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Abstract

During pregnancy, women undergo physiological, metabolic, and morphological
changes that could lead to significant maternal-foetal risks. Firstly, preterm
birth is the leading cause of infant mortality, with a prevalence 10% in single
(SG) and 50% in multiple gestations (MG). The characterisation of uterine
activity, as well as the comparison between SG and MG, may thus help to better
understand and manage this pathology. Secondly, induction of labour (IOL) is
associated with an increased risk of maternal mortality and morbidity when the
latent phase of labour is excessively prolonged, especially in nulliparous women.
However, the literature is sparse and the uterine electrophysiological response to
the IOL drug has not been clearly observed. In this sense, the study of biomarkers
based on electrohysterography (EHG) could help to early detect the risk of IOL
failure and guide clinical decisions accordingly. Thirdly, postpartum haemorrhage
(PPH) constitutes one of the main causes of maternal mortality in the world. Its
prevalence is 2-6%, causing the death of 75,000 women each year. The main cause
is uterine atony, so EHG becomes the ideal tool to assess the state of the uterus and
indicate the PPH risk based on the absence or not of activity. Therefore, the aim
of the present doctoral thesis is the identification of EHG-biomarkers for the early
detection of high-risk obstetrical situations. For this purpose, the EHG signal and
obstetric databases were generated for each scenario at University and Polytechnic
Hospital La Fe. The greater impulsivity and predictability in MG compared to SG
during the third trimester, in addition to the significant correlation between EHG-
biomarkers and foetal weight, suggested an electromechanical coupling between
overdistension and surface-recorded myoelectric activity. As for IOL, the successful
group showed a significant increase in the number of contractions and cellular
excitability, along with reduced complexity, from 2-3 hours after the IOL drug
administration. No significant changes from baseline activity were observed in
the failed group. Parity-based comparison reported a higher progression ratio of
signal amplitude for the parous group. Myoelectric activity in vaginal postpartum
was found to be more frequent and intense, in addition to exhibit a greater
cellular excitability than in caesarean deliveries. Discriminatory capacity of EHG-
biomarkers for early risk detection in various obstetric contexts has advanced
current electrophysiological knowledge of the uterus in vivo. The translation of the
EHG to clinical practice will entail the signal processing automation, culminating
in the creation of generalised and robust predictive models that support clinical
decision-making, improve birth planning and management, prevent maternal and
foetal complications and optimise the allocation of hospital resources.
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Resumen

Durante la gestación, la mujer experimenta cambios fisiológicos, metabólicos
y morfológicos que podrían conllevar importantes riesgos materno-fetales. En
primer lugar, el parto prematuro es la principal causa de mortalidad infantil, con
una prevalencia del 10% en gestaciones únicas (SG) y del 50% en gestaciones
múltiples (MG). Por tanto, la caracterización de la actividad uterina, así como
la comparación entre SG y MG, puede ayudar a comprender y manejar mejor
esta patología. En segundo lugar, la inducción del parto (IOL) se asocia a un
mayor riesgo de mortalidad y morbilidad materna cuando la fase latente del parto
se prolonga excesivamente, especialmente en mujeres nulíparas. Sin embargo, la
literatura es escasa y no se ha observado claramente la respuesta electrofisiológica
uterina al fármaco de IOL. En este sentido, el estudio de biomarcadores basados
en la electrohisterografía (EHG) podría ayudar a detectar precozmente el riesgo
de fracaso de la IOL y orientar las decisiones clínicas en consecuencia. En tercer
lugar, la hemorragia posparto (PPH) constituye una de las principales causas de
mortalidad materna en el mundo. Su prevalencia es del 2-6%, y causa la muerte de
75.000 mujeres cada año. La principal causa es la atonía uterina, por lo que la EHG
se convierte en la herramienta ideal para valorar el estado del útero e indicar el
riesgo de PPH en función de la ausencia o no de actividad. Por ello, el objetivo de la
presente tesis doctoral es la identificación de EHG-biomarcadores para la detección
precoz de situaciones obstétricas de alto riesgo. Para ello, se generaron las bases
de datos de señal EHG y de datos obstétricos para cada escenario en el Hospital
Universitario y Politécnico La Fe. La mayor impulsividad y predictibilidad en MG
respecto a SG durante el tercer trimestre, así como la correlación significativa entre
los EHG-biomarcadores y el peso fetal, sugirió un acoplamiento electromecánico
entre la sobredistensión y la actividad mioeléctrica registrada en superficie. En
cuanto a la IOL, el grupo de éxito mostró un aumento significativo del número de
contracciones y de la excitabilidad celular, junto con una menor complejidad, a
partir de 2-3 horas tras la administración del fármaco de IOL. No se observaron
cambios significativos con respecto a la actividad basal en el grupo de fracaso.
La comparación basada en la paridad reportó una mayor ratio de progresión de
la amplitud de la señal en el grupo de parosas. La actividad mioeléctrica en el
postparto vaginal resultó ser más frecuente e intensa, además de exhibir una mayor
excitabilidad celular que en los partos por cesárea. La capacidad discriminatoria de
los biomarcadores de EHG para la detección precoz del riesgo en diversos contextos
obstétricos ha hecho avanzar el conocimiento electrofisiológico actual del útero in
vivo. La traslación del EHG a la práctica clínica requerirá la automatización del
procesamiento de señales, para culminar en la creación de modelos predictivos
generalizados y robustos que apoyen la toma de decisiones clínicas, mejoren la
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planificación y gestión del parto, prevengan complicaciones maternas y fetales y
optimicen la asignación de recursos hospitalarios.
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Resum

Durant la gestació, la dona experimenta canvis fisiològics, metabòlics i mor-
fològics que podrien comportar importants riscos matern-fetals. En primer lloc, el
part prematur és la principal causa de mortalitat infantil, amb una prevalença del
10% en gestacions úniques (SG) i del 50% en gestacions múltiples (MG). Per tant,
la caracterització de l’activitat uterina, així com la comparació entre SG i MG,
ajuda a millorar la comprensió i gestió d’esta patologia. En segon lloc, la inducció
del part (IOL) s’associa a un major risc de mortalitat i morbiditat materna quan la
fase latent del part es prolonga excessivament, especialment en dones nul·lípares.
No obstant això, la literatura és escassa i no s’ha observat clarament la resposta
electrofisiològica uterina al fàrmac d’IOL. En este sentit, l’estudi de biomarcadors
basats en la electrohisterografia (EHG) pot ajudar a detectar precoçment el risc de
fracàs de la IOL i orientar les decisions clíniques en conseqüència. En tercer lloc,
l’hemorràgia postpart (PPH) constituïx una de les principals causes de mortalitat
materna en el món. La seua prevalença és del 2-6%, i causa la mort de 75.000
dones cada any. La principal causa és l’atonia uterina, per la qual cosa l’EHG es
convertix en la ferramenta ideal per a valorar l’estat de l’úter i indicar el risc de
PPH en funció de l’absència o no d’activitat. Per tant, l’objectiu de la present
tesi doctoral és la identificació de biomarcadors d’EHG per a la detecció precoç de
situacions d’alt risc obstètric. En este propòsit, s’han generat les bases de dades
de senyals d’EHG i informació obstètrica de cada escenari en estudi a l’Hospital
Universitari i Politècnic La Fe. La major impulsivitat i predictibilitat en MG re-
specte a SG durant el tercer trimestre, així com la correlació significativa entre
els biomarcadors d’EHG i el pes fetal, va suggerir un acoblament electromecànic
entre la sobredistensió i l’activitat mioelèctrica registrada en superfície. Pel que
fa a l’IOL, el grup exitós va mostrar un augment significatiu del nombre de con-
traccions i de l’excitabilitat cel·lular, així com una menor complexitat, a partir
de 2-3 hores tras l’administració del fàrmac de IOL. No es van observar canvis
significatius respecte a l’activitat basal en el grup de fracàs. La comparació basada
en la paritat va reportar una major ràtio de progressió de l’amplitud del senyal
en el grup de paroses. L’activitat mioelèctrica en el postpart vaginal va ser més
freqüent i intensa, a més d’exhibir una major excitabilitat cel·lular en els parts per
cesària. La capacitat discriminatòria dels biomarcadors d’EHG per a la detecció
precoç del risc en diversos contextos obstètrics ha fet avançar el coneixement elec-
trofisiològic actual de l’úter in vivo. La translació de l’EHG a la pràctica clínica
requerirá l’automatització del processament de senyals, per a culminar en la creació
de models predictius generalitzats i robustos que donen suport a la presa de deci-
sions clíniques, milloren la planificació i gestió del part, previnguen complicacions
matern-fetals i optimitzen l’assignació de recursos hospitalaris.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Throughout life, the uterus has a fundamental role from the menstrual cycle
through pregnancy, childbirth, and the puerperium. A better understanding of its
anatomy and physiology lays the foundation for knowledge and research related
to this crucial organ of the female reproductive system, answering questions that
arise when entering gynaecology and obstetrics. In routine clinical practice, this
knowledge supports informed decision-making by guiding the diagnosis of uterine
disorders and the development of effective treatments.

1.1 Biology of the uterus

As the central organ in gestation, the uterus fulfils the reproductive purpose.
It receives and ensures the development of the fertilised oocyte during pregnancy
and, once the gestation period is complete, facilitates its expulsion. Thereafter,
the uterus resumes its menstrual function, demonstrating remarkable adaptability
by transforming its structure and morphology during these crucial stages of the
reproductive cycle [1].

1.1.1 Anatomy and function of the uterus

The non-pregnant uterus is a pear-shaped organ located in the pelvic cavity,
between the bladder in front and the rectum behind, as can be seen in Figure 1.1.
It consists of two main but unequal parts: the cervix or uterine cervix is the smaller
lower portion that projects into the vagina, while the body or corpus is the larger
upper portion. The isthmus is the junction between the two and is of particular
obstetric relevance because it forms the lower uterine segment during pregnancy
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providing support and a protective barrier against infection. At each superolateral
margin of the body are the uterine cornets, out of which the fallopian tubes and
ovaries emerge. Finally, the fundus is defined as the convex upper uterine segment
between the tubal insertion points [1].

Figure 1.1: Cross-sectional view of the anatomical uterine structure. Partially modified
from [2].

On the one hand, the cervix has a cylindrical shape, measures approximately
20-30 millimetres length and has two apertures at the ends: the internal one, which
opens into the endometrial cavity, and the external one, which forms the exposed
part of the vagina. It comprises the exocervix, lined with stratified squamous
epithelium; the endocervix, which forms the canal connecting the external cervical
os to the uterus, lined with columnar epithelium; the external cervical cavity, which
varies with childbirth; the endocervical canal secretes mucus, forming a plug that
prevents the ascent of germs; the internal cervical cavity, which acts as a sphincter
during pregnancy; and the squamocolumnar intersection, which is usually found at
the external cervical os and is subject to variation depending on factors such as age
and sex; the internal cervical cavity, which acts as a sphincter during pregnancy;
and the squamocolumnar intersection, which is usually found at the external
cervical os and is subject to variation depending on factors such as age, menstrual
cycle, pregnancy or contraceptive use [3]. Composed mainly of fibrous connective
tissue of extracellular matrices such as collagen, elastin and proteoglycan, the
cervix also has a cellular portion consisting of smooth muscle cells, fibroblasts,
epithelium, and blood vessels to a lesser extent. This structure aims to protect
the uterine cavity by acting as a barrier against pathogens, to control the passage
of sperm during fertilisation, to maintain pregnancy by supporting the uterus,
and finally to facilitate delivery by allowing passage to the foetus as it thins and
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shortens during the maturation process [1, 4]. It is also through this channel that
the menstrual products are expelled.

On the other one, the corpus is flattened and triangular in shape. It is the most
active segment of the uterus and is composed by three distinct layers of tissue [1,
4]:

• The uterine cavity is lined with endometrium, composed of an overlying
epithelium, invaginating glands and a supporting vascular stroma. It is fur-
ther divided into a functional layer that is shed with each menstruation
and a basal layer that regenerates the functional layer after each shedding.
The endometrium thus varies greatly in response to hormonal fluctuations
throughout the menstrual cycle. It also plays a crucial role in the implan-
tation of a fertilised egg and, if pregnancy occurs, in the nourishment of
the developing embryo. During the gestation, it widens and vascularises to
provide a suitable environment for foetal development.

• A major component of the uterus consists of the myometrium, which
contains bundles of smooth muscle held together by connective organised
in three layers. The outer layer is made up of longitudinal fibres arranged
in flattened fascicles covering the superficial part, and transverse fibres on
the inner part forming a continuous and regular plane. The middle layer
originates in the fallopian tubes and its spiral fibres, which enclose and
circumscribe the venous sinuses, form the thickest of the three. The inner
layer has longitudinal fibres grouped in longitudinal fascicles that constitute
the uterine fundus and horizontal fibres that are situated internally as
concentric rings in contact with the endometrium. Its main function is to
contract during childbirth to facilitate delivery, but it also plays a major role
during the evacuation of menstruation or in assisting the movement of sperm
through the uterus during fertilisation. During pregnancy, the myometrium
undergoes a high rate of cellular hypertrophy and hyperplasia, resulting in a
considerable increase in size and thickness. The non-pregnant uterus weighs
between 60 grams and has a capacity of 20 ml, during gestation it becomes
20 times heavier and its capacity increases by a factor of 250. This increase
in the size and number of smooth muscle cells is essential for the uterus to
exert powerful and effective contractions during labour. Gradual growth to
provide a developmental environment for the foetus in the abdominal cavity
causes displacement of adjacent organs and a change in the shape of the
original pear to a more oval shape, as can be seen in Figure 1.2. From the
12th week of pregnancy, the uterus begins to protrude from the pubic bone,
around the 20th week it usually reaches the navel, between the 28th and
32nd week it is normally located at the level of the sternum and continues to
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grow until in the last weeks of pregnancy it may press against the upper ribs.
In addition, as the myometrial fibres are intertwined around the myometrial
vessels, haemostasis is allowed during the third stage of labour.

