses with normal
and lean umbilical cord. Ultrasound in Obstetrics and Gynecology 2001; 17(3): 224-8.

226. Barbera A, Galan H, Ferrazzi E, et al. Relationship of umbilical vein blood flow to
growth parameters in the human fetus. Am J Obstet Gynecol 1999; 181(1)(Jul): 174-9.

227. Kiserud T. Fetal venous circulation--an update on hemodynamics. J Perinat Med
2000; 28(2): 90-6.

228. Gudmundsson S, Tulzer G, Huhta JC, Marsal K. Venous Doppler in the fetus with
absent end-diastolic flow in the umbilical artery. Ultrasound in Obstetrics and Gynecology
1996; 7(4): 262-7.

229. Lingman G, Laurin J, Marsal K. Circulatory changes in fetuses with imminent
asphyxia. Biol Neonate 1986; 49(2): 66-73.

230. Ghosh GS, Fu J, Olofsson P, Gudmundsson S. Pulsations in the umbilical vein during
labor are associated with increased risk of operative delivery for fetal distress. Ultrasound in
Obstetrics and Gynecology 2009; 34(2): 177-81.

231. Gudmundsson S, Gunnarsson G, Hokegard K, Ingemarsson J, Kjellmer I. Venous
Doppler velocimetry in relationship to central venous pressure and heart rate during hypoxia
in the ovine fetus. J Perinat Med 1999; 27(2): 81-90.

232.  Bahtiyar MO, Copel JA. Cardiac Changes in the Intrauterine Growth-Restricted Fetus.
Seminars in perinatology 2008; 32(3): 190-3.

233.  Flo K, Wilsgaard T, Acharya G. Longitudinal reference ranges for umbilical vein blood
flow at a free loop of the umbilical cord. Ultrasound in Obstetrics and Gynecology 2010;
36(5): 567-72.

234.  Acharya G, Wilsgaard T, Rosvold Berntsen GK, Maltau JM, Kiserud T. Reference
ranges for umbilical vein blood flow in the second half of pregnancy based on longitudinal
data. Prenatal Diagnosis 2005; 25(2): 99-111.

235.  Arbeille P, Roncin A, Berson M, Patat F, Pourcelot L. Exploration of the fetal cerebral
blood flow by duplex Doppler--linear array system in normal and pathological pregnancies.
Ultrasound Med Biol 1987; 13(6)(Jun): 329-37.

236. Gramellini D, Folli M, Raboni S, Vadora E, Merialdi A. Cerebral-umbilical Doppler
ratio as a predictor of adverse perinatal outcome. Obstet Gynecol 1992; 79(3)(Mar): 416-20.

250



237. Devine P, Bracero L, Lysikiewicz A, Evans R, Womack S, Byrne D. Middle cerebral to
umbilical artery Doppler ratio in post-date pregnancies. Obstet Gynecol 1994; 84(5)(Nov):
856-60.

238. Habek D, Hodek B, Herman R, Jugovi¢ D, Cerkez Habek J, Salihagi¢ A. Fetal
biophysical profile and cerebro-umbilical ratio in assessment of perinatal outcome in
growth-restricted fetuses. Fetal Diagn Ther 2003; 18(1)(Jan-Feb): 12-6.

239. Anteby E, Tadmor O, Revel A, Yagel S. Post-term pregnancies with normal
cardiotocographs and amniotic fluid columns: the role of Doppler evaluation in predicting
perinatal outcome. Eur J Obstet Gynecol Reprod Biol 1994; 54(2)(Apr): 93-8.

240. Siristatidis C, Kassanos D, Salamalekis G, Creatsa M, Chrelias C, Creatsas G.
Cardiotocography alone versus cardiotocography plus Doppler evaluation of the fetal middle
cerebral and umbilical artery for intrapartum fetal monitoring: a Greek prospective
controlled trial. ] Matern Fetal Neonatal Med 2012; 25(7)(Jul): 1183-7.

241.  Ebbing C, Rasmussen S, Kiserud T. Middle cerebral artery blood flow velocities and
pulsatility index and the cerebroplacental pulsatility ratio: longitudinal reference ranges and
terms for serial measurements. Ultrasound in Obstetrics and Gynecology 2007; 30(3): 287-
96.

242.  Piazze J, Padula F, Cerekja A, Cosmi EV, Anceschi MM. Prognostic value of umbilical-
middle cerebral artery pulsatility index ratio in fetuses with growth restriction. International
Journal of Gynecology & Obstetrics 2005; 91(3): 233-7.

243.  Trudinger B, Giles W, Cook C. Uteroplacental blood flow velocity-time waveforms in
normal and complicated pregnancy. Br J Obstet Gynaecol 1985; 92(1)(Jan): 39-45.

244,  Fleischer A, Schulman H, Farmakides G, et al. Uterine artery Doppler velocimetry in
pregnant women with hypertension. Am J Obstet Gynecol 1986; 154(4)(Apr): 806-13.

245,  Jurkovic D, Jauniaux E, Kurjak A, Hustin J, Campbell S, Nicolaides K. Transvaginal
color Doppler assessment of the uteroplacental circulation in early pregnancy. Obstet
Gynecol 1991; 77(3)(Mar): 365-9.

246.  Harrington K, Carpenter R, Goldfrad C, Campbell S. Transvaginal Doppler ultrasound
of the uteroplacental circulation in the early prediction of pre-eclampsia and intrauterine
growth retardation. Br J Obstet Gynaecol 1997; 104(6)(Jun): 674-81.

247.  Papageorghiou AT, Yu CKH, Nicolaides KH. The role of uterine artery Doppler in
predicting adverse pregnancy outcome. Best Practice & Research Clinical Obstetrics &
Gynaecology 2004; 18(3): 383-96.

248. Weissman A, Jaffa AJ, Lurie S, Har-Toov J, Peyser MR. Continuous wave Doppler
velocimetry of the main-stem uterine arteries: the transvaginal approach. Ultrasound in
Obstetrics and Gynecology 1995; 5(1): 38-43.

249.  Prefumo F, Gliven M, Ganapathy R, Thilaganathan B. The longitudinal variation in
uterine artery blood flow pattern in relation to birth weight. Obstet Gynecol 2004;
103(4)(Apr): 764-8.

250. Carbillon L, Challier JC, Alouini S, Uzan M, Uzan S. Uteroplacental Circulation
Development: Doppler Assessment and Clinical Importance. Placenta 2001; 22(10): 795-9.
251. Li H, Gudmundsson S, Olofsson P. Clinical significance of uterine artery blood flow
velocity waveforms during provoked uterine contractions in high-risk pregnancy. Ultrasound
in Obstetrics and Gynecology 2004; 24(4): 429-34.

252. Gadd R. The volume of the liquor amnii in normal and abnormal pregnancies. J
Obstet Gynaecol Br Commonw 1966; 73(1)(Feb): 11-22.

253.  Brace R. Physiology of amniotic fluid volume regulation. Clin Obstet Gynecol 1997;
40(2)(Jun): 280-9.

254.  Modena A, Fieni S. Amniotic fluid dynamics. Acta Biomed 2004; 75 Suppl 1: 11-3.
255.  Elliot P. The relationship of liquor volume and placental insufficiency. Aust N Z J
Obstet Gynaecol 1964; 61(Sep): 113-6.

251



256. Manning F, Hill L, Platt L. Qualitative amniotic fluid volume determination by
ultrasound: antepartum detection of intrauterine growth retardation. Am J Obstet Gynecol
1981; 1;139(3)(Feb): 254-8.

257. Deutinger J, Bartl W, Pfersmann C, Neumark J, Bernaschek G. Fetal kidney volume
and urine production in cases of fetal growth retardation. J Perinat Med 1987; 15(3): 307-15.
258.  Sarno A, Ahn M, Brar H, Phelan J, Platt L. Intrapartum Doppler velocimetry, amniotic
fluid volume, and fetal heart rate as predictors of subsequent fetal distress. I. An initial
report. Am J Obstet Gynecol 1989; 161(6 Pt 1)(Dec): 1508-14.

259. Sarno A, Ahn M, Phelan J. Intrapartum amniotic fluid volume at term. Association of
ruptured membranes, oligohydramnios and increased fetal risk. J Reprod Med 1990;
35(7)(Jul): 719-23.

260. Robson S, Crawford R, Spencer J, Lee A. Intrapartum amniotic fluid index and its
relationship to fetal distress. Am J Obstet Gynecol 1992; 166(1 Pt 1)(Jan): 78-82.

261.  Saunders N, Amis S, Marsh M. The prognostic value of fetal ultrasonography before
induction of labour. Br J Obstet Gynaecol 1992; 99(11)(Nov): 903-6.

262. Chauhan S, Washburne J, Magann E, Perry K, Martin J, Morrison J. A randomized
study to assess the efficacy of the amniotic fluid index as a fetal admission test. Obstet
Gynecol 1995; 86(1)(Jul): 9-13.

263. Chauhan S, Cowan B, Magann E, Roberts W, Morrison J, JN M. Intrapartum amniotic
fluid index. A poor diagnostic test for adverse perinatal outcome. J Reprod Med 1996;
41(11)(Nov): 860-6.

264. Chauhan S, Magann E, Perry KJ, Morrison J. Intrapartum amniotic fluid index and
two-diameter pocket are poor predictors of adverse neonatal outcome. J Perinatol 1997;
17(3)(May-Jun): 221-4.

265. Chauhan S, Sanderson M, Hendrix N, Magann E, Devoe L. Perinatal outcome and
amniotic fluid index in the antepartum and intrapartum periods: A meta-analysis. Am J
Obstet Gynecol 1999; 181(6)(Dec): 1473-8.