• The perimetrium is the outermost layer of the uterine wall. It consists
of connective tissue and serous membrane. Covering the outer surface, it
provides structural support to the uterus and helps it to anchor in the pelvic
cavity.

Figure 1.2: Pregnant body evolution during pregnancy. Partially modified from [2].

1.1.2 Origin of the contractions

A better understanding of the mechanism that trigger and regulate uterine
contraction is essential to ensure maternal-fetal safety during both pregnancy
and childbirth [5, 6]. Excitable cell behaviour is based on the passage of charged
ions through transmembrane proteins located in the cell membrane which act as
channels, either active or passive. The exchange of sodium, calcium, potassium,
and chloride ions between the intra- and extracellular media defines the resting
potential, ranging in utero between -70 and -55 mV, and defined as the difference
of potentials inside and outside the lipid membrane [6, 7]. At the cellular level,
it is the rapid and significant influx of calcium into de intracellular medium that
triggers the contraction in the uterus [7]. The concentration of this ion in the
extracellular medium is two orders of magnitude higher than in the intracellular
medium. As a result, myosin binds to actin, allowing the thin actin filaments
to move over the thick myosin filaments, thereby pulling the dense bodies and
causing the intermediate filaments to constrict the myometrial cells by up to 80%
of their original length [5], as can be seen in Figure 1.3. Actin-myosin dynamic is
modulated by the Ca2+ CaM complex, which enhances the activity between these
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two filaments. Upon binding to the complex, the enzyme MLCK1 is activated,
resulting in phosphorylation of the myosin light chains. During this process, ATP2

is converted to ADP3 by hydrolysis, inducing a structural alteration in myosin.
The globular portions of myosin displace the actin filaments causing a reduction
in muscle length leading to force and movement [5, 7].

Figure 1.3: Myometrial contraction scheme. Partially modified from [2].

The uterus becomes progressively more excitable towards the end of pregnancy,
until it finally develops rhythmic contractions that increase intrauterine pressure
and thus provide the force necessary for labour to progress and expel both foetus
and placenta [1, 5]. In order to generate sufficient pressure, the contraction must
be synchronised at the organ level, as tissue laxity would dampen uncoordinated
efforts. The cause of the contractile stimulus initiation in the uterus is currently
unidentified. There is no evidence that this organ has specialized pacemaker cells
as in the heart, in fact, each depolarisation front may be located in a different area
at each contraction. Current literature suggests that any cell can acquire this role
and then propagate the stimulus to neighbouring cells in the presence of oxytocic
agents and overdistension, with the roles being interchanged at each contraction
[8]. For intense contractions such as those of labour, a high concentration of
prostaglandins released by the placenta, an increased oestrogen to progesterone
ratio, and stretching or irritation of the cervix must be added to the previous [5].

As for the coordination, gap junctions are found connecting the interior of the
myometrial cells, providing intercellular channels with low resistance ion passage
to the electrical impulse. Although the density and number of these connections is

1Myosin Light Chain Kinase
2Adenosine triphosphate
3Adenosine diphosphate
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scarce during the early stages of gestation, favouring uterine quiescence, there is a
considerable increase in these connections peaking at the time of delivery, as well
as in actin and myosin filaments [7, 9]. At birth, gap junctions present a density
about 1000 per cell in human tissue [10]. These changes prepare the myometrium
to easily transmit contractile stimuli to neighbouring cells, thus turning the uterus
into a functional syncytium at delivery. After childbirth, myometrial excitability
and contractility decrease because of gap junction endocytosis [7, 9].

1.1.3 Uterine contractility during pregnancy and labour

In early gestation, the pregnant uterus has low and uncoordinated electrical
activity, often resulting in ineffective contractions. However, as the time of delivery
approaches, the uterus becomes progressively more excitable and its activity more
intense and synchronised until it finally develops rhythmic contractions strong
enough to expel the baby. The hormonal and mechanical changes that this organ
undergoes are believed to be responsible for inducing the intense contractions
responsible for labour [1].

As for the hormonal factors, the first one is the increased ratio of oestrogen to
progesterone, both of which are secreted by the ovary at first and in later preg-
nancy by the placenta. While progesterone contributes to uterine quiescence by
increasing the intracellular calcium and decreasing the excitability, oestrogen has
the opposite effect by promoting the creation of junctions between adjacent cells
and activating calcium binding-dependent channels [1]. Both steroid hormones are
produced at progressively higher levels, until the seventh month when progesterone
secretion becomes constant. Second, oxytocin will contribute to the drive on the
myometrium to increase contractility making the contractions more intense and
frequent [6]. During the last months, the uterine muscle increases its receptors
and the rate of secretion of this hormone increases considerably towards labour.
Thirdly, both the cortisol secreted in the adrenal glands and the high concentra-
tion of prostaglandins produced by the foetal membranes could also increase the
intensity of contractions [1].

As for mechanical factors, the simple stretching of the uterine musculature
can enhance its contractility, even if it is intermittent due to foetal movements.
This is reflected, for example, in the fact that Multiple Gestation (MG) give birth
prematurely 6 times more often than Single Gestation (SG) [11]. Stretching or
irritation of the cervical nerves has been suggested that can initiates reflexes in the
body of the uterus, but the effect could also simply be due to myogenic transmission
of signals from the cervix to the body of the uterus [1].
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On the other hand, the mechanism underlying the slow and weak rhythmic-
ity of the uterus that transforms into strong labour contractions is still unknown.
However, the positive feedback theory of the labour hypothesises that the stretch-
ing of the cervix as a result of the passage of the foetal head is great enough to
cause a strong reflex increase in contractility of the uterine corpus. This would
push the baby towards the outer end of the vagina, feeding the process until the
baby is expelled. In addition, the stretching of the cervix also involves an increased
secretion of oxytocin, known as the Ferguson reflex [12], which makes contractions
more regular and stronger. One may wonder about the many cases of false labour,
where contractions get stronger and stronger and then disappear. However, for
positive feedback to continue, each new positive feedback cycle must be stronger
than the previous one. If at any time after the onset of labour some contrac-
tions fail to re-excite the uterus sufficiently, the positive feedback could go into a
retrograde decline, and the labour contractions would fade [1].

The main physiological contraction types are classified as follows:

• Alvarez contractions occur in the latency phase of labour [13]. They are
identified as short, regular and rhythmic [13, 14], with a low intensity around
2-4 mmHg [15]. Due to their low amplitude, they are usually not perceptible
to the mother [15]. Appear with a frequency of 1 contraction per minute and
with a very local influence[13, 15].

• Braxton-Hicks contractions, also known as false labour contractions
[9, 16], present a higher amplitude and influence zone, along with lower
frequency of occurrence and duration, than Alvarez contractions [1, 15].
Usually, they appear from 20 weeks onwards in a random, non-rhythmic
manner [1, 9]. These contractions are thought to help tone the uterus and
prepare it for real labour. They feel like a temporary tightening of the
abdomen, do not normally cause cervical dilatation and are painless [1].

• Long duration low frequency waves can occur throughout gestation
characterised, as the name suggests, by a long duration and a low frequency
of occurrence [17]. Their occurrence is understood as a sign of uterine
hypertonia, which may be detrimental to foetal wellbeing [1, 18].

• Labour contractions are characterised by being regular in frequency and
duration, gradually increasing in intensity as expulsion approaches [4, 19].
During the latency phase, the frequency of contractions is 3 every 10 minutes
with an intensity of 28 mmHg and duration of 30-45 seconds, the uterine tone
is 8 mmHg [19, 20]. The frequency and intensity of contractions gradually
increases throughout the active phase of labour to 4 contractions every 10
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minutes with an intensity of 41 mmHg and duration off 45-60 seconds, the
average tone is 10 mmHg [4, 20]. In the expulsive period of labour, the
frequency is 5 contractions every 10 minutes with an intensity of 47 mmHg
and duration of 45-60 seconds, the tone is 12 mmHg [4, 20].

• In the postpartum, the uterus continues contracting to expelling birth debris,
assist in stopping the bleeding and returning the uterus to a size close to pre-
pregnancy [1]. Postpartum contractions can be quite intense and frequent
with intervals of a few minutes between them and durations similar to those
of the expulsive phase of labour [16]. Generally, they are more noticeable
during the first 24 hours after delivery and usually continue for a few days
after delivery, although their intensity and frequency typically decreases as
the uterus contracts and recovers. This type of contraction can become
painful, especially during the feeding of the baby [1].

In addition, the generation of contractions in the uterus and the cervical
effacement are closely related, although the sequence of these occurrence of
processes is controversial. On the one hand, effacement may precede the generation
of contractions in order to facilitate the path of contractions during dilatation. On
the other hand, contractions could be in crescendo before the cervix is completely
effaced, as in the case of false labour contractions. The fact is that the sequence
of events changes even between pregnancies of the same patient, so prenatal care
professionals have to monitor both factors at each check-up visit [8].

1.2 Risk situations during pregnancy, labour and
postpartum

During gestation and postpartum, a myriad of difficulties can arise that disrupt
the natural course of labour. Complications may manifest themselves in the form of
problems that compromise maternal-fetal well-being and require specialised clinical
care and subsequent follow-up. Preterm birth, cervical ripening in prolonged
pregnancy and postpartum haemorrhage are the three main scenarios addressed
in this dissertation.

1.2.1 Preterm birth. Prevalence in multiple gestation.

Preterm birth (PTB) is defined as all births before 37 complete weeks of
gestation (WoG) or less than 259 days from the first day of the woman’s last
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menstrual period [21]. Later preterm (34-37 WoG) and moderate preterm (32-34
WoG) account for the bulk of the PTB with 85%. Among the remainder, 10% are
very preterm (28-32 WoG) and 5% extremely preterm (<28 WoG) [22].

Given its impact on neonatal mortality, long-term health issues, and healthcare
economics, PTB represents a significant public health challenge. It constitutes
one of the leading causes of perinatal mortality and caused 2.3 million deaths in
children under 5 years of age worldwide in 2019 [23, 24]. Survivors face an elevated
risk of issues related to visual, neurodevelopmental, and cognitive functions, as
well as conditions like cerebral palsy. Furthermore, they often experience extended
hospital stays due to respiratory, metabolic, or infectious complications [23, 25].
Therefore, the economic implications of PTB go beyond the immediate costs of
neonatal intensive care units. Besides the significant psychological and economic
strain imposed on affected families, PTB entails the long-term increase in the use
of specialised medical, social and educational services, and the potential loss of
economic productivity. The average initial annual cost of a PTB is 8,565e, 5.4
times more than a full-term birth. This cost can soar to 74,009e in the case of
very or extremely PTBs [22, 25].

Risk factors for PTB can be categorized primarily into maternal characteristics,
ultrasound indicators, and biochemical markers. Maternal factors include MG,
extreme maternal age, extreme Body Mass Index (BMI), maternal comorbidities
(diabetes, hypertension, anaemia or autoimmune diseases to name a few), poly-
hydramnios, urinary tract or foetal membrane infections, periodontitis, vitamin D
deficiency, smoking, illicit drug or alcohol use during pregnancy, race, maternal
malnutrition or malnutrition, chronic or acute stress, history of previous preterm
labour or miscarriage, in vitro fertilisation treatments and premature detachment
of membranes, among others. Ultrasound techniques for gestational monitoring
mainly detect shortening and effacement of the Cervical Length (CL) risk factors,
together with inadequate foetal growth. Important biochemical markers include
elevated levels of C-reactive protein, the presence of fetal fibronectin in cervical
secretion and a low level of progesterone [26, 27].

Prenatal care from the very beginning of pregnancy allows for the identifica-
tion of risk factors and the appropriate monitoring and management of pre-existing
medical conditions. In women with a history of cervical incompetence or insuffi-
ciency, cervical cerclage is often performed to keep the cervix closed. A healthy
lifestyle and stress management are also highly recommended [28–30]. In case of
threatened PTB, the patient is hospitalised and tocolytics are administered to
stop uterine contractions and thus the progress of labour. This allows the clinician
to mature the fetal lungs with corticosteroids and the brain with magnesium sul-
phate to reduce the risk of complications in the event of early delivery. Should the
delivery be unavoidable, the newborn is admitted to the neonatal intensive care
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unit where respiratory support, specialised feeding and intensive medical care are
provided [22].

Despite major advances in modern medicine, PTB rate continues to rise, as is
the case in the United States, going from 9.63% in 2015 [31] to 10.48% in 2021 [32].
This growing rate may be related to the ever-increasing maternal age at gestation
because of the socio-economic changes our society has undergone [31, 32]. Since the
turn of the century, births among women aged 35-39 have increased by 30.5 per cent
and by 48 per cent among women over 40 [33]. However, fertility and fecundability
continue declining progressively from the age of 32 and 37, respectively, as a
consequence of the reduction in the quality and number of oocytes [34]. For this
reason, the demand for assisted reproductive technologies is steadily increasing
[35, 36] and so is the occurrence of multiple pregnancies [34, 35]. Currently, the
worldwide incidence of MG post-treatment is around 20%, ranging from <10%
in several Nordic countries [36] to 30% in the USA [37], significantly higher than
the 1-2% in natural conceptions [36]. In the case of MG, the prevalence of PTB
was 59.94% compared to 8.42% in singletons in 2020 [37]. Consequently, they are
at especially great risk of neonatal death, perinatal complications and somatic
pathologies, physical and neuropsychological developmental disorders, formation
of congenital malformations and disability [38].

1.2.2 Prolonged pregnancy and induction of labour

Timely onset of labour and delivery is key to reduce fetal and infant death and
long-term morbidity [39]. In contrast to PTB, in which the onset of labour is caused
by the sudden release of various stimulatory effects [40], term labour in humans
is caused by the release of uterine inactivity [41]. Generally, human gestation
lasts 40 weeks from the first day of the last menstrual period, during which time
uterine quiescence and cervical competence allow for the proper development and
nourishment of the foetus [39].

The American College of Obstetricians and Gynecologists (ACOG) has classi-
fied term deliveries according to gestational age at labour as: early term (37 0/7 to
38 6/7), full term (39 0/7 to 40 6/7), late term (41 0/7 to 41 6/7) and post-term
(42 0/7 and beyond) [42]. A Cochrane review analysing 34 randomised clinical
trials and 21,000 women, treated expectantly or who had their labour terminated,
reported lower perinatal deaths, caesarean section rates, neonatal intensive care
unit admissions and higher 5-minute Apgar scores in induced deliveries [43]. In
addition, a prospective Swedish study involving more than 2 million singleton low-
risk pregnancies at 37-42 WoG, the risk of death or neurological complications was
found to be highest among early term pregnancies. In contrast, the risk of adverse
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fetal, infant and neurodevelopmental outcomes was found to be lowest at 39-41
WoG [44]. Risk factors described for post-term pregnancy are previous post-term
pregnancy, nulliparity, obesity and advanced maternal age [45].

In this case where the risk of continuing the pregnancy outweighs the benefits to
the foetus, the mother or both, termination of pregnancy should be considered [46,
47]. For this need, the only available alternatives are the Induction of Labour (IOL)
and caesarean section. The former is preferred to the latter if there are no
contraindications to vaginal delivery as it is less invasive, allows for a quicker
recovery and has fewer risks of complications [47, 48]. Leading organisations
established the recommendation for late term IOL in low-risk pregnancies such
as the World Health Organization (WHO) in 2018 [46] and the National Institute
for Health and Care Excellence (NICE) guidelines endorsed it in primiparas in 2021
[49]. In turn, the ACOG discourage delaying labour until full term in 2021 if there
is a medical or obstetric indication for earlier delivery and proposed a long list
of recommendations on the timing of delivery for several specific conditions [50].
Moreover, 41-week induction has shown an 80% probability of being cost-effective,
especially in nulliparas, with a willingness to pay of 22,000e for the prevention
of adverse perinatal outcome and 50,000e for the prevention of severe composite
adverse perinatal outcome [51].

Induction of labour

IOL involves the obstetric techniques and methods, whether pharmacological
or mechanical, designed to artificially stimulate the uterus before the spontaneous
onset of labour, thereby promoting the onset of contractions that trigger labour
and the fetoplacental unit expulsion [46, 48]. It is considered a topic of great
obstetric interest as not only is it the most frequent procedure in routine clinical
practice, but the number of pregnant women undergoing the procedure is on the
rise. In England it increased from 22% in 211 to 33% in 2022 [52], in Australia
from 26% in 1998 to 34% in 2021 [53], in Sweden from 19% to 25% between 2018
and 2020 [54], in the United States from 9.5% in 1990 to 29.4% in 2019 [37], and
in Spain from 18.6% in 2010 to 34.2% in 2018 [55].

Common indications for IOL are rupture of membranes without labour, ges-
tational hypertension, oligohydramnios, foetal distress, post-term pregnancy and
various maternal conditions such as chronic hypertension and diabetes. Of note,
IOL is not exclusive to prolonged labour, but is also employed in cases in which
expectant management is no longer an option, such as premature rupture of mem-
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branes, pre-eclampsia, eclampsia, HELLP syndrome4, gestational hypertension,
chronic hypertension, foetal demise, maternal diabetes, foetal growth restriction,
chorioamnionitis, placental abruption, oligohydramnios, hepatic cholestasis, Rh
isoimmunisation with foetal anaemia or twin gestation [48]. Induction or augmen-
tation of labour is contraindicated in most of the diseases that impede spontaneous
labour. The few maternal contraindications are related to the type of anterior
uterine incision, contracted or distorted pelvic anatomy, abnormally implanted
placentas and rare conditions such as active vaginal herpes infection or cervical
cancer [48, 56]. Fetal factors include umbilical cord prolapse, severe hydrocephalus,
malpresentation or fetal distress. Breech presentation, foetal macrosomia, previous
cesarean and twin gestation are considered relative contraindications and must be
assessed on an individual basis considering the maternal characteristics, together
with the experience and guidelines established in each hospital [1, 48].

In the broadest sense, if IOL does not result in vaginal delivery, regardless
of the time from the start of the process, it is considered to have failed [57]. In
2012, ACOG defined failed IOL as failure to achieve regular contractions and
cervical changes under oxytocin effect after 12-18 hours following amniotomy,
or 24 hours with intact membranes. Cervical ripening duration is not included
in the computation or definition of failed IOL [58]. Experiencing a prolonged
latent phase has been associated with an increased risk of maternal and perinatal
complications, including elevated rates of obstetric intervention, cesarean section,
chorioamnionitis, admission to the neonatal intensive care unit, and significant
blood loss. However, no clear turning point has been defined at which the
risk rises considerably, making the interpretation and subsequent translation into
clinical recommendations extremely challenging [57]. After IOL with oxytocin
combined with amniotomy in a group of 509 women, 39% delivered vaginally after
6 hours, 28% after 9 hours and 13% after 12 hours. The conclusion was that
oxytocin should be administered for at least 12 hours after rupture of membranes
before sentencing the IOL as failed, defined as failure to progress to the active
phase (dilatation>4cm and 90% effacement) [59]. In 2014, the results of a joint
workshop between ACOG and Society for Maternal-Fetal Medicine (SMFM) on
safe prevention of first caesarean section were published. Recommendations here
include, maternal and foetal status permitting, minimising caesarean sections due
to failed IOL of labour by allowing longer latent phases (up to 24 hours from the
start of IOL), administration of oxytocin for at least 12-18 hours after bag rupture
and consideration of active labour from 6 cm dilation onwards [60].

Determining the status of the cervix prior to IOL is essential for predicting its
outcome in daily clinical practice. Of note, the indication for IOL usually occurs

4The acronym HELLP is derived from its main clinical features: haemolysis (H), elevated
liver enzymes (EL) and low platelet levels (LP).
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with an unfavourable cervix, so the procedure is divided into a first phase of cervical
ripening or pre-induction, and a second of uterine contractions augmentation in
case the labour process has not been triggered spontaneously after the first one
[48]. The former is a complex process involving remodelling of connective tissue by
reducing collagen and proteoglycan concentrations while increasing water content,
resulting in physical softening and distensibility of the cervix that eventually leads
to cervical effacement and partial cervical dilatation [16]. The most used cervical
assessment system is the modified Bishop Score (BS), which considers cervical
conditions by scoring dilatation, effacement, consistency, and position of the cervix,
adding the height of the foetal presentation [61]. The result is a score in the range
0-13, as can be seen in Table 1.1.

Table 1.1: Bishop score punctuation [61].

Cervical factor Score
0 1 2 3

Dilatation (cm) Closed 1 or 2 3 or 4 >4
Consistency Firm Medium Soft none
Effacement (%) <40% 40-60% 60-80% >80%
Position Posterior Central Anterior none
Fetal station -3 -2 -1 or 0 +1, +2

Although a high score (BS≥8) is useful as a measure of cervical maturity and
performs well in predicting the likelihood of vaginal delivery, a low score (BS≤6)
does not yield as accurate for predicting the likelihood of IOL failure, prolonged
labour, or caesarean section [48, 49]. In addition, the cervical consistency compo-
nent is assessed subjectively, conferring minimal reproducibility to the measure [48,
62]. Transvaginal ultrasound measurement of CL is the only biophysical marker
that has been considered as an alternative to BS, although it has been found to
have low sensitivity and specificity for predicting successful IOL [63]. Other ob-
stetric variables such as CL or foetal weight have also been attempted to predict
IOL outcome. The reported values of area under the receiver operating curve are
respectively 0.5-0.7 [64–66] and 0.6 [64] versus 0.4-0.7 for BS [65, 66], implying the
poor predictive ability of these variables and the need to establish new reliable
biomarkers for the prediction of IOL outcome.

Methods for induction of labour

According to the approach and methods used to stimulate labour, IOL tech-
niques can be broadly divided into pharmacological (PIOL) and mechanical
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(MIOL). On the one hand, the first methods developed to ripen the cervix and
induce labour were MIOL, which include:

• The procedure of membrane sweeping, also known as Hamilton manoeu-
vre, consists of separating the lower part of the foetal membranes from the
lower uterine segment by rotating the finger through 360o, leading to the
release of prostaglandins with subsequent cervical ripening and initiation of
labour. Its practice is not routinely performed in all pregnancies, as there
is no evidence that it improves maternal or neonatal outcome, although it
does shorten the time to spontaneous onset of labour without increasing the
risk of infection, so it could be offered to women over 39 WoG seeking to
accelerate the onset of labour. This procedure is endorsed by WHO [46],
ACOG [50] and NICE [49].

• Amniotomy is the intentional perforation or rupture of the amniotic sac by
an obstetrician [67]. This is a commonly used, inexpensive and low-resource
method may be performed to influence the speed of labour, allow more direct
monitoring of foetal status or qualitative assessment of amniotic fluid, among
others [1]. Using this technique does not seem to shorten the duration of the
first and second stages of labour under standard progression of labour [68].
Although if the cervix is partially dilated and effaced, it has proven to be
an effective method for IOL. The major drawback is the unpredictable and
occasionally long interval until the onset of labour in which the foetus is
compromised [1, 69].

• Hygroscopic dilators are designed to absorb moisture and gradually
expand within the cervical canal. By disrupting the interface between the
amnion and the decidua, it causes the secretion of prostaglandins by local
action contributing to the active modification of the cervix in addition to
the passive mechanical dilatation caused by the presence of the dilator in
the cervical canal [48, 70]. Their safety in improving cervical dilatation
contrasts with their inability to improve the overall success of IOL. No
significant reduction in caesarean delivery rates or in the achievement of
vaginal deliveries in the first 24 hours after application has been found
[67, 70]. Therefore, they are predominantly used in first-trimester abortion
induction [1].

• Transcervical catheters stand out for their low cost, reversibility, and
lack of serious side effects [71, 72]. Placement up to the internal cervical os,
filling to the maximum allowable volume by infusion of sterile saline and
clamping the device to the patient’s thigh to create tension is a common
technique in clinical practice for cervical ripening, as seen in Figure 1.4.
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Prior to placement, sterilisation of the cervical canal and verification of
foetal presentation and exclusion of placenta praevia, usually by abdominal
ultrasound, are required. The balloon catheter remains in the extra-amniotic
space until spontaneous expulsion or until 12-24 hours after insertion [1, 48].
Often it requires the subsequent augmentation of contractions with oxytocin,
which is frequently associated with a higher rate of dysfunctional deliveries
and cesarean sections [71, 72]. The oxytocin regimen can be started just
after catheter removal [67] or even simultaneously, this practice increased the
rate of deliveries in the first 24 hours in a randomized trial [73]. Although
the double-balloon or Cook’s catheter has been designed and marketed
specifically for cervical ripening, the single-balloon or Foley catheter has
been widely used in clinical practice for this purpose. In terms of efficacy,
safety and patient satisfaction both are similar, although Foley is more cost-
effective [74].

Figure 1.4: Dinoprostone slow-release ribbon and foley catheter placement scheme for
pharmacological and mechanical induction of labour [75].

On the other hand, MIOL methods have been partly substituted by PIOL
methods, which include:

• Misoprostol or synthetic prostaglandin E1 was originally developed as a
preventive treatment for peptic ulcer. Its use as a cervical ripening agent was
approved in 2008 by the Spanish Medicines Agency in low doses and in 2009 it
was endorsed by ACOG [76]. At the electrophysiological level, prostaglandin
E1 acts on cervical cells by increasing the concentration of intracellular cyclic
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adenosine monophosphate (cAMP), causing inhibition of smooth muscle
contraction and relaxation of collagen fibres in the cervix. As a result,
electrical resistance in the tissue is reduced and conduction of electrical
impulses is facilitated, allowing the cervix to dilate and efface more efficiently.
Misoprostol is administered in tablets, is economical and easy to store due to
its stability at room temperature. Routes of administration of misoprostol
have been described as vaginal, oral, sublingual, and rectal. Absorption
of the drug is rapid and serum levels vary according to the route chosen,
although due to its pharmacokinetics the likelihood of achieving regular
and prolonged uterine activity is greater via the vaginal route compared
to the oral route [77]. The optimal dose and time interval of misoprostol
administered is controversial. While the 50µg dose achieves higher delivery
rates within 24 hours of the first dose with less need for subsequent oxytocin,
the 25µg dose shows a safer profile with a lower probability of tachysystole,
hyperstimulation, caesarean section due to risk of fetal distress, neonatal
internal care unit admission and meconium amniotic fluid aspiration [1, 48].

• Dinoprostone is a synthetic analogue of prostaglandin E2 and a recognised
agent for cervical ripening approved by the Spanish Medicine Agency in 1999.
In contrast to E1, E2 binds to EP2 and EP4 receptors on cervical cells, raising
intracellular calcium levels and triggering focused cell contraction, inhibition
of collagen synthesis and increased vascularisation. Dinoprostone is more
expensive than misoprostol and its instability at room temperature requires
refrigerated preservation. It is commercially available as a 0.2mg/ml gel
(Prepidil R©), 10µg slow-release vaginal insert (Propess R©) and suppository,
being the latter used not for cervical ripening but for termination of preg-
nancy between 12-20 weeks or evacuation of the uterus after fetal death up
to 28 weeks [1]. Comparing the rates of uterine tachysystole (>5 contractions
in 10 minutes) and fetal heart rate alterations between E1 and E2, literature
reviews seem to converge that both drugs have a similar safety profile [48,
78]. However, the long tail of the vaginal insert allows for easy removal of the
wafer in cases of risk of loss of fetal well-being, such as uterine tachysystole
or fetal heart rate abnormalities. For this reason, as well as the fact that it
provides a constant dose of 0.3mg/h, it represents the preferred method in
our setting. It is used as a single dose placed transversally in the posterior
vaginal fornix, as can be seen in Figure 1.4. The insertion is removed after
12 hours or before labour, and at least 30 minutes before administration of
oxytocin to avoid complications related to excess uterine contractility [1, 48].