266.  Kushtagi P, Deepika K. Amniotic fluid index at admission in labour as predictor of
intrapartum fetal status. J Obstet Gynaecol 2011; 31(5)(Jul): 393-5.

267. Edelstein H. The significance of meconium in foetal distress. S Afr Med J 1961;
29;35(Jul ): 622-8.

268.  Abramovici H, Brandes J, Fuchs K, Timor-Tritsch I. Meconium during delivery: a sign
of compensated fetal distress. Am J Obstet Gynecol 1974; 15;118(2)(Jan): 251-5.

269. Steer P, Eigbe F, Lissauer T, Beard R. Interrelationships among abnormal
cardiotocograms in labor, meconium staining of the amniotic fluid, arterial cord blood pH,
and Apgar scores. Obstet Gynecol 1989; 74(5)(Nov): 715-21.

270. Nathan L, Leveno K, Carmody Tr, Kelly M, Sherman M. Meconium: a 1990s
perspective on an old obstetric hazard. Obstet Gynecol 1994; 83(3)(Mar): 329-32.

271. Wong S, Chow K, Ho L. The relative risk of 'fetal distress' in pregnancy associated
with meconium-stained liquor at different gestation. J Obstet Gynaecol 2002; 22(6)(Nov):
594-9.

272. Dargaville PA, Copnell B, Australian ft, Network NZN. The Epidemiology of
Meconium Aspiration Syndrome: Incidence, Risk Factors, Therapies, and Outcome. Pediatrics
2006; 117(5): 1712-21.

273. van lerland Y, de Beaufort Al. Why does meconium cause meconium aspiration
syndrome? Current concepts of MAS pathophysiology. Early human development 2009;
85(10): 617-20.

274. Khazardoost S, Hantoushzadeh S, Khooshideh M, Borna S. Risk factors for meconium
aspiration in meconium stained amniotic fluid. J Obstet Gynaecol 2007; 27(6)(Aug): 577-9.

252



275. Odibo A, Sehdev H, Stamilio D, Macones G. Evaluating the thresholds of abnormal
second trimester multiple marker screening tests associated with intra-uterine growth
restriction. Am J Perinatol 2006; 23(6)(Aug): 363-7.

276. Johnson MR, Riddle AF, Grudzinskas JG, Sharma V, Collins WP, Nicolaides KH.
Pregnancy: Reduced circulating placental protein concentrations during the first trimester
are associated with preterm labour and low birth weight. Human Reproduction 1993; 8(11):
1942-7.

277.  Pedersen J, Sgrensen S, Ruge S. Human placental lactogen and pregnancy-associated
plasma protein A in first trimester and subsequent fetal growth. Acta Obstet Gynecol Scand
1995; 74(7)(Aug): 505-8.

278. Lin T, Galbert S, Kiefer D, Spellacy W, Gall S. Characterization of four human
pregnancy-associated plasma proteins. Am J Obstet Gynecol 1974; 15;118(2)(Jan): 223-36.
279. Lin T, Halbert S. Placental localization of human pregnancy--associated plasma
proteins. Science 1976; 24;193(4259)(Sep): 1249-52.

280. Randhawa R. The insulin-like growth factor system and fetal growth restrictionn.
Pediatr Endocrinol Rev 2008; 6(2)(Dec): 235-40.

281. Hughes G, Bischof P, Wilson G, Klopper A. Assay of a placental protein to determine
fetal risk. Br Med J 1980; 8;280(6215)(Mar): 671-3.

282.  Sinosich MJ, Bonifacio MD, Saunders DM. Pregnancy-Associated Plasma Protein-A.
Annals of the New York Academy of Sciences 1988; 541(1): 510-3.

283.  Bischof P, DuBerg S, Herrmann W, Sizonenko P. Pregnancy-associated plasma
protein-A (PAPP-A) and hCG in early pregnancy. Br J Obstet Gynaecol 1981; 88(10)(Oct): 973-
5.

284.  Cuckle H, Ellis A, Seth J. Provision of screening for Down's syndrome. BMJ 1995;
19;311(7003)(Aug): 512.

285.  Yaron Y, Heifetz S, Ochshorn Y, Lehavi O, Orr-Urtreger A. Decreased first trimester
PAPP-A is a predictor of adverse pregnancy outcome. Prenatal Diagnosis 2002; 22(9): 778-
82.

286. Uccella S, Colombo GF, Bulgheroni CM, et al. First-trimester maternal serum
screening and the risk for fetal distress during labor. American journal of obstetrics and
gynecology 2009; 201(2): 166.e1-.e6.

287. Rizzo G, Silvestri E, Capponi A, et al. Histomorphometric characteristics of first
trimester chorionic villi in pregnancies with low serum pregnancy-associated plasma protein-
A levels: relationship with placental three-dimensional power doppler ultrasonographic
vascularization. J Matern Fetal Neonatal Med 2011; 24(2)(Feb): 253-7.

288.  Aschheim S, Zondek B. Klin Wchnschr 1928; (7:30)(July).

289. Mputu L, Thomas K, Renaer M, Vorstermans M, de Muylder X, Ferin J.
[Radioimmunoassay of HCG and HCG beta in blood during pregnancy and trophoblastomas].
J Gynecol Obstet Biol Reprod (Paris) 1977; 6(6)(Sep): 777-91.

290. Bogart M, Pandian M, Jones O. Abnormal maternal serum chorionic gonadotropin
levels in pregnancies with fetal chromosome abnormalities. Prenat Diagn 1987; 7(9)(Nov):
623-30.

291. Ngrgaard-Pedersen B, Larsen S, Arends J, Svenstrup B, Tabor A. Maternal serum
markers in screening for Down syndrome. Clin Genet 1990; 37(1)(Jan): 35-43.

292. Krantz D, Goetzl L, Simpson JL, et al. Association of extreme first-trimester free
human chorionic gonadotropin-B, pregnancy-associated plasma protein A, and nuchal
translucency with intrauterine growth restriction and other adverse pregnancy outcomes.
American journal of obstetrics and gynecology 2004; 191(4): 1452-8.

293.  Kirkegaard I, Henriksen TB, Uldbjerg N. Early fetal growth, PAPP-A and free B-hCG in
relation to risk of delivering a small-for-gestational age infant. Ultrasound in Obstetrics &
Gynecology 2011; 37(3): 341-7.

253



294.  Obiekwe B, Chard T. Human chorionic gonadotropin levels in maternal blood in late
pregnancy: relation to birthweight, sex and condition of the infant at birth. Br J Obstet
Gynaecol 1982; 89(7)(Jul): 543-6.

295. Hershkovitz R, Erez O, Sheiner E, Landau D, Mankuta D, Mazor M. Elevated maternal
mid-trimester chorionic gonadotropin >4 MoM is associated with fetal cerebral blood flow
redistribution. Acta Obstetricia et Gynecologica Scandinavica 2003; 82(1): 22-7.

296. MacDonald D, Scott J, Gemmell R, Mack D. A prospective study of three biochemical
fetoplacental tests: serum human placental lactogen, pregnancy-specific beta 1-
glycoprotein, and urinary estrogens, and their relationship to placental insufficiency. Am J
Obstet Gynecol 1983; 15;147(4)(Oct): 430-6.

297. Benton SJ, Hu Y, Xie F, et al. Can placental growth factor in maternal circulation
identify fetuses with placental intrauterine growth restriction? American journal of
obstetrics and gynecology 2012; 206(2): 163.el1-.e7.

298. Conde-Agudelo A, Papageorghiou AT, Kennedy SH, Villar J. Novel biomarkers for
predicting intrauterine growth restriction: a systematic review and meta-analysis. BJOG: An
International Journal of Obstetrics & Gynaecology 2013; 120(6): 681-94.

299. Levine RJ, Maynard SE, Qian C, et al. Circulating Angiogenic Factors and the Risk of
Preeclampsia. New England Journal of Medicine 2004; 350(7): 672-83.

300. Stepan H, Kramer T, Faber R. Maternal Plasma Concentrations of Soluble Endoglin in
Pregnancies with Intrauterine Growth Restriction. Journal of Clinical Endocrinology &
Metabolism 2007; 92(7): 2831-4.

301. Gardosi J, Madurasinghe V, Williams M, Malik A, Francis A. Maternal and fetal risk
factors for stillbirth: population based study. BMJ 2013; 346.

302. Sprauve M, Lindsay M, Drews-Botsch C, Graves W. Racial patterns in the effects of
tobacco use on fetal growth. Am J Obstet Gynecol 1999; 181(1)(Jul): S22-7.

303. Matsuda Y, Hayashi K, Shiozaki A, Kawamichi Y, Satoh S, Saito S. Comparison of risk
factors for placental abruption and placenta previa: Case-cohort study. Journal of Obstetrics
and Gynaecology Research 2011; 37(6): 538-46.

304. Lambers D, Clark K. The maternal and fetal physiologic effects of nicotine. Semin
Perinatol 1996; 20(2)(Apr): 115-26.

305. Luck W, Nau H, Hansen R, Steldinger R. Extent of nicotine and cotinine transfer to
the human fetus, placenta and amniotic fluid of smoking mothers. Dev Pharmacol Ther
1985; 8(6): 384-95.

306. Morrow R, Ritchie J, Bull S. Maternal cigarette smoking: the effects on umbilical and
uterine blood flow velocity. Am J Obstet Gynecol 1988; 159(5)(Nov): 1069-71.

307.  Suzuki K, Horiguchi T, Comas-Urrutia A, Mueller-Heubach E, Morishima H, Adamsons
K. Pharmacologic effects of nicotine upon the fetus and mother in the rhesus monkey. Am J
Obstet Gynecol 1971; 15;111(8)(Dec): 1092-101.