• Cervical ripening and increased contractions are in many cases merely a
continuum when spontaneous labour is not achieved after the first stage.
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Oxytocin was approved in 1976 by the Spanish Medicines Agency and
has been used ever since for the augmentation of labour. This peptide
hormone binds to its specific receptors located on the membrane of uterine
muscle cells, activates L-type voltage-dependent calcium channels causing a
substantial increase in intracellular calcium and triggering its oxytocic effect
manifested as more intense and frequent contractions [1]. Uterine sensitivity
to oxytocin increases progressively throughout pregnancy, as more and more
myometrial oxytocin receptor binding sites are present [79]. Its action is
dose-dependent, so that at low doses there is complete relaxation after the
contractile period, while at high doses there is an increase in basal tone
[80]. Parenteral administration is recommended as it allows for better and
more controlled dosage and by infusion pump or slow drip to avoid adverse
cardiovascular effects. It has a short plasma half-life of 3-6 minutes, and its
concentration stabilises after 40 minutes [81]. The administration protocol
usually starts with a low dose and is gradually adjusted according to uterine
response under close clinical supervision, as it can cause tachysystole, uterine
rupture and amniotic fluid embolism, to name but a few [82]. A 2016 meta-
analysis found that intravenous oxytocin administration in combination with
amniotomy and vaginal misoprostol were the two approaches most likely to
achieve vaginal delivery within the first 24 hours [83].

As a research alternative for pharmacological IOL, Nitric Oxide (NO) has
also been reported in the literature. It is a free radical gas with a half-life
shorter than four seconds, is thought to be an essential mediator in the process of
cervical ripening because its main physiological effect on uterine muscle is to relax
it. NO donors such as isosorbide mononitrate and glyceryl trinitrate have been
studied for cervical ripening but have been found to be less clinically effective
than prostaglandins in this process. A large meta-analysis found that the use
of NO donors did not reduce the rate of caesarean delivery compared to other
treatments, but were significantly associated with more headaches, nausea, and
vomiting [1, 84]. The combined use of mechanical and pharmacological techniques
has also been explored, but neither has been translated to the clinical praxis either
due to inconsistent results. Some authors support the idea that it improves the
efficacy of cervical ripening [85, 86], while others suggest that the mechanical and
pharmacological agents act independently rather than synergistically [87, 88].

In conclusion, prostaglandin E2 and Foley catheter represent the most used
techniques for cervical ripening in clinical practice. A similar rate of vaginal
delivery in the first 24 hours, delivery ending by caesarean and women with
an unfavourable cervix 12-24 hours after ripening onset has been found for both
methods. In contrast, Foley catheter was found to require oxytocin augmentation
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more frequently. However, there was a substantial reduction in tachysystole
and hyperstimulation with changes in fetal heart rate [67, 74]. Other studies,
however, found the Foley catheter to be the least effective induction technique,
although they agreed that it carried less risk [89]. Despite the increased rate of
IOL and the importance of understanding the myoelectric response to this process,
whether pharmacological or mechanical in nature, to shed light on the underlying
mechanism and provide a sound basis for clinical decision making, it is relevant
to note that so far there are no studies comparing this response using objective
methods. For more details and results, please refer to Chapter 4.

1.2.3 Postpartum haemorrage: vaginal and cesarean deliv-
ery

In the field of postpartum care, the ACOG has introduced the notion of the
fourth trimester, emphasising the importance of the 12 weeks after delivery [90].
This concept underscores the need for a holistic assessment that encompasses
physical, social, and psychological aspects of maternal well-being. A major cause
of maternal morbidity and mortality during the postpartum is the global obstetric
emergency of Postpartum Hemorrhage (PPH), which complicates 1-10% deliveries
[91, 92]. Its highest prevalence occurs in Africa (5.1%-25.7%), followed by North
America (4.3%-13%) and Asia (1.9%-8%) [93]. Although most maternal deaths
occur in low- and middle-income countries, possibly because of disparities in
medical care, high-income countries are experiencing an increase in incident PPH
associated with increasing maternal age at delivery, caesarean delivery, multiple
pregnancy and IOL [92–97]. Cases of PPH in Canada increased from 5.1% in 2003
to 6.2% in 2010 [96] and in the United States from 2.9% in 2010 to 3.2% in 2014
[97].

Classically, PPH has been defined as a quantified blood loss of more than
500 ml in vaginal deliveries and more than 1,000 ml in caesarean sections [98].
It usually lasts for 24 h, which is called immediate PPH, though some cases can
occur up to six weeks after delivery, which is known as delayed PPH [99]. However,
the definition was not focused on clinical signs and symptoms of PPH, hindering
its early detection in many cases [98]. The ACOG redefined PPH in 2017 as a
blood loss equal to or greater than 1,000 ml or a blood loss accompanied by signs
or symptoms of hypovolaemia occurring within 24 hours of delivery, regardless
of the route of delivery [100]. Alternatively, the Royal College of Obstetricians
and Gynaecologists describes PPH as mild (between 500 and 1,000 ml) and severe
(more than 1,000 ml) [101]. However, estimation of blood volume lost remains
unreliable in many cases, so special attention should be paid to the general clinical
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condition of the patient [102]. Visual estimation is citeerred to as part of the
assessment of blood loss, although its high potential to underestimate bleeding
has led to the proposal of additional tools for more objective estimation, such
as gravimetric measurement, direct blood collection techniques and assessment of
clinical parameters. Yet, it is believed that the estimated blood loss is usually only
about half of the actual one [1]. Recently, some guidelines have incorporated the
shock index and obstetric early warning systems into their recommendations for
assessing haemorrhage [101, 103].

Although there are several identifiable risk factors for PPH, most cases occur
unexpectedly [100]. The commonest aetiology is uterine atony accounting for 70%
of the cases, it citeers to the incapacity of the uterus to effectively contracts
before delivery. It may be anticipated after prolonged labour particularly with
the use of oxytocin, in pregnancies complicated by chorioamnionitis, high parity,
general anaesthesia and other factors leading to uterine overdistension such as
multiple fetal gestation, polyhydramnios and fetal macrosomia [100, 104]. Genital
tract trauma constitutes 15-20% of cases, being mainly attributed to perineal or
cervical lacerations, perineal haematomas, episiotomies, or uterine rupture, and
generally occur in uncontrolled or operative vaginal deliveries [100, 104, 105].
Other factors such as retention of conception products can increase the risk of
PPH by 3.5 times, with risk factors including placenta succenturiasis and previous
instrumental procedures [100, 106]. Finally, clotting disorders both hereditary (von
Willebrand’s disease, haemophilia, and idiopathic thrombocytopenic purpura)
or acquired (anticoagulant therapy and disseminated intravascular coagulopathy
following abruptio placentae, pre-eclampsia with severe features, intrauterine
fetal death, sepsis, or amniotic fluid embolism), uterine inversion and abnormal
placental implantation should be considered [98, 100, 104, 107].

Uterine atony refers to the inadequate contraction of the uterine corpus my-
ometrial cells in response to endogenous oxytocin [108]. During the third stage
of labour, expulsion of the placenta causes disruption of the spiral arteries [108].
These arteries shed their smooth muscle cell covering throughout pregnancy, mak-
ing them dependent on other muscle contractions for maternal blood flow to the
foetus [109]. Under normal conditions, the uterus would contract effectively and
continuously, compressing the vessel endings and thus stopping the bleeding. This
contraction also helps the uterus to regain a non-pregnant size. A further com-
plication may be the failure to expel any remaining pregnancy products that may
remain in the uterine cavity [108]. After vaginal delivery, parturients with previ-
ous history of PPH, nulliparous, induced labour, prolonged labour, or previous
episiotomy require special attention. Even if delivery has occurred physiologically,
the risk of PPH may be increased after episiotomy [106]. Lately, the association
between PPH and caesarean delivery has been increasing, as has the risk of hys-
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terectomy in pregnancies with placenta praevia [102, 110, 111]. In this setting, PPH
definition may be controversial. The average blood loss in a lower segment elective
caesarean delivery is 487 ml and in an emergency caesarean after a period of labour
1000 ml. Uterine atony seems to predominate as a side effect after caesarean section
[108, 112]. Myometrial exhaustion (increased or prolonged labour), overdistension
(multiple pregnancy, polyhydramnios), functional or anatomical distortion (pla-
centa praevia, fibroids or rare abnormalities of the uterus such as arteriovenous
malformations), as well as infection may be reasons for inadequate contraction
and inability to limit blood loss in this case. In addition, risk factors for PPH
following caesarean section are amnionitis, general anaesthesia, pre-eclampsia, fe-
tal macrosomia, multiple pregnancy, leiomyomas, hemopathies, placenta praevia,
intrapartum or antepartum haemorrhage, preterm delivery and prolonged labour
[113–115].

Active management of the third stage of labour involves prophylactic admin-
istration of a uterotonic agent prior to delivery of the placenta, as well as delayed
clamping and controlled traction of the umbilical cord [116]. In terms of PPH pre-
vention, treatment focuses on restoring uterine contraction and maintaining mater-
nal haemodynamic stability through transfusion protocols, surgical interventions
in some cases, and with the cornerstone in most cases being the administration
of the uterotonic [117, 118]. In 2018, the WHO recommended the use of 10 IU of
oxytocin or 400µg of misoprostol in all deliveries for PPH prevention, while the
use of 100µg of carbetocin due to its high cost and ergonometrine (200µg alone
or 5 IU with oxytocin) due to its incompatibility with hypertensive disorders were
defined as context-specific recommendations. The use of injectable prostaglandins
was discouraged [119]. Pickering’s work suggests that if the cost of carbetocin were
lower it could be crowned as the predominant option due to its high effectiveness
and low incidence of adverse events. The incremental cost-effectiveness ratio for
prevention of PPH with carbetocin compared with prevention with oxytocin was
£928 per case of PPH ≥500 mL avoided, £22,900 per case of PPH ≥1000 mL
avoided, and £894,514 per major outcome averted [120].

In the absence of a timely recognition and appropriate treatment, women can
suffer shock, organ dysfunction and even death. It is estimated that around 75,000
women die each year from PPH, almost a quarter of maternal deaths worldwide
[121]. Survivors may suffer significant morbidities such as organ failure, severe
anaemia, fatigue, transfusion complications, acute respiratory thrombosis, sepsis
and potentially require intensive care or surgery [122, 123]. In addition, it can
lead to longer hospital stays and increased healthcare costs. The average cost of a
red blood cell transfusion is estimated to be about 1,957e per patient with acute
anaemia without severe symptoms [124], and costs for PPH surgery range from
275e for manual exploration of the uterine cavity to 875e for hysterectomy [125].
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1.3 Clinical techniques to monitor pregnancy progress
and predict delivery imminence

As part of prenatal care, maternal-foetal well-being is closely tracked through
the evolution of uterine activity and foetal heart rate pattern mainly, in addition to
the surveillance of maternal biophysical parameters, such as arterial blood pressure
and blood glucose levels, and the follow-up of foetal development. Monitoring
allows the early identification of possible complications and enables the physicians
to respond promptly if necessary.

1.3.1 Biochemical markers of inflammation

Several biochemical markers of inflammation have been studied for their
predictive capacity in relation to imminent delivery. Changes in these biomarkers
could provide crucial information about gestational progress and help health
professionals make informed decisions about antenatal care. Below is a description
of the principal ones and how they may evolve during gestation and postpartum,
along with their efficacy in predicting PTB outcome [126]:

• Fetal Fibronectin (fFN) is a protein which helps maintain the amniotic
sac attached to the lining of the uterus during pregnancy. If this bond is
broken, fFN can leak into the vagina. The fFN test is indicated between 22
and 34 weeks of pregnancy, as after 35 weeks the natural course of pregnancy
makes vaginal discharge normal. Due to its low positive predictive value,
the scientific community has insufficient evidence to state whether this test
should be used in the management of women with symptomatic PTB [127,
128].

• Placental alpha-microglobulin-1 (PAMG-1) is a protein produced by
the placenta, present in the amniotic fluid during pregnancy and a specific
marker of Premature Rupture of Membranes (PROM). Its detection in the
cervix, usually between 24 and 35 weeks of gestation, has been widely used
in the prediction of PTB outcome because of its association with PROM.
It is noteworthy that the PAMG-1 and fFN tests have similar accuracy in
detecting PTB in less than 7 days [129].

• Interleukin-1β (Il-1β) is a proinflammatory cytokine that influences the
coordination of proinflammatory and prolabour gene regulation in intrauter-
ine tissues. Il-1β is also a potent stimulator of prostaglandin synthesis and
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contributes to progesterone withdrawal. Besides Il-1β related pathways are
increased during the third trimester in women who give birth prematurely
[27]. Screening threshold for Il-1β are still under study and although pre-
liminary results are promising, further research is required to assess whether
this biomarker could improve the prediction of PTB, either independently
or collectively [130, 131]

• Interleukin-6 (IL-6) is a pro-inflammatory cytokine involved in implan-
tation, pregnancy and delivery. It has the ability to stimulate the amnion
and decidual cells, leading to an increase in prostaglandins and thus poten-
tially to trigger premature contractions. Intensively investigated as a screen-
ing biomarker for PTB, measured in vaginal discharge, it has outperformed
PAMG-1 in predicting PTB in both univariate and multivariate studies.
However, diagnosis of intra-amniotic inflammation based on IL-6 in amni-
otic fluid may under-represent the true extent of intrauterine inflammation
[27, 132].

In summary, no biochemical screening method currently exists in clinical
practice to accurately identify women at real risk of PTB to provide a patient-
oriented strategy to continue the pregnancy as long as possible, thus minimising
negative consequences and filtering out women with false Thread of Preterm
Labour (TPL) to avoid unnecessary interventions and reduce hospital costs [26].