308. Milsom I, Ladfors L, Thiringer K, Niklasson A, Odeback A, Thornberg E. Influence of
maternal, obstetric and fetal risk factors on the prevalence of birth asphyxia at term in a
Swedish urban population. Acta Obstetricia et Gynecologica Scandinavica 2002; 81(10): 909-
17.

309. Jauniaux E, Burton GJ. Villous Histomorphometry and Placental Bed Biopsy
Investigation in Type | Diabetic Pregnancies. Placenta 2006; 27(4-5): 468-74.

310. Wadsack C, Desoye G, Hiden U. The feto-placental endothelium in pregnancy
pathologies. Wien Med Wochenschr 2012; 162(9-10)(May): 220-4.

311. ChiaY, Chua S, Thai A, Kek L, Ratnam S. Gestational diabetes: obstetric and neonatal
outcome in 411 cases. Singapore Med J 1996; 37(6):(Dec): 591-4.

312. Reif P, Panzitt T, Moser F, Resch B, Haas J, Lang U. Short-term neonatal outcome in
diabetic versus non-diabetic pregnancies complicated by non-reassuring foetal heart rate
tracings. Journal of Maternal-Fetal and Neonatal Medicine 2013; 26(15): 1500-5.

254



313. Seely EW, Ecker J. Chronic Hypertension in Pregnancy. Circulation 2014; 129(11):
1254-61.

314. JesUs G, Rodrigues G, Jesus N, Levy R. Pregnancy Morbidity in Antiphospholipid
Syndrome: What Is the Impact of Treatment? Curr Rheumatol Rep 2014; 16(2): 1-9.

315. Vyas S, Nicolaides K, Bower S, Campbell S. Middle cerebral artery flow velocity
waveforms in fetal hypoxaemia. Br J Obstet Gynaecol 1990; 97(9)(Sep): 797-803.

316. Roza SJ, Steegers EAP, Verburg BO, et al. What Is Spared by Fetal Brain-Sparing?
Fetal Circulatory Redistribution and Behavioral Problems in the General Population.
American Journal of Epidemiology 2008; 168(10): 1145-52.

317. Scherjon S, Briét J, Oosting H, Kok J. The Discrepancy Between Maturation of Visual-
Evoked Potentials and Cognitive Outcome at Five Years in Very Preterm Infants With and
Without Hemodynamic Signs of Fetal Brain-Sparing. Pediatrics 2000; 105(2): 385-91.

318. Kok J, den Ouden A, Verloove-Vanhorick S, Brand R. Outcome of very preterm small
for gestational age infants: the first nine years of life. Br J Obstet Gynaecol 1998;
105(2)(Feb): 162-8.

319. Eide MG, Moster D, Irgens LM, et al. Degree of fetal growth restriction associated
with schizophrenia risk in a national cohort. Psychological Medicine 2013; 43(10): 2057-66.
320. Barker D. Adult consequences of fetal growth restriction. Clin Obstet Gynecol 2006;
49(2)(Jun): 270-83.

321. Rehn AE, Van Den Buuse M, Copolov D, Briscoe T, Lambert G, Rees S. An animal
model of chronic placental insufficiency: Relevance to neurodevelopmental disorders
including schizophrenia. Neuroscience 2004; 129(2): 381-91.

322. Warren M, Bedi K. A quantitative assessment of the development of synapses and
neurons in the visual cortex of control and undernourished rats. J Comp Neurol 1984;
20;227(1)(Jul): 104-8.

323. Chase H, Welch N, Dabiere C, Vasan N, Butterfield L. Alterations in human brain
biochemistry following intrauterine growth retardation. Pediatrics 1972; 50(3)(Sep): 403-11.
324. Mula R, Savchev S, Parra M, et al. Increased fetal brain perfusion and neonatal
neurobehavioral performance in normally grown fetuses. Fetal Diagn Ther 2013; 33(3)(182-
8.).

325. Andrews PD, Ackerman W, Juneja M. Aortocaval compression in the sitting and
lateral decubitus positions during extradural catheter placement in the parturient. Can J
Anaesth 1993; 40(4): 320-4.

326. Salomon LU, Alfirevic Z, Berghella V, et al. Practice guidelines for performance of the
routine mid-trimester fetal ultrasound scan. Ultrasound in Obstetrics & Gynecology 2011;
37(1): 116-26.

327. Khare M, Paul S, Konje JC. Variation in Doppler indices along the length of the cord
from the intraabdominal to the placental insertion. Acta Obstetricia et Gynecologica
Scandinavica 2006; 85(8): 922-8.

328.  Figueras F, Fernandez S, Hernandez-Andrade E, Gratacds E. Umbilical venous blood
flow measurement: accuracy and reproducibility. Ultrasound in Obstetrics and Gynecology
2008; 32(4): 587-91.

329. Acharya G, Wilsgaard T, Berntsen GKR, Maltau JM, Kiserud T. Reference ranges for
serial measurements of umbilical artery Doppler indices in the second half of pregnancy.
American Journal of Obstetrics and Gynecology 2005; 192(3): 937-44.

330. Bahlmann F, Reinhard I, Krummenauer F, Neubert S, Macchiella D, Wellek S. Blood
flow velocity waveforms of the fetal middle cerebral artery in a normal population:
reference values from 18 weeks to 42 weeks of gestation. J Perinat Med 2002; 490-
501.(30(6)).

255



331. Gomez O, Figueras F, Fernandez S, et al. Reference ranges for uterine artery mean
pulsatility index at 11-41 weeks of gestation. Ultrasound in Obstetrics and Gynecology 2008;
32(2): 128-32.

332.  NICE Guideline 55: Intrapartum care. 2007.

333.  Odd DE, Doyle P, Gunnell D, Lewis G, Whitelaw A, Rasmussen F. Risk of low Apgar
score and socioeconomic position: a study of Swedish male births. Acta Paediatrica 2008;
97(9): 1275-80.

334. 0Odd D, Lewis G, Gunnell D, Rasmussen F. Risk of low Apgar scores and
socioeconomic status over a 30-year period. J Matern Fetal Neonatal Med 2013; (Sep 6.).
335.  Conner SN, Tuuli MG, Longman RE, Odibo AO, Macones GA, Cahill AG. Impact of
obesity on incision-to-delivery interval and neonatal outcomes at cesarean delivery.
American journal of obstetrics and gynecology; (0).

336. Low JA, Lindsay BG, Derrick EJ. Threshold of metabolic acidosis associated with
newborn complications. American journal of obstetrics and gynecology 1997; 177(6): 1391-
4,

337. Sedgwick P. Relative risks versus odds ratios; 2014.

338. Schmidt C, Kohlmann T. When to use the odds ratio or the relative risk? Int J Public
Health 2008; 53(3): 165-7.

339. Abu-Heija A, Rasheed R, el-Qaraan O. Effect of age and parity on primary caesarean
section rates. Clin Exp Obstet Gynecol 1998; 25(1-2): 38-9.

340. FRIEDMAN E. Primigravid labor; a graphicostatistical analysis. Obstet Gynecol 1955;
6(6)(Dec): 567-89.

341. FRIEDMAN E. Labor in multiparas; a graphicostatistical analysis. Obstet Gynecol
1956; 8(6)(Dec): 691-703.

342. Arulkumaran S, Gibb D, Lun K, Heng S, Ratnam S. The effect of parity on uterine
activity in labour. Br J Obstet Gynaecol 1984; 91(9)(Sep): 843-8.

343. Yeast J, Jones A, Poskin M. Induction of labor and the relationship to cesarean
delivery: A review of 7001 consecutive inductions. Am J Obstet Gynecol 1999; 180(3 Pt
1)(Mar): 628-33.

344. Wood S, Cooper S, Ross S. Does induction of labour increase the risk of caesarean
section? A systematic review and meta-analysis of trials in women with intact membranes.
BJOG: An International Journal of Obstetrics & Gynaecology 2014; 121(6): 674-85.

345, Ludford I, Scheil W, Tucker G, Grivell R. Pregnancy outcomes for nulliparous women
of advanced maternal age in South Australia, 1998-2008. Australian and New Zealand
Journal of Obstetrics and Gynaecology 2012; 52(3): 235-41.

346. Trogstad L, Magnus P, Stoltenberg C. Pre-eclampsia: Risk factors and causal models.
Best Practice &amp; Research Clinical Obstetrics &amp; Gynaecology 2011; 25(3): 329-42.
347. Cnattingius S, Axelsson O, Eklund G, Lindmark G, Meirik O. Factors influencing
birthweight for gestational age, with special respect to risk factors for intrauterine growth
retardation. Early Hum Dev 1984; 10(1-2)(Sep): 45-55.

348. Prefumo F, Ganapathy R, Thilaganathan B, Sebire NJ. Influence of parity on first
trimester endovascular trophoblast invasion. Fertility and Sterility 2006; 85(4): 1032-6.

349. Carberry A, Gordon A, Bond D, Hyett J, Raynes-Greenow C, Jeffery H. Customised
versus population-based growth charts as a screening tool for detecting small for gestational
age infants in low-risk pregnant women. Cochrane Database Syst Rev 2011;
7;(12):CD008549(Dec).

350. Davies DP, Senior N, Cole G, Blass D, Simpson K. Size at birth of Asian and White
Caucasian babies born in Leicester: implications for obstetric and paediatric practices. Early
human development 1982; 6(3): 257-63.

351. DEF, JE. D. Non-invasive measurement of human fetal circulation using ultrasound:
a new method. Br Med J 1977 1977; Dec 3;2(6100): 1450-1.

256



352. Cruz-Martinez R, Figueras F. The role of Doppler and placental screening. Best
Practice &amp; Research Clinical Obstetrics &amp; Gynaecology 2009; 23(6): 845-55.

353.  Alfirevic Z, Stampalija T, Gyte G. Fetal and umbilical Doppler ultrasound in normal
pregnancy. Cochrane Database Syst Rev 2010; 4;(8)(Aug): CD001450.

354, Morales-Rosellé6 J, Hervas-Marin D, Perales-Marin A. Proximity of term labor
deepens the fall of Doppler impedance in the fetal cerebral arteries. The Journal of
Maternal-Fetal & Neonatal Medicine 2013; 27(3): 283-90.

355.  Fong K, Ryan ML, Cohen H, et al. Doppler velocimetry of the fetal middle cerebral
and renal arteries: interobserver reliability. Journal of Ultrasound in Medicine 1996; 15(4):
317-21.

356.  Wladimiroff J, vd Wijngaard J, Degani S, Noordam M, van Eyck J, Tonge H. Cerebral
and umbilical arterial blood flow velocity waveforms in normal and growth-retarded
pregnancies. Obstet Gynecol 1987; 69(5)(May): 705-9.

357. Baschat AA, Gembruch U. The cerebroplacental Doppler ratio revisited. Ultrasound
in Obstetrics and Gynecology 2003; 21(2): 124-7.

358.  Arbeille P, Maulik D, Fignon A, et al. Assessment of the fetal Po2 changes by cerebral
and umbilical Doppler on lamb fetuses during acute hypoxia. Ultrasound in Medicine &amp;
Biology 1995; 21(7): 861-70.

359. Habek D, Hodek B, Herman R, Jugovi¢ D, Cerkez Habek J, Salihagi¢ A. Fetal
Biophysical Profile and Cerebro-Umbilical Ratio in Assessment of Perinatal Outcome in
Growth-Restricted Fetuses. Fetal Diagnosis and Therapy 2003; 18(1): 12-6.

360. Murata S, Nakata M, Sumie M, Sugino N. The Doppler cerebroplacental ratio
predicts non-reassuring fetal status in intrauterine growth restricted fetuses at term. Journal
of Obstetrics and Gynaecology Research 2011; 37(10): 1433-7.

361. Gill R, Kossoff G, Warren P, Garrett W. Umbilical venous flow in normal and
complicated pregnancy. Ultrasound Med Biol 1984; 10(3)(May-Jun): 349-63.

362. Gill RW, Kossoff G, Warren PS, Garrett WJ. Umbilical venous flow in normal and
complicated pregnancy. Ultrasound in Medicine &amp; Biology 1984; 10(3): 349-63.

363. Tchirikov M, Strohner M, Forster D, Hiineke B. A combination of umbilical artery PI
and normalized blood flow volume in the umbilical vein: Venous—arterial index for the
prediction of fetal outcome. European Journal of Obstetrics &amp; Gynecology and
Reproductive Biology 2009; 142(2): 129-33.

364. Barbera A, Galan HL, Ferrazzi E, et al. Relationship of umbilical vein blood flow to
growth parameters in the human fetus. Am J Obstet Gynecol 1999; 181(1): 174-9.

365. Steer C, Williams J, Zaidi J, Campbell S, Tan S. Intra-observer, interobserver,
interultrasound transducer and intercycle variation in colour Doppler assessment of uterine
artery impedance. Hum Reprod 1995; 10(2)(Feb): 479-81.

366. Cnossen J, Morris R, ter Riet G, et al. Use of uterine artery Doppler ultrasonography
to predict pre-eclampsia and intrauterine growth restriction: a systematic review and
bivariable meta-analysis. CMAJ 2008; 11;178(6)(Mar): 701-11.

367. Maroni E, Youssef A, Arcangeli T, et al. Increased uterine artery pulsatility index at
34 weeks and outcome of pregnancy. Ultrasound in Obstetrics & Gynecology 2011; 38(4):
395-9.

368. Vergani P, Roncaglia N, Andreotti C, et al. Prognostic value of uterine artery doppler
velocimetry in growth-restricted fetuses delivered near term. American journal of obstetrics
and gynecology 2002; 187(4): 932-6.

369. Severi FM, Bocchi C, Visentin A, et al. Uterine and fetal cerebral Doppler predict the
outcome of third-trimester small-for-gestational age fetuses with normal umbilical artery
Doppler. Ultrasound in Obstetrics and Gynecology 2002; 19(3): 225-8.

370. Vatten LU, Skjeerven R. Is pre-eclampsia more than one disease? BJOG: An
International Journal of Obstetrics & Gynaecology 2004; 111(4): 298-302.

257



371. Gabbe S, Ettinger B, Freeman R, Martin C. Umbilical cord compression associated
with amniotomy: laboratory observations. Am J Obstet Gynecol 1976; 1;126(3)(Oct): 353-5.
372. Hourdequin P, Kauffmann E, Gabriel R, et al. Amnio-infusion during labor:
experience and review of the literature. Contracept Fertil Sex 1999; 27(3)(Mar): 222-30.

373. Magann E, Chauhan S, Barrilleaux P, Whitworth N, Martin J. Amniotic fluid index and
single deepest pocket: weak indicators of abnormal amniotic volumes. Obstet Gynecol 2000;
96(5 Pt 1)(Nov): 737-40.

374. Magann E, Chauhan S, Doherty D, Magann M, Morrison J. The evidence for
abandoning the amniotic fluid index in favor of the single deepest pocket. Am J Perinatol
2007; 24(9)(Oct): 549-55. .

375. Danielian P, Allman A, Steer P. Is obstetric and neonatal outcome worse in fetuses
who fail to reach their own growth potential? Br J Obstet Gynaecol 1992; 99(6)(Jun): 452-4.
376. Colman A, Maharaj D, Hutton J, Tuohy J. Reliability of ultrasound estimation of fetal
weight in term singleton pregnancies. N Z Med J 2006Sep 8;119(1241):U2146.;
8;119(1241)(Sep): U2146.

377. Scioscia M, Vimercati A, Ceci O, Vicino M, Selvaggi L. Estimation of birth weight by
two-dimensional ultrasonography: a critical appraisal of its accuracy. Obstet Gynecol 2008;
111(1)(Jan): 57-65.

378.  Figueras F, Fernandez S, Eixarch E, et al. Umbilical artery pulsatility index: reliability
at different sampling sites. J Perinat Med 2006; (34(5)): 409-13.

379. Palacio M, Figueras F, Zamora L, et al. Reference ranges for umbilical and middle
cerebral artery pulsatility index and cerebroplacental ratio in prolonged pregnancies.
Ultrasound in Obstetrics & Gynecology 2004; 24(6): 647-53.

380. Kovo M, Schreiber L, Ben-Haroush A, et al. The placental factor in early- and late-
onset normotensive fetal growth restriction. Placenta 2013; 34(4): 320-4.

381. Link G, Clark KE, Lang U. Umbilical blood flow during pregnancy: evidence for
decreasing placental perfusion. American journal of obstetrics and gynecology 2007; 196(5):
489.el-.e7.

382. Smith R, Maiti K, Aitken RJ. Unexplained antepartum stillbirth: A consequence of
placental aging? Placenta 2013; 34(4): 310-3.

383.  Hills D, Irwin G, Tuck S, Baim R. Distribution of placental grade in high-risk gravidas.
AJR Am J Roentgenol 1984; 143(5)(Nov): 1011-3.

384. McKenna D, Tharmaratnam S, Mahsud S, Dornan J. Ultrasonic evidence of placental
calcification at 36 weeks' gestation: maternal and fetal outcomes. Acta Obstetricia et
Gynecologica Scandinavica 2005; 84(1): 7-10.

385. Proud J, Grant A. Third trimester placental grading by ultrasonography as a test of
fetal wellbeing. Br Med J (Clin Res Ed) 1987; 27;294(6588)(Jun): 1641-4.

386. Brambati B, Macintosh M, Teisner B, et al. Low maternal serum levels of pregnancy
associated plasma protein A (PAPP-A) in the first trimester in association with abnormal fetal
karyotype. Br J Obstet Gynaecol 1993; 100(4)(Apr): 324-6.

387. Spencer K, Souter V, Tul N, Snijders R, Nicolaides KH. A screening program for
trisomy 21 at 10-14 weeks using fetal nuchal translucency, maternal serum free B-human
chorionic gonadotropin and pregnancy-associated plasma protein-A. Ultrasound in
Obstetrics and Gynecology 1999; 13(4): 231-7.

388. Breathnach F, Malone F. Screening for aneuploidy in first and second trimesters: is
there an optimal paradigm? Curr Opin Obstet Gynecol 2007; 19(2)(Apr): 176-82.

389. Metcalfe A, Langlois S, MacFarlane J, Vallance H, Joseph KS. Prediction of obstetrical
risk using maternal serum markers and clinical risk factors. Prenatal Diagnhosis 2013: n/a-n/a.
390. Kirkegaard I, Henriksen TB, Tgrring N, Uldbjerg N. PAPP-A and free B-hCG measured
prior to 10 weeks is associated with preterm delivery and small-for-gestational-age infants.
Prenatal Diagnosis 2011; 31(2): 171-5.

258



391. Dugoff L, Hobbins JC, Malone FD, et al. First-trimester maternal serum PAPP-A and
free-beta subunit human chorionic gonadotropin concentrations and nuchal translucency
are associated with obstetric complications: A population-based screening study (The
FASTER Trial). American journal of obstetrics and gynecology 2004; 191(4): 1446-51.

392. Wortelboer EJ, Koster MPH, Kuc S, et al. Longitudinal trends in fetoplacental
biochemical markers, uterine artery pulsatility index and maternal blood pressure during the
first trimester of pregnancy. Ultrasound in Obstetrics & Gynecology 2011; 38(4): 383-8.