1.3.2 Cervical assessment

In low-risk pregnancies, the cervix remains long and closed throughout gesta-
tion to provide the growing foetus with support and protection from ascending
pathogens. In mid-gestation, it is a useful method for predicting the likelihood of
subsequent preterm delivery in asymptomatic women [1, 133]. Essential employed
methods to assess the cervix are:

• Digital examination provides the most integral assessment of the cervix,
evaluating its dilatation, length, consistency and position, in addition to
the foetal station [133, 134]. The scoring of these five categories led to
the definition of the BS, which is currently the most widely used cervical
assessment system in routine clinical practice [134, 135]. An elevated BS
correlates with a high likelihood of successful IOL. However, digital palpation
is subjective and depends largely on the experience of the examiner [133].

• Ultrasound involves the use of conductive gel and an ultrasound transducer,
that can be placed over the perineum (the region between the vagina and the
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anus), over the abdomen or inside the vagina of the patient. Transabdominal
scanning allows assessment of the pelvic region and cervix even in early
pregnancy when the cervix is furthest from the vagina. Transvaginal
scanning offers a more accurate image due to its proximity to the structures,
although its applicability may be limited in early pregnancy when the
cervix is further away from the external vaginal orifice [133]. Although
all three techniques provide high-resolution images, transperineal [133] and
transvaginal ultrasound [136] location of the probe may be uncomfortable for
the patient. In addition, transvaginal has the potential to transmit vaginal
infections, including human papillomavirus [137]. In a comparative study,
transabdominal ultrasound reported a lower proportion of cases where it was
able to measure CL (46%), compared to transperineal (98%) and transvaginal
(100%) [136]. Furthermore, the measurement accuracy may be diminished by
obesity [133] or the anatomy of the patient [133, 138, 139]. Bladder volume
at the time of measurement may also distort the result [133].

Besides assessing CL, these methods can also identify further significant
findings, such as cervical canalisation, cervical mucus accumulation and placental-
related problems. Findings such as these may have important clinical implications
in the monitoring of pregnancy and the detection of PTB risks.

1.3.3 Uterine dynamics

Standard techniques in clinical practice are based on the measurement of the
pressure increase provoked in each contraction, directly (internal) or indirectly
(external). Clinical parameterization takes into account the basal tone, the lowest
pressure recorded between contractions, and the acme, the highest peak of the
pressure curve. The intensity, duration and frequency of contractions are also
measured since an irregular pattern or excessive intensity could lead to maternal-
foetal complications.

External cardiotocography

External Cardiotocography (TOCO) is currently the most widely used tech-
nique for monitoring the frequency and duration of contractile, together with the
foetal heart rate. It is a harmless, non-invasive, and easy to use technique that
can be used at different stages of gestation and labour, since it can be used with
a closed cervix and intact membranes.

Recording involves the placement of a pressure transducer on the maternal
abdomen, which measures the increase in surface tension occurring during each
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uterine contraction, as can be seen in Figure 1.5. Under contraction, the
uterus stiffens and presses against the sensor. This pressure causes a mechanical
deformation in the sensor, leading to an expansion or contraction of the strain
gauge material and thus to a change in electrical resistance. The resistive value
measurement provides the graphical log, in which the contractions are represented
as curves from which the intensity, duration and frequency of contractions over
time can be obtained. A doppler ultrasound sensor is also placed on the mother’s
womb to monitor the foetal heart rate and thus foetal well-being. High frequency
sound waves are emitted and their change in frequency is measured after bouncing
off the foetal heart. The cardiotocograph displays the evolution of the foetal heart
rate alongside the evolution of the contractions [140].

Figure 1.5: External monitoring of uterine activity and foetal heart rate. Partially
modified from [141].

For proper functioning, the sensors require constant recalibration and reposi-
tioning by expert personnel. In addition, obesity, local muscle tension, maternal
abdominal contractions, the area where the sensor is placed, the maternal and
fetal position or the tension of the strap holding the sensor can greatly affect the
measurement. On the downside, the information provided is qualitative and does
not provide accurate information on internal pressure, nor does it allow for the
measurement of tone [140, 142].
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Intrauterine pressure

The Intrauterine Pressure Catheter (IUPC) is considered the gold standard
for monitoring uterine contractions and assessing their frequency, duration, and
intensity. In contrast to TOCO, the IUPC involves the insertion of a catheter
directly into the uterine cavity through the cervix, allowing accurate measurement
of the mechanical effect of contractions, as can be seen in Figure 1.6. The
invasiveness of this technique provides a very accurate measurement of intrauterine
pressure during contractions, making it particularly valuable in late labour.
However, its use requires rupture of membranes and some cervical dilatation, which
limits its applicability during early gestation or when membranes remain intact
[143, 144].

Figure 1.6: Internal monitoring of uterine activity and foetal heart rate. Partially
modified from [141].

Located at the termination of the IUPC is a small pressure-sensitive membrane.
When uterine contraction exerts pressure on the sensor, it deforms and its electrical
resistance changes in response to the magnitude of the pressure. Changes in
electrical resistance are transduced into electrical signals that represent real-time
intrauterine pressure. The continuous intrauterine pressure measurement provided
by the IUPC offers advantages such as the possibility to measure basal tone,
amplitude, duration, frequency of onset and relaxation time between contractions
quantitatively and accurately. This measurement is not affected by maternal
position or obesity. A second sensor used in internal cardiotocography to monitor
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the fetal heart rate is the fetal scalp electrode. It is placed directly on the fetal scalp
through the cervix during labour to detect and provide an accurate measurement
of the fetal heartbeat [143].

However, its routine use has been discouraged due to complications associated
with its invasive nature, limiting its use to obese patients. Specifically, the
likelihood of intra-amniotic infections is extremely elevated. Other associated
complications, although less frequent, could be uterine perforation or foetal
haemorrhage [143, 145].

1.4 Electrohysterography

As mentioned in the previous sections, monitoring contractions is of vital
importance during gestation and delivery. Nonetheless, the techniques frequently
employed in standard clinical practice either lack of precision and require constant
repositioning by the healthcare providers as TOCO or involve substantial risks as
IUPC.

In this context, the Electrohysterography (EHG) or uterine electromyogram
has emerged as an alternative non-invasive and sensitive monitoring technique. It
is the result of surface sensing by electrode placement of the depolarisation and
repolarisation of the billions of underlying myometrial cells [7, 9]. This electrical
activity has been shown to correlate with the mechanical activity into which the
contractions are translated and thus with the IUPC, even better than the TOCO,
as shown in Figure 1.7 [146]. Due to its high sensitivity and specificity, EHG has
been postulated as a powerful tool for the characterisation of dynamics during
gestation, labour and postpartum. Moreover, the EHG has the advantage of not
requiring repositioning or recalibration, is much less affected by obesity and is able
to sense contractions from 19 weeks gestation as opposed to 24 weeks when the
TOCO begins to detect them [7, 15].

The configuration of the recording protocol in EHG studies varies widely
in the literature. Although three or four electrodes with 3 to 4 cm between
them and a cross or cross-shaped distribution are usually used [40], up to 16
electrodes can be placed with their centres 1.7 cm apart and arranged in an
array. The bulk of the electrodes are placed over the uterine region, except
for the reference and mass electrodes, which are generally placed over the iliac
crests. The duration of the recordings ranges from 30 minutes in the traditional
PTB scenario, up to 4 continued hours [19] or 12 discontinuous hours for the IOL
progress characterization [147]. Of note, implementation of the studies in clinical
practice should not impede or hinder the use of routine measurement equipment,
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Figure 1.7: Simultaneous recordings of TOCO, IUPC and bipolar EHG [146].

nor should it inconvenience patients. Consequently, the EHG recording protocol
simplification should be fundamental in the translation to the clinic, especially
important in the case of IOL where the patient begins to experience painful labour
contractions and must be under observation for many hours.

1.4.1 Electrohysterographic signal components

While the electrophysiological mechanisms underlying the generation of EHG
are not completely understood yet, they are known to be linked to the excitability
of uterine myocytes and the myometrial propagation capacity of the wavefront.
Two distinct components can be found in the EHG, the action potential bursts
or EHG-Bursts associated with contractions and the intermediate basal electrical
activity, as can be seen in Figure 1.8. The bursts in turn are composed of the
Slow Wave (SW) and the Fast Wave (FW). The former is supposed to generate
the electrical conditions needed for cells to contract, while the latter is associated
with the contractile activity itself [148, 149]. Most EHG-based studies focus on
the FW component, which is further divided into Fast Wave Low (FWL) with
peak frequencies between 0.13-0.26 Hz and Fast Wave High (FWH) with peak
frequencies between (0.34-0.88) Hz [9, 148, 150]. Yet, the frequency content of the
FWH is believed to extend up to 3-4 Hz [150]. FWL has been extensively related
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in the literature to EHG signal propagation and FWH to uterine cell excitability
[40].

The amplitude of the EHG-bursts is quite low and ranges between tens and
hundreds of microvolts. Major sources of interference are maternal electrocardio-
graphic signal 1.38-1.5 Hz, maternal respiration 0.2-0.34 Hz, fetal electrocardio-
graphic signal 2-3 Hz, motion artifacts, or others such as electromyographic noise
30 Hz or electromagnetic noise 50 or 60 Hz though they remain outside the band-
width of interest. As motion artifacts can both temporally and spectrally distort
the signal, artifact segments are usually visually identified by experts and dis-
carded, albeit the scientific community is devoting great efforts to their automatic
identification. Although the EHG signal is typically analysed and parameterized
in the Whole Bandwidth (WBW) defined between 0.1-4 Hz, the literature widely
embraces the usage of the FWH bandwidth in order to mitigate the previously
described interferences [40, 151].

1.4.2 Electrohysterographic signal analysis

The EHG signal is parameterized for a thorough understanding of uterine
activity and its influence on obstetric outcomes. The main approaches are the
EHG-Burst Analysis (EBA) and the Whole-EHG Window Analysis (WEWA).

On the one hand, the use of EBA requires the identification of the start and
end of each non-artifacted EHG-burst in the recording, usually manually and by
experts. Then, the parameterization is applied to each individual contraction
allowing the extraction of detailed information about the contractions, such as
their count and duration quantification. However, in addition to the associated
complication and difficulty in including subtle or low-intensity contractions in the
analysis, this type of segmentation represents an important milestone for EHG
to make the leap to the real-time monitoring devices needed in routine clinical
practice.

On the other hand, the WEWA approach vastly simplifies the segmentation
process by requiring only the identification of motion artifacts and breathing
interference to be discarded. The remaining signal is then windowed, and
parameters are calculated on each of these, as can be seen in Figure 1.8. This
broader analysis allows a continuous evolution of the entire EHG over time, as
well as including basal activity in the assessment.In the literature, the range of
mobile window duration is variable, ranging from 1 minute to the complete signal
[150, 152, 153], as well as its offset varying from 1 sample to the full window size
[150, 152]. On the downside, it may provide less detailed information compared to
EBA.
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Figure 1.8: Identification of the EHG-bursts (in red) and basal activity along with the
representation of the WEWA methodology. Own elaboration figure.

Once the physiological sections are segmented, a set of temporal, spectral
or non-linear parameters can be employed to characterise them. As a result,
the evolution of uterine contractile activity throughout pregnancy or even the
response to uterotonic or tocolytic agents can be revealed. The detailed calculated
parameters formulation in the thesis for the characterisation of the EHG signals
in the different obstetric scenarios analysed can be found in the Appendix A.

1.4.3 Uterine electrophysiological changes

As pregnancy progresses, the uterus undergoes substantial changes to accom-
modate and allow the proper development of the gestational products, as well as to
provide the necessary conditions for the expulsion of the foetus at the time of de-
livery. After delivery, the dynamics are reversed until myometrial activity returns
to the level of the non-pregnant uterus. The analysis and monitoring of these
EHG-biomarkers not only provide an in-depth understanding of the underlying
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electrophysiology but could have important implications for obstetric monitoring
and maternal-fetal health assessment [40, 154].

Electrophysiological changes during gestation

Amplitude-related EHG-parameters from human recordings have been shown
to exhibit an upward tendency due to the increased number of cells involved in a
contraction as labour approaches [7, 155], as exemplified in 1.9. Robust analysis
of EHG-biomarkers indicated that the 90th percentile of the Root Mean Square
(RMS) best discriminates between preterm and term labour [154]. Similarly, the
shift of spectral content toward higher frequencies as gestation progresses has
been identified [156, 157]. Although the commonly used to detect proximity to
labour parameter of Dominant Frequency (DF) can show an increasing trend
as gestation progresses, it has not been shown to be sufficiently sensitive to
discern between preterm and term deliveries during gestation [150, 154]. However,
significant differences have been found in the comparison between the Active Period
of Labour (APL) and delivery, especially at the 90th percentile [154, 158]. Non-
linear parameters reported lower values the more imminent the delivery [150, 152,
154], with better results discerning preterm births in the 10th percentile FWH
analysis [154]. Sample Entropy (SampEn) is the most widely used measure for
quantifying signal complexity. Therefore, it is to be expected to see its values drop
progressively as the time of delivery approaches [159] and to be lower for preterm
deliveries [150].

Nevertheless, these findings have been obtained exclusively from SGs and have
not been contrasted with the electrophysiological evolution of the high-risk group
of MGs. Appearing to be impervious to PTB preventive treatments designed for
singletons [160], literature suggest that MGs may have alternative pathways to
promote uterine activity and thus PTB [161]. In vitro myometrial strip studies
have associated uterine overdistension with a significant increase in inflammatory
cytokines and prostaglandins in primate models, linking mechanical stress-induced
inflammation and PTB [162, 163]. However, there was no evidence to support the
link between uterine contractility and uterine distension in the human in vivo
system until now, see Chapter 3.A remarkable evolution can be seen in the rat
electromyographic recordings in Figure 1.10, between day 18 (A) and 21 (B) of
pregnancy. Small, disordered amplitude variations in EHG and IUPC amplitude in
the former, become a more coordinated activity in the latter. The trend continues
upwards until the time of delivery (C), where the amplitude and frequency of
the bursts are considerably greater than during gestation. Note that in C, the
pressure exerted by the uterus is maximal. Although the uterus can trigger the
mechanisms necessary for the expulsion of the foetus in the preterm delivery
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Figure 1.9: Robust characterisation of uterine myoelectric activity in different obstetric
scenarios (term, preterm, gestation, active period of labour (APL) and postpartum) for
the public database TPEHG (green) and Ci2B-La Fe (orange). RMS, DF and SampEn

(Samp-Entr) were assesed. Partially modified from [154]

scenario (D) and shows a similar pattern to that at term (C), its preparation
is not complete, and its performance is not equally efficient. The linear graph (E)
shows a progressively increasing evolution of the amount of electrical activity as a
function of the gestational weeks.