393. Borrell A, Gonce A, Martinez JM, et al. First-trimester screening for Down syndrome
with ductus venosus Doppler studies in addition to nuchal translucency and serum markers.
Prenatal Diagnosis 2005; 25(10): 901-5.

394. Moore LG, Charles SM, Julian CG. Humans at high altitude: Hypoxia and fetal growth.
Respiratory Physiology & Neurobiology 2011; 178(1): 181-90.

395. Lichty J, Ting R, Bruns P, Dyar E. Studies of babies born at high altitudes. I. Relation
of altitude to birth weight. AMA J Dis Child 1957; 93(6)(Jun): 666-9.

396. Jensen G, Moore L. The effect of high altitude and other risk factors on birthweight:
independent or interactive effects? Am J Public Health 1997; 87(6)(Jun): 1003-7.

397. Keyes LE, Armaza FJ, Niermeyer S, Vargas E, Young DA, Moore LG. Intrauterine
Growth Restriction, Preeclampsia, and Intrauterine Mortality at High Altitude in Bolivia.
Pediatr Res 2003; 54(1): 20-5.

398. Krampl E, Lees C, Bland JM, Espinoza Dorado J, Moscoso G, Campbell S. Fetal
biometry at 4300 m compared to sea level in Peru. Ultrasound in Obstetrics and Gynecology
2000; 16(1): 9-18.

399. Julian CG, Vargas E, Armaza JF, Wilson MJ, Niermeyer S, Moore LG. High-altitude
ancestry protects against hypoxia-associated reductions in fetal growth. Archives of Disease
in Childhood - Fetal and Neonatal Edition 2007; 92(5): F372-F7.

400. Longo L. Transplacental gas exchange. Rev Mal Respir 1988; 5(3): 197-206.

401. Julian C, Galan H, Wilson M, et al. Lower uterine artery blood flow and higher
endothelin relative to nitric oxide metabolite levels are associated with reductions in birth
weight at high altitude. Am J Physiol Regul Integr Comp Physiol 2008; 295(3)(Sep): R906-15.
402. Tissot van Patot M, Grilli A, Chapman P, et al. Remodelling of Uteroplacental Arteries
is Decreased in High Altitude Placentae. Placenta 2003; 24(4): 326-35.

403. de Grauw T, Myers R, Scott W. Fetal growth retardation in rats from different levels
of hypoxia. Biol Neonate 1986; 49(2): 85-9.

404. Jacobs R, Robinson J, Owens J, Falconer J, Webster M. The effect of prolonged
hypobaric hypoxia on growth of fetal sheep. J Dev Physiol 1988; 10(2)(Apr): 97-112.

405.  Giussani DA, Salinas CE, Villena M, Blanco CE. The role of oxygen in prenatal growth:
studies in the chick embryo. The Journal of Physiology 2007; 585(3): 911-7.

406. Soothill P, Nicolaides K, Campbell S. Prenatal asphyxia, hyperlacticaemia,
hypoglycaemia, and erythroblastosis in growth retarded fetuses. Br Med J (Clin Res Ed) 1987,
25;294(6579)(Apr): 1051-3.

407. Nicolaides K, Campbell S, Bradley R, Bilardo C, Soothill P, Gibb D. Maternal oxygen
therapy for intrauterine growth retardation. Lancet 1987; 25;1(8539)(Apr): 942-5.

408. Say L, Glulmezoglu A, Hofmeyr G. Maternal oxygen administration for suspected
impaired fetal growth. Cochrane Database Syst Rev 2003; (1):CD000137.

409. Battaglia C, Artini P, D'Ambrogio G, Galli P, Segre A, Genazzani A. Maternal
hyperoxygenation in the treatment of intrauterine growth retardation. Am J Obstet Gynecol
1992; 167(2)(Aug): 430-5.

410. Johanson R, Lindow S, van der Elst C, Jaquire Z, van der Westhuizen S, Tucker A. A
prospective randomised comparison of the effect of continuous 02 therapy and bedrest on
fetuses with absent end-diastolic flow on umbilical artery Doppler waveform analysis. Br J
Obstet Gynaecol 1995; 102(8)(Aug): 662-5.

259



411. Lindow SW, Mantel GD, Anthony J, Coetzee EJ. A double-blind randomised
controlled trial of continuous oxygen therapy for compromised fetuses. BJOG: An
International Journal of Obstetrics & Gynaecology 2002; 109(5): 509-13.

412. East C, Smyth R, Leader L, et al. Vibroacoustic stimulation for fetal assessment in
labour in the presence of a nonreassuring fetal heart rate trace. Cochrane Database Syst Rev
2013; 31;1:CD004664. (Jan).

413.  Leader L, Baillie P. The changes in fetal habituation patterns due to a decrease in
inspired maternal oxygen. Br J Obstet Gynaecol 1988; 95(7)(Jul): 664-8.

414. Fawole B, Hofmeyr G. Maternal oxygen administration for fetal distress. Cochrane
Database Syst Rev 2012; 12;12:CD000136.(Dec).

415.  Saling E. Effect of oxygen inhalation by the mother on the blood gases and acid-base
equilibrium of the fetus. Geburtshilfe Frauenheilkd 1963; 23(Jun.): 528-38.

416. Thorp JA, Trobough T, Evans R, Hedrick J, Yeast JD. The effect of maternal oxygen
administration during the second stage of labor on umbilical cord blood gas values: A
randomized controlled prospective trial. American journal of obstetrics and gynecology
1995; 172(2, Part 1): 465-74.

417.  Perreault C, Blaise G, Meloche R. Maternal inspired oxygen concentration and fetal
oxygenation during caesarean section. Can J Anaesth 1992; 39(2)(Feb): 155-7.

418. Simpson K, James D. Efficacy of intrauterine resuscitation techniques in improving
fetal oxygen status during labor. Obstet Gynecol 2005; 105(6)(Jun): 1362-8.

419. Khazin A, Hon E, Hehre F. Effects of maternal hyperoxia on the fetus. Am J Obstet
Gynecol 1971; 15;109(4)(Feb): 628-37.

420. Althabe OJ, Schwarcz R, Pose S, Escarcena L, Caldeyro-Barcia R. Effects on fetal heart
rate and fetal pO2 of oxygen administration to the mother. Am J Obstet Gynecol 1967
15;98(6)(Jul): 858-70.

421.  Bartnicki J, Saling E. Influence of maternal oxygen administration on the computer-
analysed fetal heart rate patterns in small-for-gestational-age fetuses. Gynecol Obstet Invest
1994; (37(3)): 172-5.

422.  Kurz C, Fallenstein F, Schneider H, Huch R, Huch A. The influence of maternal oxygen
administration on fetal heart rate (FHR) and longterm variability amplitude (LVA). J Perinat
Med 1982; (10): (Suppl.2): 97.

423.  Arduini D, Rizzo G, Mancuso S, Romanini C. Short-term effects of maternal oxygen
administration on blood flow velocity waveforms in healthy and growth-retarded fetuses.
American journal of obstetrics and gynecology 1988; 159(5): 1077-80.

424. Manabe A, Hata T, Hata K, Kitao M. Maternal oxygen administration and fetal blood
flow velocity waveforms in AGA and SGA infants. Int J Gynaecol Obstet 1992; 37(3)(Mar):
211-2.

425.  Jouppila P, Kirkinen P, Koivula A, Jouppila R. The influence of maternal oxygen
inhalation on human placental and umbilical venous blood flow. Eur J Obstet Gynecol
Reprod Biol 1983; 16(3)(Nov): 151-6.

426. Simpson KR. Intrauterine resuscitation during labor: Should maternal oxygen
administration be a first-line measure? Seminars in Fetal and Neonatal Medicine 2008;
13(6): 362-7.

427. Khaw KS, Wang CC, Ngan Kee WD, et al. Supplementary oxygen for emergency
Caesarean section under regional anaesthesiatf. British Journal of Anaesthesia 2009;
102(1): 90-6.

428. Klinger G, Beyene J, Shah P, Periman M. Do hyperoxaemia and hypocapnia add to
the risk of brain injury after intrapartum asphyxia? Arch Dis Child Fetal Neonatal Ed 2005;
90(1)(Jan): F49-52.

260



429. Yamada T, Yoneyama Y, Sawa R, Araki T. Effects of maternal oxygen
supplementation on fetal oxygenation and lipid peroxidation following a single umbilical
cord occlusion in fetal goats. J Nippon Med Sch 2003; 70(2)(Apr): 165-71.

430. Suzuki S, Yoneyama Y, Sawa R, Murata T, Araki T, Power G. Changes in fetal plasma
adenosine and xanthine concentrations during fetal asphyxia with maternal oxygen
administration in ewes. Tohoku J Exp Med 2000; 192(4)(Dec): 275-81.

431. Kingdom J, Kaufmann P. Oxygen and placental villous development: origins of fetal
hypoxia. Placenta 1997; 18(8)(Nov): 613-21.

432.  Zamudio S, Torricos T, Fik E, et al. Hypoglycemia and the origin of hypoxia-induced
reduction in human fetal growth. PLoS One 2010; 1;5(1)(Jan): e8551.

433. Moore L. Fetal growth restriction and maternal oxygen transport during high
altitude pregnancy. High Alt Med Biol 2003; 4(2)(Summer): 141-56.

434.  Postigo L, Heredia G, llisley NP, et al. Where the 02 goes to: preservation of human
fetal oxygen delivery and consumption at high altitude. The Journal of Physiology 2009;
587(3): 693-708.

435.  Murray AJ. Oxygen delivery and fetal-placental growth: Beyond a question of supply
and demand? Placenta 2012; 33, Supplement 2(0): e16-e22.

436. Krampl E, Lees C, Bland JM, Espinoza Dorado J, Moscoso G, Campbell S. Fetal
Doppler velocimetry at high altitude. Ultrasound in Obstetrics and Gynecology 2001; 18(4):
329-34.

437. llisley N, Caniggia I, Zamudio S. Placental metabolic reprogramming: do changes in
the mix of energy-generating substrates modulate fetal growth? Int J Dev Biol 2010; 54(2-3):
409-19.

438. Martin-Gronert M, Ozanne S. Mechanisms underlying the developmental origins of
disease. Rev Endocr Metab Disord 2012; 13(2): 85-92.

439. Aiken CE, Ozanne SE. Transgenerational developmental programming. Human
Reproduction Update 2013.

440. Baschat DAA. Fetal responses to placental insufficiency: an update. BJOG: An
International Journal of Obstetrics & Gynaecology 2004; 111(10): 1031-41.

441. Geva R, Eshel R, Leitner Y, Fattal-Valevski A, Harel S. Memory functions of children
born with asymmetric intrauterine growth restriction. Brain Research 2006; 1117(1): 186-94.
442.  Bricker D, Squires J. Ages & Stages Questionnaires: A Parent-Completed, Child-
Monitoring System, 3rd edn. Paul H Brookes Publishing Co 2009; Baltimore, MD.

443.  Schonhaut L, Armijo |, Schénstedt M, Alvarez J, Cordero M. Validity of the Ages and
Stages Questionnaires in Term and Preterm Infants. Pediatrics 2013; 131(5): e1468-e74.

444.  Mackrides P, Ryherd S. Screening for developmental delay. Am Fam Physician 2011;
1,84(5)(Sep): 544-9.

445.  Hernandez-Andrade E, Jansson T, Ley D, et al. Validation of fractional moving blood
volume measurement with power Doppler ultrasound in an experimental sheep model.
Ultrasound in Obstetrics and Gynecology 2004; 23(4): 363-8.

446. Cruz-Martinez R, Figueras F, Hernandez-Andrade E, Puerto B, Gratacds E.
Longitudinal brain perfusion changes in near-term small-for-gestational-age fetuses as
measured by spectral Doppler indices or by fractional moving blood volume. American
journal of obstetrics and gynecology 2010; 203(1): 42.e1-.e6.

447. Janson H, Squires J. Parent-completed developmental screening in a Norwegian
population sample: a comparison with US normative data. Acta Padiatrica 2004; 93(11):
1525-9.

448. Lindsay NM, Healy GN, Colditz PB, Lingwood BE. Use of the Ages and Stages
Questionnaire to predict outcome after hypoxic-ischaemic encephalopathy in the neonate.
Journal of Paediatrics and Child Health 2008; 44(10): 590-5.

261



449. Devine P, Bracero L, Lysikiewicz A, Evans R, Womack S, Byrne D. Middle cerebral to
umbilical artery Doppler ratio in post-date pregnancies. Obstet Gynecol 1994; 84(5)(Nov):
856-60.

450. Siristatidis C, Kassanos D, Salamalekis G, Creatsa M, Chrelias C, Creatsas G.
Cardiotocography alone versus cardiotocography plus Doppler evaluation of the fetal middle
cerebral and umbilical artery for intrapartum fetal monitoring: a Greek prospective
controlled trial. Journal of Maternal-Fetal and Neonatal Medicine 2012; 25(7): 1183-7.

451. D'Antonio F, Patel D, Chandrasekharan N, Thilaganathan B, Bhide A. Role of
cerebroplacental ratio for fetal assessment in prolonged pregnancy. Ultrasound in Obstetrics
& Gynecology 2013; 42(2): 196-200.

452.  Birthplace in England Collaborative Group. Perinatal and maternal outcomes by
planned place of birth for healthy women with low risk pregnancies: the Birthplace in
England national prospective cohort study. BMJ 2011; 343.

453.  Hershkovitz R, de Swiet M, Kingdom J. Mid-Trimester Placentation Assessment in
High-Risk Pregnancies Using Maternal Serum Screening and Uterine Artery Doppler.
Hypertension in Pregnancy 2005; 24(3): 273-80.

454.  Regnault TRH, Galan HL, Parker TA, Anthony RV. Placental Development in Normal
and Compromised Pregnancies— A Review. Placenta 2002; 23, Supplement A(0): S119-S29.
455.  Molteni R. Placental growth and fetal/placental weight (F/P) ratios throughout
gestation--their relationship to patterns of fetal growth. Semin Perinatol 1984; 8(2)(Apr): 94-
100.

456. Bloom S, Leveno K, Spong C, et al. Decision-to-incision times and maternal and infant
outcomes. Obstet Gynecol 2006; 108(1)(Jul): 6-11.

457.  Ehrenstein V. Association of Apgar scores with death and neurologic disability. Clin
Epidemiol 2009; 9;1(Aug): 45-53.

458. Mercuri E, Rutherford M, Barnett A, et al. MRI lesions and infants with neonatal
encephalopathy. Is the Apgar score predictive? Neuropediatrics 2002; 33(3)(Jun): 150-6.

459.  Malin GL, Morris RK, Khan KS. Strength of association between umbilical cord pH
and perinatal and long term outcomes: systematic review and meta-analysis. BMJ 2010; 340.
460. Grinebaum A, McCullough LB, Sapra KJ, et al. Apgar score of 0 at 5 minutes and
neonatal seizures or serious neurologic dysfunction in relation to birth setting. American
journal of obstetrics and gynecology 2013; 209(4): 323.e1-.e6.

461.  Office for national statistics. Characteristics of Birth 2. 2013; (February).

462. Althabe F, Sosa C, Belizdn JM, Gibbons L, Jacquerioz F, Bergel E. Cesarean Section
Rates and Maternal and Neonatal Mortality in Low-, Medium-, and High-Income Countries:
An Ecological Study. Birth 2006; 33(4): 270-7.

463. Joffe M, Chapple J, Paterson C, Beard R. What is the optimal caesarean section rate?
An outcome based study of existing variation. J Epidemiol Community Health 1994;
48(4)(Aug): 406-11.

464. What is the right number of caesarean sections? Lancet 1997; 22;349(9055)(Mar):
815.

465.  Villar J, Valladares E, Wojdyla D, et al. Caesarean delivery rates and pregnancy
outcomes: the 2005 WHO global survey on maternal and perinatal health in Latin America.
The Lancet; 367(9525): 1819-29.

466. Althabe F, Belizan JM. Caesarean section: the paradox. The Lancet; 368(9546): 1472-
3.

467. Liu S, Liston RM, Joseph KS, et al. Maternal mortality and severe morbidity
associated with low-risk planned cesarean delivery versus planned vaginal delivery at term.
Canadian Medical Association Journal 2007; 176(4): 455-60.

262



468. Hansen AK, Wisborg K, Uldbjerg N, Henriksen TB. Risk of respiratory morbidity in
term infants delivered by elective caesarean section: cohort study. BMJ 2008; 336(7635): 85-
7.

469. Oladapo OT, Lamina MA, Sule-Odu AO. Maternal morbidity and mortality associated
with elective Caesarean delivery at a university hospital in Nigeria. Australian and New
Zealand Journal of Obstetrics and Gynaecology 2007; 47(2): 110-4.

470.  OECD. Health Data 2013.

471.  Audit-Commission. First Class Delivery: improving maternity services in England and
Wales. 1997.

472.  Buhimschi IA, Christner R, Buhimschi CS. Proteomic biomarker analysis of amniotic
fluid for identification of intra-amniotic inflammation. BJOG: An International Journal of
Obstetrics & Gynaecology 2005; 112(2): 173-81.

473.  Buhimschi CS, Abdel-Razeq S, Cackovic M, et al. Fetal Heart Rate Monitoring
Patterns in Women with Amniotic Fluid Proteomic Profiles Indicative of Inflammation. Amer
J Perinatol 2008; 25(06): 359-72.

474.  Wolter M, Rower C, Koy C, et al. A proteome signature for intrauterine growth
restriction derived from multifactorial analysis of mass spectrometry-based cord blood
serum profiling. ELECTROPHORESIS 2012; 33(12): 1981-93.

475.  Buhimschi IA, Zhao G, Funai EF, et al. Proteomic profiling of urine identifies specific
fragments of SERPINA1 and albumin as biomarkers of preeclampsia. American Journal of
Obstetrics and Gynecology 2008; 199(5): 551.e1-.e16.

476.  Fretts RC. Etiology and prevention of stillbirth. American journal of obstetrics and
gynecology 2005; 193(6): 1923-35.

477. Hilder L, Costeloe K, Thilaganathan B. Prolonged pregnancy: evaluating gestation-
specific risks of fetal and infant mortality. Br J Obstet Gynaecol 1998; 105(2)(Feb): 169-73.
478. Reddy UM, Ko C-W, Willinger M. Maternal age and the risk of stillbirth throughout
pregnancy in the United States. American journal of obstetrics and gynecology 2006; 195(3):
764-70.

479.  Hastings-Tolsma M, Goodman S. Midwives, labour induction and the Wooden Spoon
award part I. Pract Midwife 2012; 15(3):22,(Mar): 24-7.

480. Khalil AA, Morales-Rosello J, Morlando M, et al. Is fetal cerebroplacental ratio an
independent predictor of intrapartum fetal compromise and neonatal unit admission?
American Journal of Obstetrics and Gynecology; (0).

481. Bakalis S, Akolekar R, Gallo DM, Poon LC, Nicolaides KH. Umbilical and fetal middle
cerebral artery Doppler at 30-34 weeks' gestation in the prediction of adverse perinatal
outcome. Ultrasound in Obstetrics & Gynecology 2015; 45(4): 409-20.