Electrophysiological changes during induction of labour

As discussed in Section 1.2.2, labour is induced when its delay endangers
maternal-foetal welfare. The increase in prostaglandins, usually locally, involved in
the process of cervical ripening has a significant impact on the contractile capacity
of myometrial cells. As can be seen in Figure 1.11, mild contractions every 7
minutes with interspersed small deflections are shown in the tocodynamometry
trace before the process onset. After two hours with dinoprostone as the method
of IOL, the pattern changes to periods of long-lasting, irregular, disturbing
contractions with short resting periods. These spike traces of variable amplitude
can be interpreted as stimulation of the onset of contractions by the drug without
global synchronisation, although depending on how it evolves it could derive in
uterine tachysystole. Similar results are shown in the tocographic recording of
uterine response to the well-known induction drug of oxytocin. As before, subtle
scarce contractions appear before the drug and the pattern becomes irregular
early in the process. As the process continues and the dose is increased, the
dynamics become regular with 4 contractions every 10 minutes and adequate

31



CHAPTER 1. INTRODUCTION

Figure 1.10: Electromyographic recordings of uterus (Ut, upper channel), abdominal
surface (AS, middle channel) and intrauterine pressure (IUP, lower channel) of

pregnant rats and electrical activity representation (percentage area of burst activity) on
different days of gestation and during delivery. Partially modified from [164].

rest between contractions. Transition results from the increase in intrauterine
pressure in the ascending phase of contraction as a consequence of the enhanced
excitability and contractility effect of the drug on myocytes. Higher pressures
facilitate mechanotransduction signalling and synchronisation, initiating a positive
feedback loop that will lead to delivery [165].

Figure 1.11: Tocodynamometric recording of the electrophysiological response of uterine
activity to induction with dinoprostone (left) and oxytocin (right) at various time points

[165].

Detailed studies of the evolution of the uterine activity response to IOL drugs to
date also observed this evolution in the electrohysterographic recordings during the
first 4 hours of IOL towards an increasing number of contractions, while shortening
their duration and increasing their amplitude [19, 147, 166], which the authors
described as increased organisation of the contraction within the tissue [19, 166].
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Contraction strength, or signal intensity, is directly proportional to the fraction
of participating uterine myocytes [167] and was characterised in this work from
Peak-to-peak Amplitude (App) in microvolts, as depicted in figure 1.12.

Figure 1.12: Evolution of temporal, spectral and non-linear parametrization for
Dinoprostone induction of labour (IOL) [19]. Success of IOL was defined as achieve
active period of labour (APL). G2S: Group of successful IOL. G2F: Group of failed
IOL. NCT: Number of contractions. UAI: Uterine Activity Index. SampEn: Sample

Entropy.

The trend in the evolution of cellular excitability reflected in spectral param-
eters is also upward, with more marked trends for patients with successful IOLs.
However, the pharmacokinetics of dinoprostone are slower compared to other drugs
such as misoprostol. The Uterine Activity Index (UAI) was therefore proposed by
Toth to intensify that tendency as an alloy between recruitment capacity and mus-
cle cell excitability. In the comparison between IOLs that reached the active period
of labour and those that did not, he found significant differences from minute 30
for those induced with oxytocin and from minute 210 with dinoprostone [168].
The comparison between UAI and High/Low Ratio (H/L Ratio) in Benalcazar’s
study reveals significant discrepancies between these parameters, with significant
differences from baseline starting from the 90th minute in a sustained manner for
UAI [19].

Eventually, it was only the work of Benalcazar that assessed the complexity
of the EHG-bursts and thus the progression towards a functional syncytium
capable of expelling the foetus and placenta [19], despite being widespread in
the characterisation and prediction of the outcome of PTB [40]. The benchmark
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for this purpose is SampEn, which was found to be significantly lower only for
misoprostol maturations reaching active delivery after 150 minutes from induction
onset [19].

These findings suggest the need for longer recordings and more restrictive
definitions of IOL success that limit the effect of confounding factors [19, 168].
Firstly, defining successful IOL as reaching the APL within 24 hours of the onset of
cervical ripening may suppress the effect of the clinical protocol’s administration
of oxytocin to promote uterine dynamics. One recent study with 115 SG and
mainly nulliparous gestations undergoing ripening with dinoprostone between 40
and 41 weeks of gestation reported an accuracy of 85%, considering both obstetric
variables and EHG-biomarkers [169]. For the sake of minimising this drawback
and improving the predictive capability of future forecasting systems, only the
outcome in the first 24 hours should be considered. Progression rates and EHG-
biomarkers in the characterisation of the uterine response to the IOL drug are
discussed in Chapter 4. Secondly, the effect of parity on IOL success may not
been extensively studied in the literature. However, a study of 1172 nulliparous
and 918 parous patients found that multiparous patients reached the APL earlier
and deliver significantly faster than nulliparous after dinoprostone insertion, in
addition to requiring oxytocin less frequently and having a lower rate of cesarean
section [170]. Survival curves in Figure 1.13 show that this effect occurs regardless
of whether cervical ripening was carried out with misoprostol, dinoprostone or
Foley catheter, suggesting that parity holds particular significance as an indicator
of the success of IOL [171, 172].

Figure 1.13: Kaplan-Meier plots of nulliparous and parous patients [172].
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Even a high-resolution multichannel recording system based on simultaneous
recording of EHG and magnetic resonance imaging revealed that the contractions
of nulliparous women tended to affect a larger portion of the uterus than those
of multiparous women, although the sample size was very low and may not cover
the entire biological variability of this populations [173]. For a characterisation of
the evolution of the dynamics and comparison in terms of parity during the first
5 hours of IOL with dinoprostone, consult Chapter 4.

Electrophysiological changes in the postpartum

The puerperium currently defines the postpartum period during which pregnancy-
induced anatomical and physiological changes in the mother return to the pre-
pregnancy state and is estimated to last 4-6 weeks [1]. PPH control is the result
of contraction and retraction of the intertwined myometrial fibres surrounding the
maternal spiral arteries in the placental bed. Myometrial contraction compresses
the arteries and veins, thus obliterating their lumens and activating both the co-
agulation and fibrinolysis cascade [1, 174].

The biomechanical processes responsible for the expulsion of the placenta and
its membranes begin with the detachment of the membranes during the first stage
of labour and slowly extend upwards from the internal os [175]. As the baby’s trunk
detaches, the uterine muscle fibres undergo a very powerful contraction, greatly
reducing the size and volume of the uterus. These events are probably facilitated by
the spiral arrangement of the uterine muscle fibres, so that the reduction in uterine
volume leads to a reduction in the surface area of the placental site. As the placenta
is a relatively rigid and inelastic structure, the surface area of its attachment site
decreases when it is strongly compressed [174]. Ultrasonographic investigations
identified a phase of contraction prior to detachment, with the time of thickening
varying between patients and determining the total duration of the third stage
of labour [176]. Another important mechanical effect is that of early umbilical
cord clamping, which, although it accelerates placental abruption, increases initial
haemorrhage [174].

As any muscular activity, uterine contractility relies on hormonal stimuli, being
mainly oxytocin and prostaglandins involved in the postpartum period [174]. In
general terms, oxytocin causes an increase in uterine contractions by acting on
its specific receptors. However, a clear relationship has not been demonstrated
either because receptor density cannot be taken into account, because plasma
levels do not reflect oxytocin concentrations in the myometrium, or because of
the effect of oxytocinase which denatures oxytocin before it reaches its site of
action [177]. Moreover, therapeutic oxytocic agents used to augment labour are
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sometimes associated with uterine atony in the third stage [178]. On the other
hand, the prostaglandins PGE2 and PGF2α have been shown to be potent inducers
of myometrial contractility, playing a crucial role in postpartum haemostasis
[174]. Plasma levels of prostaglandin metabolites were measured during and up
to 48 hours postpartum, peaking at 10 minutes after placental separation [179].
The subsequent rapid decline in these levels suggested that prostaglandins arise
from cell necrosis or disorganisation, either at the placental site or in the fetal
membranes [174, 179].

The commonest cause of PPH is uterine atony, which occurs when the relaxed
myometrium fails to contract the blood vessels that pass through its fibres.
Given that up to one-fifth of maternal cardiac output enters the uteroplacental
circulation, PPH may be responsible for early exsanguination [174]. Factors such
as retained placenta or placental fragments, uterine distension prior to delivery
or dysfunctional postpartum contraction may complicate postpartum haemostasis
[174, 180]. Lower segment implantation is associated with increased risk of PPH,
especially in placenta praevia and placenta accreta, where the lower segment
musculature is considered less suitable for postpartum contraction [180].

The aforementioned physiological alterations directly influence uterine contrac-
tility, as shown in Figure 1.9. With respect to the active period of labour, cellular
amplitude and excitability seem to be considerably reduced, while the coordination
of contraction tends to increase [154]. Indeed, just because oxytocin concentrations
(in both cord arterial blood and amniotic fluid) in labouring women regardless of
outcome have been found to be significantly higher than in elective caesarean sec-
tions, the latter are expected to have weaker and more infrequent activity [181].
Furthermore, the progressive coupling and synchronisation of contractions that
have been occurring throughout labour are expected to be absent when the ex-
traction of the foetus has occurred artificially and suddenly. Therefore, to focus
exclusively on the analysis of the frequency and strength of contractions, to which
standard clinical techniques are limited, may wrongly assume that the important
information about dynamics resides in the tissue and not in the whole organisation
of the organ. Also, as postpartum dynamics progressively weaken and abdominal
surface tension and amniotic fluid are lost, monitoring with these tools is greatly
complicated. In any case, many questions remain about how best to incorporate
contraction monitoring into practice to optimise care in an era of obstetrics where
the high rate of caesarean section is a major concern [182]. The application of EHG
in the characterisation of the uterine signal in the postpartum period differentiat-
ing vaginal and caesarean deliveries can be found in Chapter 5.
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Chapter 2

Justification and objectives

Monitoring uterine activity during gestation and postpartum provides essential
information on both maternal-fetal wellbeing and the progression of pregnancy and
labour. Its characteristics undergo significant changes throughout gestation due to
the changes in excitability and propagability that the uterus endures in preparation
for delivery, culminating in the intense and coordinated contractions necessary for
labour. The early onset of this process can lead to premature termination of
pregnancy, resulting in a high rate of infant mortality and morbidity. Similarly,
monitoring myoelectrical activity is also crucial when labour is induced, either due
to post-term gestation or other causes that imply that prolonging pregnancy poses
a greater risk than triggering it. In this case, knowing when and how contractile
patterns begin to appear is key to quantify them and be able to predict the time to
delivery for better obstetric management of the pregnant woman. Finally, uterine
atony in the postpartum period can lead to massive haemorrhage and even death
of the patient, so detecting uterine contractions in this context is essential in order
to minimise the risks.

Conventional obstetric monitoring focuses on fetal heart rate and uterine
activity using highly invasive methods, such as the IUPC, or subjective and less
sensitive methods that require great attention from healthcare staff, such as the
TOCO. EHG has emerged as a non-invasive technique that outperforms others by
providing more accurate and detailed information about uterine contractions by
considering the bioelectrical modifications that occur at the cellular level. However,
its usefulness in different clinical scenarios still needs to be verified before this
technique can be transferred to hospital use.
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2.1 Main objective

The main objective of the present doctoral thesis is to evaluate the capability
of EHG-based tools to assist clinicians in making optimal decisions regarding
the management and planning of pregnancy and childbirth in common and
specific clinical scenarios of maternal-foetal risk such as PTB, IOL and PPH.
Electrohysterographic recording, together with the usual obstetric indicators in
clinical practice, can provide new relevant information for the early detection of
PTB, assessing successful IOL and the risk of PPH that will facilitate an optimal
and earlier selection of possible treatments and management of hospital resources
to improve the health of both the mother and the foetus and reduce costs.

2.2 Specific objectives

The general objective was broken down into the following specific objectives:

• Objective 1. To analyse the similarities and differences in uterine myoelectric
activity in routine controls throughout the third trimester of women with SG
and MG.

• Objective 2. To identify biomarkers in electrohysterographic recordings that
allow early discrimination between successful and unsuccessful pharmacolog-
ical IOL.

• Objective 3. To determine differences in postpartum uterine myoelectric
activity in vaginal deliveries and elective caesarean sections for the early
detection of PPH.
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Chapter 3

Overdistention accelerates electrophys-
iological changes in uterine muscle
towards labour in multiple gestations
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Abstract
Preterm birth (PTB) and its associated complications are one of the biggest global health
problems since there is currently no effective screening method in clinical practice to
accurately identify true PTB from cases of false threats. Electrohysterography (EHG)
has emerged as an alternative technique for predicting PTB in single gestation (SG)
women. Despite the high prevalence of PTB in multiple gestation (MG), which can
reach up to 60%, there is still no evidence in the literature on their uterine myoelectric
activities in the in vivo system. In this context, we therefore aimed to characterise
and compare for the first time non-invasively the myoelectric activity in the uterine
in vivo system for both SG and MG women of similar gestational age during regular
check-ups by means of a set of temporal, spectral and non-linear EHG-parameters. We
also attempted to assess the influence of uterine overdistension on uterine myoelectric
activity using foetal weight as an indirect distension measure. In comparison to SG,
the MG EHG exhibited significantly higher impulsiveness and higher predictability,
as reflected in the kurtosis of the Hilbert envelope and entropy measures, suggesting
accelerated uterine electrophysiological changes towards labour. Several EHG parameters
were also found to significantly correlate with foetal weight, including amplitude, signal
impulsiveness and entropy measures, suggesting an electromechanical coupling between
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CHAPTER 3. OVERDISTENTION ACCELERATES ELECTROPHYSIOLOGICAL
CHANGES IN UTERINE MUSCLE TOWARDS LABOUR IN MULTIPLE GESTATIONS

uterine overdistension and contractile activity in the in vivo system. These results
highlight the importance of including uterine overdistension as a risk factor for early
detection and designing personalised therapeutic interventions to prevent PTB, especially
in MG.