482.  Akolekar R, Syngelaki A, Gallo DM, Poon LC, Nicolaides KH. Umbilical and fetal
middle cerebral artery Doppler at 35-37 weeks' gestation in the prediction of adverse
perinatal outcome. Ultrasound in Obstetrics & Gynecology 2015; 46(1): 82-92.

263



Permissions

License Number

License date

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Pages

Type of use

Requestor type

Format

Portion

Number of figures/tables

Original Wiley figure/table number(s)
Will you be translating?

Title of your thesis / dissertation
stratification prior to labour

3532391477966
Dec 19, 2014

John Wiley and Sons
Prenatal Diagnosis

Fetal arterial and venous Doppler pulsatility index and
time averaged velocity ranges

M. Parra-Cordero,C. Lees,H. Missfelder-Lobos,P. Seed,C.
Harris

Nov 14, 2007

Dissertation/Thesis
University/Academic
Print

Figure/table

No

Intra-partum fetal compromise: Prediction and risk

Expected completion date Jan 2015

Expected size (number of pages)

Requestor Location

Billing Type

Billing Address

Total

280

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS
Attn: Tomas Prior

Invoice

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS

Attn: Tomas Prior

0.00 GBP

264



License Number 3532401496862

License date Dec 19, 2014

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

John Wiley and Sons

Prenatal Diagnosis

Fetal arterial and venous Doppler pulsatility index and time

averaged velocity ranges

M. Parra-Cordero,C. Lees,H. Missfelder-Lobos,P. Seed,C. Harris

Licensed Content Date Nov 14, 2007

Pages 7

Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print

Portion Figure/table
Number of figures/tables 1

Original Wiley figure/table number(s) 5

Will you be translating? No

Title of your thesis / dissertation

Expected completion date
Expected size (number of pages)

Requestor Location

Billing Type

Billing Address

Total

Intra-partum fetal compromise: Prediction and risk stratification

prior to labour

Jan 2015

280

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS
Attn: Tomas Prior

Invoice

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS

Attn: Tomas Prior

0.00 GBP

265



License Number

License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

3532410422907

Dec 19, 2014

John Wiley and Sons

Ultrasound in Obstetrics and Gynaecology

Middle cerebral artery blood flow velocities and pulsatility index
and the cerebroplacental pulsatility ratio: longitudinal reference

ranges and terms for serial measurements

C. Ebbing,S. Rasmussen,T. Kiserud

Licensed Content Date Aug 24, 2007

Pages 10

Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print

Portion Figure/table
Number of figures/tables 1

Original Wiley figure/table number(s) 7

Will you be translating? No

Title of your thesis / dissertation

Expected completion date
Expected size (number of pages)

Requestor Location

Billing Type

Billing Address

Total

Intra-partum fetal compromise: Prediction and risk stratification
prior to labour

Jan 2015

280

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS
Attn: Tomas Prior

Invoice

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS

Attn: Tomas Prior

0.00 GBP

266



License Number

License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

3532410653497

Dec 19, 2014

John Wiley and Sons

Ultrasound in Obstetrics and Gynaecology

Continuous wave Doppler velocimetry of the main-stem uterine
arteries: the transvaginal approach

A. Weissman,A. J. Jaffa,S. Lurie,J. Har-Toov,M. R. Peyser

Licensed Content Date Feb 18, 2003

Pages 6

Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print

Portion Figure/table
Number of figures/tables 1

Original Wiley figure/table number(s) 2

Will you be translating? No

Title of your thesis / dissertation

Expected completion date
Expected size (number of pages)

Requestor Location

Billing Type

Billing Address

Total

Intra-partum fetal compromise: Prediction and risk stratification
prior to labour

Jan 2015

280

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS
Attn: Tomas Prior

Invoice

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS

Attn: Tomas Prior

0.00 GBP

267



License Number

License date

Licensed content publisher
Licensed content publication
Licensed content title
Licensed content author
Licensed content date
Volume Number

Issue Number

3532410862040

Dec 19, 2014

Wolters Kluwer Health

Clinical Obstetrics and Gynecology

Physiology of Amniotic Fluid Volume Regulation.
BRACE, ROBERT

Jan 1, 1997

40

Type of Use Dissertation/Thesis
Requestor type Individual

Portion Figures/table/illustration
Number of figures/tables/illustrations 1
Figures/tables/illustrations used 5

Author of this Wolters Kluwer article No

Title of your thesis / dissertation

Expected completion date
Estimated size(pages)
Billing Type

Billing Address

Total

Intra-partum fetal compromise: Prediction and risk stratification
prior to labour

Jan 2015

280

Invoice

Tomas Prior

Imperial College London

London, United Kingdom W12 OHS

Attn: Tomas Prior

0.00 GBP

268



Supplier Elsevier Limited
The Boulevard,Langford Lane
Kidlington,Oxford,0X5 1GB,UK
Registered Company Number 1982084
Customer name Tomas Prior

Customer address Imperial College London

London, W12 OHS

License number 3532450314514

License date Dec 19, 2014

Licensed content publisher Elsevier

Licensed content publication Seminars in Perinatology

Licensed content title Fetal Growth Restriction

Licensed content author Jena Miller,Sifa Turan,Ahmet A. Baschat
Licensed content date August 2008

Licensed content volume number 32

Licensed content issue number 4

Number of pages 7

Start Page 274

End Page 280

Type of Use reuse in a thesis/dissertation
Portion figures/tables/illustrations
Number of figures/tables/illustrations 1

Format print

Are you the author of this Elsevier article? No

Will you be translating? No
Original figure numbers 2
Title of your thesis/dissertation Intra-partum fetal compromise: Prediction and risk stratification

prior to labour
Expected completion date Jan 2015

Estimated size (number of pages) 280

269



Elsevier VAT number GB 494 6272 12

Permissions price 0.00 GBP
VAT/Local Sales Tax 0.00 GBP / 0.00 GBP
Total 0.00 GBP

270



Dear Dr. Prior:

By this email, you have permission from the publisher, the Society for the Study of
Reproduction, Inc., to reproduce Figure 1 from the following article with your thesis.

Peter Kaufmann, Simon Black, and Berthold Huppertz. Endovascular Trophoblast Invasion:
Implications for the Pathogenesis of Intrauterine Growth Retardation and Preeclampsia. Biol
Reprod 2003; 69(1):1-7; DOI:10.1095/biolreprod.102.014977.

You must provide full attribution and information to the original publication in the legend.
The formal permission is attached.

Please let us know if you have questions.

Sincerely,
Katrina Ashworth

271



Appendices

Appendix A

Information sheet for volunteers

You will be given a copy of this information sheet

Study title

Does UA/MCA resistance ratio at the start of labour predict obstetric/neonatal outcome?

Invitation to take part

You are being invited to take part in a research study. Before you decide, it is important for you
to understand why the research is being done and what it will involve. Please take time to read
the following information. Ask us if there is anything that is not clear or if you would like more
information.

What is the purpose of this study?

Blood flow to a baby’s organs is known to change during periods of stress. These changes are
particularly marked in small babies. Some babies become stressed during labour. We want to
determine if ultrasound assessment of blood flow in the umbilical artery and brain at the start of
labour are predictive of obstetric and neonatal complications.

If we have a way of identifying babies likely to become distressed in labour, it would help us
better manage these pregnancies and hopefully improve the outcome for these babies.

Why have | been chosen?

You have been chosen because you are in early labour or are likely to go into labour within 48
hours.

Do | have to take part?

It is up to you to decide whether or not to take part. If you do, you will be asked to sign a consent
form. If you decide not to, you will continue to receive standard management and your decision
will in no way affect the care you receive.

What will happen to me if | take part?

If you decide to take part you will be given this information sheet to keep and we will ask you to
sigh a consent form. We will then perform a short ultrasound scan of your baby (lasting around
15 minutes). We will measure the size of your baby, blood flow in various vessels and the
amount of amniotic fluid surrounding the baby. Once this is done your labour will be managed in
the usual manner. The information obtained from the ultrasound scan will not be available to
either the doctors or midwives looking after you. We would also take a drop of blood from you in
early labour and again within 24 hours of delivery.

We would also take a drop of blood from your baby’s heel (heel prick test) within the first 24
hours after birth. This method of taking blood from a baby is very safe and is used routinely. You
may be contacted following delivery regarding the development of the baby.

272



All babies born to mothers recruited in this study will have heel prick samples performed at 24
hours of life to obtain dried blood spots for later analysis.

Are there any side effects of obstetric ultrasound?

There are no reported serious side effects with antenatal ultrasound.

What are the possible benefits of taking part?

There are no immediate benefits to you from taking part. However, the information gathered
from this study may be of benefit for other pregnancies.

Will my taking part in this study be kept confidential?

The information obtained from your study is covered by the Data Protection Act. The
computerised information is protected by a software and hardware barrier and the records are
handled in the same way as hospital records. We also seek permission to include clinical details
about your pregnancy in the study, for instance your gestation and medical history.

Who is organising the research?

The Centre for Fetal Care at Queen Charlotte’s and Chelsea Hospital, Imperial College Healthcare
Trust is organising this research.

Who has reviewed this study?

This study has been reviewed by the principal investigator and his collaborators. The London
Research Ethics Committee has approved this research.

What if something goes wrong?

In the unlikely event of you suffering any adverse effects as a consequence of your participation
in the study you will be compensated through the Imperial College London’s “No fault
Compensation scheme.”

What will happen to the results of the research study?

The results are usually published in the medical literature. No patient’s names or identifiable
data will be included.

Who is organising and funding the research?
The research is organised and funded by Imperial College London.

Contact for Further Information

Dr Sailesh Kumar

Senior Lecturer/Consultant in Maternal and Fetal Medicine
Centre for Fetal Care

Queen Charlotte’s and Chelsea Hospital

Du Cane Road

London W12 OHS

Phone: 0208 3833998

Fax: 0208 3833507

Email: sailesh.kumar@imperial.ac.uk
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Dr Tom Prior

Clinical Research Fellow

Centre for Fetal Care

Queen Charlotte’s and Chelsea Hospital
Du Cane Road

London W12 OHS

Phone: 0208 3833998
Fax: 0208 3833507
Email: tomas.priorO0@imperial.ac.uk
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Appendix B

Patient Consent form for inclusion in UA/MCA ratio study Tel

I et have read the attached information sheet regarding the

“Does UA/MCA resistance ratio at the start of labour predict obstetric/neonatal
outcome?”

And | would like to participate.

Signed
Patient Date
Person taking Consent Date
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Appendix C

Low risk pregnancy defined as:-

Singleton

Term (37 — 42 weeks gestation)

No evidence of placental dysfunction — SGA/PET/PIH
No evidence of fetal compromise
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Appendix D
Data Collection proforma

UA/MCA resistance ratio study

Maternal Demographics

Hospital Number DOB
Age
Ethnicity BMI
Smoker YES/NO Partner Yes/No Weight in Labour
Parity Previous SB/IUGR
Booking Bp Raised Bp in pregnancy

Pre existing medical condition

Date of booking Scan

Labour Details

Spontaneous labour YES/NO

Induction YES/NO  If Yes Indication

Gestation at IOL/onset of labour

Membranes: Intact/Ruptured At ROM Liquor: CLEAR/MECI/MECII/MECIII

Cervical Dilatation at time of USS

CTG pre labour YES/NO If Yes describe

Length of Labour 1* stage Time from ROM to delivery
2" stage
3 stage
Total

Mode of Delivery: SVD/Forceps/Vacuum/EmLSCS

If instrumental/Em LSCS why

Intra-partum Hypertension YES/NO Meconium during labour YES/NO

Intra-partum Pyrexia YES/NO Intrapartum Abx YES/NO
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Associated Fetal Tachycardia YES/NO If Yes BR Rate
CTG abnormalities YES/NO

If yes describe

FBS YES/NO Number Results

Intra-partum haemorrhage YES/NO

Intrapartum USS details

Date of Scan

Growth Fetal Position
e BPD
e HC
e AC
e FL
e FEFW
1 2 3 3
UA PI MCA | PI
RI RI
SD ratio SD ratio
Vmax Vmax
Tamax
EDF
Vessel Vessel
Diameter Diameter
1 2 3 3
Uterine | PI Uv Area
Artery
RI Vmax
SD ratio Pl
Vmax
Vessel Vessel
Diameter Diameter
MCA/UA PI ratio : Ductus
AFI Deepest Vertical Pool
Nuchal cord YES/NO
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Labour OQutcome

Date of Delivery
Gestation at delivery Birth Weight
Sex M/F
Apgars Cord Gases
Placental Weight BE
Admission to NNU YES/NO Lactate
e Reason for admission PO2
PCO2
e Length of stay Gluc
Na
Cl
e Ventilation Ca
e Sepsis
e NEC

e Cranial USS/MRI

e Other complications

e Discharge summary YES/NO
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Appendix E
Influence of maternal Oxygen therapy on feto-placental blood
flow

Patient Information Leaflet

Researchers:

Professor Sailesh Kumar and Dr Tomas Prior
Mater Research Institute/University of Queensland

Invitation to take part

You are being invited to take part in a research study. Before you decide, it is important for you
to understand why the research is being done and what it will involve. Please take time to read
the following information. Ask us if there is anything that is not clear or if you would like more
information.

You will be given a copy of this information sheet to keep should you agree to participate.

1. What is the purpose of this study?

Blood flow to a baby’s organs is known to change during periods of stress, such as during labour.
These changes are particularly marked in small babies but research has recently demonstrated
that normally grown babies may also show these changes, and if present these babies can be at
increased risk of developing problems during labour and needing emergency delivery.

If these babies can be identified, we may be able to treat these babies, and improve the
likelihood of them tolerating the stress of labour and delivery.

Research studies have suggested that small babies with changes in blood flow might be helped
by giving Oxygen therapy to their mother. We want to find out if giving maternal oxygen therapy
can improve the blood flow to the baby, and reduce the likelihood of the baby becoming
distressed in labour and needing emergency delivery.

2. Why have | been chosen?

You have been chosen because you are in early labour or are likely to go into labour within 72
hours.

3. Do I have to take part?

It is up to you to decide whether or not to take part. If you do, you will be asked to sign a consent
form. If you decide not to, you will continue to receive standard management and your decision
will in not affect the care you receive in any way.
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4. What will happen to me if | take part?

This research study is a self-controlled case series. Sometimes because we do not know which
way of treating patients is best, we need to make comparisons. In this trial, we will be making a
comparison between a treatment, Oxygen, and no treatment. The way this will happen is
explained below.

If you decide to take part you will be given this information sheet to keep and we will ask you to
sign a consent form. We will then perform a short ultrasound scan of your baby (lasting around
15 minutes). We will measure the size of your baby, blood flow in various vessels and the
amount of amniotic fluid surrounding the baby. After 15 minutes we will repeat the
measurements of blood flow. Following this you will be asked to breathe 60% Oxygen for 20
minutes. After 20 minutes, we will then perform another, shorter ultrasound scan to measure
the blood flow again, with these measurements repeated after a further 20, and 40 minutes.

Once this is done your labour will be managed in the usual manner. The information obtained
from the ultrasound scan will not be available to either the doctors or midwives looking after you,
this is to minimise bias.

5. What is the medication being tested?

The medication being tested is inhaled 60% medical oxygen. This is the same oxygen that is
already used routinely in many pregnancies. Normal air contains only around 21% oxygen.

6. Are there any side effects of maternal oxygen therapy?

Oxygen is already used routinely during labour if it is felt that the baby is in distress. Some
women with respiratory and cardiac problems will also receive oxygen therapy during labour.
Various studies have been performed on the use of oxygen therapy in labour and have not
shown any adverse effects.

7. Are there any side effects of obstetric ultrasound?

There are no reported serious side effects with antenatal ultrasound.

8. What are the possible benefits of taking part?

There are no immediate benefits to you from taking part. However, the information gathered
from this study may be of benefit for other pregnancies.

9. What are the possible disadvantages of taking part?

If you decide to take part in this study, we will need you to stay in the hospital for 90 minutes
following the initial ultrasound scan. There are no other anticipated disadvantages to taking part.
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10. Will my taking part in this study be kept confidential?

The information obtained from your involvement in this study is covered by the Data Protection
Act. The computerised information is protected by a software and hardware barrier and the
records are handled in the same way as hospital records. We also seek permission to include
clinical details about your pregnancy in the study, for instance your gestation and medical history.

11. Who is organising and funding the research?

The Mater Research Institute/University of Queensland is organising this research study, it is
funded by a charity called The Moonbeam Trust.

12. Who has reviewed this study?

This study has been reviewed by the Chief investigator and his collaborators. The Research Ethics
Committee has reviewed and approved this research.

13. What if something goes wrong?

If you feel you have been harmed by taking part in this research project you should discuss this
with the clinic team. They will advise you on the likelihood of your participation in the trial
causing the problem. The Sponsor, Mater Research Institute, has made arrangements to cover
no-fault compensation for harm caused by the trial that could not have been anticipated, and
holds insurance policies which apply to this study.

This does not affect your legal rights to seek compensation. If you are harmed due to someone’s
negligence, then you may have grounds for legal action.

If you wish to complain, or have any concerns about any aspect of the way you have been
treated during the course of this study then you should immediately inform the Investigator:

. Professor Sailesh Kumar, tel +617 31632564

The normal Mater Health complaint mechanisms are also available to you.

14. What will happen to the results of the research study?

The results from this study will be stored in a re-identifiable format for up to 10 years following
completion of the research. This is to enable further analysis of the results should it be required
in light of future research. The data will be stored as an encrypted computer file in a locked
office within the Mater Research Institute. Only authorised researchers will be able to access the
data.

The results of this study will be published in the medical literature. No patient’s names or
identifiable data will be included.
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Contact for Further Information

Professor Sailesh Kumar

Professor of Fetal Medicine,

Mater Research Institute/University
Queensland,

Aubigny Place,

Raymond Terrace,

South Brisbane,

QLD 4101,

Australia

Phone: +617 31632564

Email: skumar@mmri.mater.org.au

of

Dr Tom Prior

Clinical Research Fellow

Mater Research Institute/University
Queensland,

Aubigny Place,

Raymond Terrace,

South Brisbane,

QLD 4101,

Australia

Phone:

Email: tomas.prior00@imperial.ac.uk

Thank you for reading this leaflet.

of
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Appendix F

Maternal Oxygen therapy to reduce the risk of intra-
partum fetal compromise

Informed consent form

Chief Investigator: Dr Sailesh Kumar
Principle investigators: Dr Tomas Prior, Prof. Phillip Bennett

Please enter initials

1. I confirm that I have read and understand the study information sheet
dated ............. version......... and have had the opportunity to ask questions
which have been fully answered.

2. lunderstand that my participation is voluntary and I am free to withdraw
at any time, without giving any reason, and without affecting my medical
care or legal rights.

3. Tunderstand that sections of my notes may be looked at by responsible
individuals from Mater Research Institute/University of Queensland, or
from regulatory authorities where it is relevant to my taking part in this
research. I give permission for these individuals to access my records as
is relevant to this research study.

4. The compensation arrangements have been discussed with me.

5. Tagree to take part in this study.

Name of Patient/Participant Signature Date
Name of Person taking consent Signature Date
Chief Investigator Signature Date
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