Keywords
Overdistention Effect; Multiple Gestation; EHG-Biomarkers; Electrohysterography; Preterm
Birth; Single Gestation.
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3.1 Introduction

3.1.1 Preterm Birth

Preterm birth (PTB), defined as all births before 37 complete weeks of gestation
(WoG) or less than 259 days from the first day of the woman’s last menstrual period, is a
leading cause of perinatal mortality and caused 2.3 million deaths in children under
5 years of age worldwide in 2019 [23]. Survival is associated with an increased risk
of visual, neurodevelopmental and cognitive impairment, cerebral palsy, or prolonged
hospital admissions for respiratory, metabolic, or infectious morbidities [23, 25]. Not
only does PTB cause significant psychological and financial hardship for the families
involved, but it also entails a high long-term economic burden for healthcare systems
[25]. The average cost associated with a PTB amounts to e8,565 in the first year, which
is 5.4-fold more than a full-term birth. However, deliveries before 34 WoG can involve
costs of up to e74,009 [25].

Despite the significant progress of modern medicine in pregnancy care, PTBs are
still on the rise [31, 32]. In the United States, they rose from 9.63% in 2015 [31] to
10.48% in 2021 [32]. This upward trend has been broadly associated with an increase
in maternal age. In Europe and the United States, childbearing age increased by 14%
between 1980 and 2021 due to socio-cultural changes [31, 32]. Remarkably, the birth rate
for women between 35 and 39 years has increased by 30.5% in the last two decades, and
by 48% for women over 40 years of age [33]. Fertility and fecundability progressively
decline after 32 and 37 years of age, respectively, as a result of a reduction in the quality
and number of oocytes [34]. Due to this, assisted reproductive technologies (ART) are
becoming increasingly popular [36].

The extensive use of ART has raised the rate of multiple gestation (MG) [34]. In fact,
the occurrence of MG after ART hovers around 20% worldwide, ranging from <10% in
several Nordic countries [36] to 30% in the USA [37], well above the 1-2% in natural
conceptions [36]. ART has been associated with an increased risk of perinatal mortality
and morbidity in both MG and single gestations (SG) compared to their naturally
conceived counterparts [36, 162]. The incidence of PTB is notably up to six times higher
in MGs [36], leading to higher obstetric concern for this risk group. In comparison to
SG, with a PTB rate of 8.42% in 2020, the prevalence of PTB in MG amounted to
59.94%. In fact, MGs are also associated with a higher rate of early PTB (19.19%
vs. 2.11%) [37]. The risks of stillbirth and neonatal deaths, perinatal complications and
somatic pathologies, physical and neuropsychological developmental disorders, formation
of congenital malformations, and disability are therefore aggravated, especially in the case
of MG [38].

Treatments for the prevention of PTB in SG, such as tocolytic therapy, progesterone,
and cervical cerclage, appear to be ineffective in MGs [160], which may suggest that
MGs have distinct pathways that promote uterine contractility and thus trigger PTB
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[161]. Uterine overdistension has been associated with significant inflammatory cytokines
and prostaglandin increases in a non-human primate model, indicating that mechanical
stress-induced inflammation is an early warning sign of PTB [163]. However, there is no
evidence to support a link between uterine contractility and uterine distension in the in
vivo human system.

3.1.2 Current Predictive Techniques in Clinical Practice

Early detection is the key factor in PTB prevention. At present, the most common
techniques to determine its risk are monitoring uterine dynamics by tocodynamometer,
assessing cervical length (CL), and biochemical markers such as foetal fibronectin [160],
although these methods have been found to be subjective or inaccurate in predicting
PTB [160, 161]. Firstly, tocodynamometry requires constant transducer repositioning
and is strongly influenced by the tightness of the binding, maternal-foetal movement, and
maternal obesity [161]. Secondly, although CL measurement is the most cost-effective
method used in hospital practice [160], the results can be considerably biased by the
examiner’s experience [163]. Finally, the foetal fibronectin test has also been proposed as
a screening method for patients at PTB risk. The clinical value of the CL and fibronectin
tests lies mainly in their high negative predictive values, while their positive predictive
values are lower and do not identify the patients who will actually deliver preterm [160,
163]. As a result, there is currently no screening method in clinical practice to accurately
identify women at real risk of PTB in order to provide a patient-oriented strategy to
continue pregnancy as long as possible, thus minimizing the negative consequences and
ruling out women with false PTB threats to avoid unnecessary interventions and reduce
hospital costs [160].

Electrohysterography (EHG) has emerged as an alternative technique for preventing
PTB due to its high sensitivity [26]. In fact, it has been shown to outperform traditional
tocodynamometry in monitoring uterine dynamics [161] as well as being barely influenced
by obese patients [26]. The EHG technique involves recording the intermittent action
potential bursts associated with uterine contractions and basal activity when the uterus
is at rest [26, 142]. Traditionally, EHG analysis has focused on the fast wave component,
which is subdivided into two other components: fast wave low and fast wave high (FWH).
Previous studies have shown that the peak frequency of the former ranges between 0.13
and 0.26 Hz and is mainly related to signal propagability, while the latter is associated
with cell excitability and mainly distributes its energy between 0.34 and 4 Hz [26].

In early gestation, electrical physiological activity is low and uncoordinated. As
pregnancy progresses, the factors causing uterine quiescence are down-regulated, and
electrical coupling increases, allowing the functional syncytium, including the entire
uterus, to form [26]. Simultaneously, there is an increase in cellular excitability due to
changes in the transduction mechanisms and in the synthesis of various proteins [162].
These changes are responsible for generating a more intense and synchronized signal as
gestation progresses [142], ultimately leading to high-intensity contractions capable of
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expelling the foetus at delivery [26, 142, 163]. The above-described changes are reflected
in the EHG as an increased amplitude and shift of spectral content towards higher
frequencies, constituting one of the most reliable distinguishing hallmarks of PTB [26,
142]. The EHG signal has also been shown to become more predictable as pregnancy
progresses, with lower signal complexity [142]. However, previous studies in the literature
have focused on analyzing EHG in SG, with MG being an exclusion criterion [142, 144,
161]. To our knowledge, there are at present no descriptive studies in the literature
on the characterization of EHG in the MG in vivo system. The aim of this study
was therefore to characterize and compare the uterine myoelectrical activity of SG and
MG women attending regular check-ups. We also sought to determine the relationship
between uterine overdistension and EHG characteristics of the in vivo system.

3.2 Materials and methods

3.2.1 Study Design

A prospective observational cohort study was conducted on 31 SG and 18 MG women
between the 28th and 32nd WoG who underwent regular check-ups in the Polytechnic
and University Hospital La Fe (Valencia, Spain). Uterine electrophysiology was taken
into account to establish the inclusion criteria for gestational age. Notably, myoelectric
activity in women attending regular check-ups is scarce, especially before 26 WoG for
both SG and MG [127]. Moreover, fetal weight significantly increases from the beginning
of the third trimester, while some preparatory changes for delivery occur (such as the
formation of the lower segment of the uterus in the 32nd WoG) [183]. In addition, the
percentage of MGs who deliver prematurely increases drastically after the 32nd WoG,
which may bias the comparison if a higher gestational age is included [34].

Factors for exclusion from the study due to their bias included foetal macrosomia,
large advanced maternal age (>45 years), severe preeclampsia, placenta praevia, prema-
ture membrane rupture, vaginal bleeding during pregnancy, triplet gestation or higher,
suspected foetal compromise (growth restriction, oligohydramnios, known foetal anoma-
lies, etc.), and active cardiac, renal, pulmonary, or hepatic disease.

This study adhered to the guidelines of the Declaration of Helsinki and was approved
by the Institutional Review Board of the hospital (register number 2022-205-1). Patients
were informed about the nature of the study and gave their written informed consent.

3.2.2 Clinical Data

The clinical data collected during the study were: maternal age, maternal body mass
index, number of previous gestations and deliveries, CL at the time of the recording,
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gestational age at recording and delivery, newborn foetal weight, prematurity of the
birth, and type of delivery ending. The calculated foetal weight (CFW) at recording
was estimated by the foetal percentile of birth weight using the reverse of the traditional
Hadlock formulation [184].

The chi-square test was used to determine statistically significant differences between
the groups (α = 0.05) in dichotomous variables (prematurity of the birth and vaginal
delivery). As the remaining variables were continuous, they were compared with the
Student’s t-test or the Wilcoxon rank sum test, according to the normality of the data
distribution in the Shapiro-Wilk test (α = 0.05).

3.2.3 EHG Signal Acquisition

For each 30-minute recording, the abdominal surface was prepared by a gentle
exfoliation with abrasive gel (Nuprep, Weaver and Company, Aurora, CO, USA) and
cleaned with isopropyl alcohol to reduce skin-electrode impedance. Four disposable
Ag/AgCl electrodes (Red Dot 2660-5, 3M, St. Paul, MN, USA) were then placed as shown
in Figure 3.1. Electrodes M1 and M2 were symmetrically positioned with respect to the
median axis at a distance of 8 cm from each other, midway between the pubic symphysis
and the uterine fundus, where the signal is expected to present the highest signal-noise
ratio [144]. The other two electrodes were placed on each iliac crest to provide reference
and ground biopotentials. Both monopolar signals were conditioned by a custom-made
biopotential amplifier, providing a 2059 V/V gain in the 0.1-150 Hz bandwidth and
digitized by a 24-bit analogue-to-digital converter at 500 Hz [7].

Figure 3.1: Electrode positions for uterine myoelectrical recording. M1: monopolar
electrode 1. M2: monopolar electrode 2. REF: Reference electrode. GND: Ground

electrode.

44



CHAPTER 3. OVERDISTENTION ACCELERATES ELECTROPHYSIOLOGICAL
CHANGES IN UTERINE MUSCLE TOWARDS LABOUR IN MULTIPLE GESTATIONS

3.2.4 EHG Signal Analysis

Since the spectral EHG content is mainly distributed between 0.1-4 Hz [26], the
monopolar EHG signals were bandpass filtered in this bandwidth (5th order Butterworth
bandpass filter of zero phase) and then downsampled at 20 Hz to maintain the trade-
off between temporal resolution and computational cost [142]. A bipolar signal was then
calculated as the difference between monopolar signals (M2-M1) to reduce common-mode
interferences and increase the signal-to-noise ratio [161].

Due to the fact that SG women are still far from delivery, the EHG bursts associated
with uterine contractions can cause subtle changes from baseline activity and make
it extremely challenging to identify their onset and duration, leading to a great deal
of uncertainty in the results [142, 151]. However, previous studies have revealed the
feasibility of whole window analysis to characterize EHG signals [40, 142]. This method
considerably simplifies signal pre-processing as it only requires the exclusion of non-
physiological segments (motion artefacts or respiratory interference), thus facilitating
its implementation in real-time applications. In this work, two experts identified the
physiological segments in the EHG recordings using a double-blind process. The signal
analysis was conducted on 120-second moving windows with a 50% overlap, the window
length being a compromise between computational cost and preserving the representative
segment of the recordings [142].

A set of 8 temporal, spectral, and non-linear parameters were calculated for each
EHG analysis window. The root mean square (RMS) [151] and Hilbert envelope kurtosis
(KHE) [185] worked out in the whole bandwidth (WBW) characterized the intensity
and impulsiveness of uterine myoelectrical activity, respectively [142]. For the spectral
parametrization, the median frequency (MDF) [151] was calculated in 0.2-1 Hz to
minimize the influence of cardiac interference (>1 Hz) and baseline fluctuation [142].
The H/L Ratio was also obtained as the ratio between the energy content in high (0.34-1
Hz) and the low (0.2-0.34 Hz) frequency bands [26, 142]. Since the physiological changes
in SGs may occur later in pregnancy, MG women can be expected to exhibit higher values
for both temporal and spectral parameters [162]. On the other hand, it has been shown
that signal predictability increases and the complexity of the EHG signals decreases in
SG women as delivery approaches. In this work we computed sample entropy (SampEn)
[150, 154] and bubble entropy (BubbEn) [186] in both FWH and WBW to quantify signal
predictability [40, 150, 154]. The MG group, which is assumed to have an accelerated
biophysical process, can be expected to show lower values for the non-linear parameters.

Due to the low occurrence of uterine contraction events in EHG recordings, we
calculated the 10th, 50th, and 90th percentiles of all the analysed windows to obtain
representative values for the records [154]. We analysed both statistically significant
differences between the SG and MG groups and their statistical power to determine both
the existence of effect and substantive significance, respectively for each the parameter
and percentile [187]. The Wilcoxon rank sum test (α=0.05) was used to perform the
statistical analysis.
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To determine the relationship between the increase in uterine volume and the
acceleration of the biophysical process, we computed Spearman’s correlation (non-
normal distribution) between each EHG parameter and CFW along with their p-value
to determine their relationship with uterine overdistension in the in vivo system. The
statistical significance correlation with the CFW were also obtained for CL.

3.3 Results

Of the total number of 78 recordings, 51 were SG and the remaining 27 MG. Table 3.1
summarizes the obstetric characteristics of both groups. As expected, the MG group had
a higher prevalence of PTB than SG, as reflected in their significantly lower gestational
age at delivery and higher PTB rate. In comparison, the MGs showed significantly lower
CL at the time of recording, as well as a higher number of previous gestations and CFW
at the recording time and at birth. The SG vaginal delivery rate was significantly higher
than in the MG. No significant differences were found between the groups in maternal
age, body mass index, and parity.
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Table 3.1: Obstetric characteristics of the study population. P-values are marked by (*) if there is a statistically significant
difference (α < 0.05) between the single gestation (SG) and multiple gestation (MG) groups.

Variable SG MG P-value

Maternal age (years) µ± σ 34.0± 4.7 36.2± 6.2 0.144
Maternal Body Mass Index µ± σ 28.3± 5.1 28.4± 4.1 0.911
Gestations µ± σ 2.0± 1.2 3.1± 2.0 < 0.006∗

Parity µ± σ 0.5± 0.7 0.8± 1.4 0.252
Cervical length (mm) µ± σ 39.4± 7.5 32.6± 11.5 0.004∗

Gestational Age at Recording (days) µ± σ 209.2± 13.6 215.5± 12.8 0.103
Gestational Age at Delivery (days) µ± σ 277.7± 9.6 250.6± 10.3 < 0.001∗

Calculated Foetal Weight sum (g) µ± σ 1504.8± 395.9 2979.4± 778.6 < 0.001∗

Newborn Fetal Weight sum (g) µ± σ 3379.1± 429.5 4499.8± 804.6 < 0.001∗

Preterm Birth N 4/51 25/27 < 0.001∗

Vaginal Delivery N 32/51 3/27 < 0.001∗
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Figure 3.2 gives a representative example of the EHG recordings from SG (upper) and
MG (lower) women at 31st WoG. Only one contractile event can be clearly identified
by a subtle change from baseline activity at around 100 seconds in the SG recording,
while two contractile events with greater amplitude and frequency components can be
distinctly seen (around 100 and 800 seconds) in the MG recording.

Figure 3.2: Electrohysterographic (EHG) recordings from Single (SG) and Multiple
Gestations (MG) performed during the 31st gestational week.

Figure 3.3 depicts the distribution of the 10th, 50th, and 90th percentiles of the EHG
parameters for the SG and MG groups. The statistical power of the comparisons is shown
in Table 3.2.

The MG group had a similar RMS to SG for the 10th and 50th percentiles, while
the 90th percentile was slightly higher than SG, although without significant differences.
KHE had significantly higher values for all percentiles in MG, with a relatively high
maximum statistical power (> 60%) for the 10th percentile.

In the characterisation of spectral content, MG showed a slightly lower MDF and
H/L ratio than SG, regardless of the percentile. A significant difference between groups
was only obtained for the H/L Ratio and 10th percentile, although its statistical power
was relatively low (37.4%).

MG exhibited lower values for both for non-linear parameters SampEn and BubbEn
than SG for all percentiles and bandwidths. In the WBW, a significant difference between
the groups was found for SampEn and BubbEn when computed in the 10th and 50th

percentile, respectively, despite the statistical power being less than 50%. However,
the non-linear parameters calculated in the FWH bandwidth better discriminated both
groups, with significant differences obtained in all cases except for SampEn in the 90th
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Figure 3.3: Distribution of 10th, 50th, and 90th percentiles of temporal, spectral, and
non-linear parameters for Single (SG) and Multiple Gestations (MG). Statistical

differences (p-value< 0.05) between groups are indicated by *. RMS: Root Mean Square.
KHE: Kurtosis Hilbert Envelope. MDF: Median Frequency. SampEn: Sample Entropy.

BubbEn: Bubble Entropy. WBW: Whole Bandwidth. FWH: Fast Wave High.

percentile. BubbEn at FWH provided the highest statistical power (94.2% and 87.2%
for the 50th and 90th percentiles, respectively). The CL statistical power (79.3%) was
lower than that of BubbEn in the FWH.

Table 3.3 shows the Spearman’s correlation coefficient between each EHG parameter
and CFW as well as their p-values. In general, the relationships were relatively weak with
correlations below 0.25. RMS exhibited a significant positive correlation with the CFW
for the 90th percentile. KHE showed a positive significant correlation with the CFW,
regardless of the percentile considered. Higher CFW was significantly related with lower
values of CL and entropy measures, except for the 90th percentile of SampEn and 10th

percentile of BubbEn computed in WBW.

3.4 Discussion

3.4.1 Changes in multiple gestation

Despite the fact that premature contractile activation is the basis of PTB with
remarkable prevalence among MGs, there is hardly any information available on the
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Table 3.2: Statistical power (%) of the comparisons between the SG and MG groups.
RMS: Root Mean Square. KHE: Kurtosis of the Hilbert Envelope. MDF: Medium
Frequency. SampEn: Sample Entropy. BubbEn: Bubble Entropy. WBW: Whole

Bandwidth. FWH: Fast Wave High. CL: Cervical Length.

Variable Percentile
10th 50th 50th

RMS 3.4 14.4 49.3
KHE 85.2 75.2 60.3
MDF 8.2 16.6 16.7
H/L Ratio 37.4 16.1 25.5
SampEnWBW 49.5 41.4 21.8
BubbEnWBW 6.0 15.1 6.4
SampEnFWH 69.2 62.0 52.5
BubbEnFWH 58.8 94.2 87.2
CL - 79.3 -

uterine contractility of this group [162]. Only a few studies have compared human uterine
contractility between SG and MG using biopsies obtained from women undergoing an
elective caesarean section [162, 163]. To our knowledge, this is the first time that uterine
electrophysiological activity has been characterized in vivo from MG women attending
regular check-ups.

The absence of significant differences in the signal RMS between SG and MG in our
results is in agreement with those found by Turton, in which similar maximum contraction
intensity was found for both groups in an textitin vitro study [162]. The main difference
in Turton’s comparison is the more frequent and shorter contractions in the case of MG
[162]. We found a significantly higher KHE for MG, which could be related to the onset of
uterine contraction and to a marked increase in amplitude with respect to the baseline,
resulting in a sharper and more concentrated distribution of the envelope amplitude.
This higher EHG signal impulsiveness has been clinically related to older gestational age
and ultimately to readiness for the onset of labour [40, 154, 162].

Neither did we find any significant differences in the spectral parameters between
SG and MG, suggesting that these groups have similar cell excitability [6, 154]. This
finding in the MDF and H/L Ratio parameters could be associated with the fact that
the EHG recordings were performed considerably further from the time of delivery than
in other studies in the literature [162, 163], so that the shift of spectral content to higher
frequencies may not yet have occurred [188]. Spectral parameters are apparently not
sensitive enough to assess the possible change in the degree of excitability so far from
delivery, which in fact have been shown to increase sharply a few days before birth [156,
188].
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Table 3.3: Spearman correlation coefficient (r) and its p-value of the
electrohysterography characteristics with the calculated foetal weight. P-values are

marked with (*) if significant (α < 0.05). RMS: Root Mean Square. KHE: Kurtosis of
the Hilbert Envelope. MDF: Medium Frequency. SampEn: Sample Entropy. BubbEn:
Bubble Entropy. WBW: Whole Bandwidth. FWH: Fast Wave High. CL: Cervical

Length.

Variable 10th Percentile 50th Percentile 90th Percentile
r P-value r P-value r P-value

RMS 0.084 0.467 0.173 0.131 0.311 0.006*
KHE 0.372 0.001* 0.378 0.001* 0.279 0.013*
MDF -0.002 0.983 0.003 0.980 -0.027 0.816
H/L Ratio -0.221 0.052 -0.073 0.524 -0.074 0.517
SampEnWBW -0.340 0.002* -0.302 0.007* -0.219 0.054
BubbEnWBW -0.199 0.080 -0.275 0.015* -0.261 0.021*
SampEnFWH -0.303 0.007* -0.317 0.005* -0.279 0.013*
BubbEnFWH -0.276 0.014* -0.370 0.001* -0.313 0.005*
CL - - 0.321 0.004* - -

Our results on the non-linear parameters indicate a better organised uterine myo-
electric activity in MG than SG, regardless of bandwidth and percentile, leading to a
lower value for both SampEn and BubbEn. It has been shown that uterine myoelec-
tric activity in SG becomes more organised and predictable as labour approaches [151,
154, 189]. Consequently, the greater degree of orderliness in uterine activity observed in
MGs could be an early biomarker of proximity of delivery. Our result also suggest that
non-linear parameters are more sensitive to subtle changes in EHG than temporal and
spectral parameters and could be a useful EHG-biomarker for preventing PTB [190]. The
non-linear parameters calculated in the FWH bandwidth notably outperformed those of
the WBW in discriminating between SG and MG, which is in agreement with our pre-
vious studies [154, 190]. Furthermore, BubbEn has been shown to discriminate better
and with a higher statistical power between SG and MG than SampEn, which is also
consistent with previous work [190].

In the percentile analysis, we found that the 10th percentile of KHE and 50th and
90th of BubbEn provided a higher discriminative power between SG and MG. Since the
recordings were performed quite far from delivery with few uterine contractile events,
our results thus suggest that the difference between SG and MG groups mainly lies in
the resting potential at basal activity. Our results agree with other authors who found
an increase in the resting membrane potential at delivery (-70 mV during pregnancy vs.
-55 mV at delivery) [191].

To sum up, MG showed significantly higher KHE together with lower SampEn and
BubbEn than SG. The differences identified in the EHG characteristics are assumed to
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be attributable to either the SG or MG type of pregnancy, as no significant differences
were found in maternal age, maternal body mass index, parity and gestational age
at the time of registration. Our results also support that both BubbEn and KHE
outperform CL in differentiating SG and MG, the latter being one of the most widely
used delivery proximity biomarkers in clinical settings to prevent PTB. Although further
work is needed to corroborate our findings, they do suggest that KHE and BubbEn show
promising potential as tools for predicting PTB.

3.4.2 Role of uterine distension

The excitation-contraction coupling in the myometrium is a key aspect of better
understanding uterine electrophysiology and designing more effective strategies to prevent
PTB, in addition to other obstetric complications [6]. The higher rate of PTB in MG may
suggest early inhibition of the mechanisms responsible for uterine quiescence, triggering
uterine contractility, which in turn causes the effacement of the cervix and increases
the risk of PTB [6, 192, 193]. In our work, the CL inversely correlated with CFW, this
latter being an indirect estimator of uterine overdistension [162, 163]. Our results suggest
that even in asymptomatic MG, cervical incompetence may be due to the rapid uterine
changes caused by overdistension [193].

Although the physiopathology remains unclear, there is increasing evidence that the
elevated risk of PTB in MG women is related to excessive uterine distension [162, 163].
The gradual increase in volume during pregnancy leads to significant muscle proliferation
and remodelling, which is magnified in MGs [163]. This phenomenon could be responsible
for prematurely unbalancing the quiescence mechanisms during gestation [163], although
the results are controversial in this regard [161]. Chronic mechanical stretching of smooth
muscle is supposed to alter not only the mechanical but also electrical function [161,
163, 194]. In fact, Wu et al found that both chronic and acute stretching increased
cellular excitability and could initiate delivery [195]. Turton et al also found that uterine
contractility were positively correlated with increased levels of stretching and found that
the response to oxytocin was greater for MG myometrial strips (contraction amplitude
>2.5 times spontaneous ones in MG vs. 1.3 times in SG) [162]. Stretching has also been
shown to stimulate oxytocin receptor expression, which promotes uterine contractility
[161, 162], and leads to increased collagen expression and improved focal adhesion
between myocytes and the extracellular matrix [161, 196]. Myocyte-to-myocyte adhesion
is essential for the uterus to function as an electromechanical syncytium.

In contrast, Lyall found that non-labouring SG and MG showed similar Gsα,
prostaglandin E2 receptors and connexin-43 gap junctions’ density in myometrium [161],
suggesting similar propagation of action potentials, irrespective of gestational type.
However, other types of gap junction-forming connexins were not studied and this could
be a potential bias, given that altering the gap junction ratio between connexin-43
and connexin-45 may suppose the transition between quiescence to excitation in the
myometrium [197].
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Our results suggest a slight increase in uterine contractility (e.g. RMS) in MG
without significant differences with respect to SG. This could be related to the fact
that additional mechanisms triggered by prolonged overdistension have been identified
to counteract its effects and promote uterine quiescence [194, 198]. For example, the
enhanced expression of stretch-activated potassium-specific channels (TREK-1) [194,
198], leading to reduced myometrium contractile activity [194], especially in MG [198].
Prolonged stretching of the rat uterus was also associated with greater expression of
matrix metalloproteinases 2 and 9, which inhibit myometrial contraction and promote
uterine relaxation [199]. However, these compensatory mechanisms appear to have a
certain threshold of myometrial overdistension, beyond which they cease to be effective
and labour is triggered [163].

We also obtained a significant correlation between uterine myoelectric activity and
CFW at the time of recording, which is an indirect estimator of uterine overdistension
[162, 163]. Certain reasons can be cited for not obtaining higher correlations. Firstly,
uterine distension depends not only on foetal weight but also on other factors such as
maternal height [200] or some concomitant diseases as polyhydramnios [163]. Secondly,
uterine contractility is governed by the complex regulation of multiple ion channels, which
may result in a highly variable response in different subjects [161]. Finally, the recording
of surface uterine myoelectric activity may depend on multiple factors, such as body
mass index, skin-electrode preparation or placental position [142, 201].

3.4.3 Limitations and future lines of research

In spite of its promising results, the present study is not exempt from limitations.
Firstly, the sample size is relatively small, which may introduce a bias due to biological
variability. Future studies with a larger database would thus be necessary to corroborate
our results. Secondly, we compared the SG and MG electrohysterographic characteristics
only between 28 and 32 WoG. Future efforts should thus be directed at characterising
uterine myoelectric activity throughout the entire third trimester of pregnancy in both
SG and MG. This would provide new and valuable information to better understand the
underlying mechanism triggering PTB and thus to design a patient-oriented strategy for
better prevention. Thirdly, the physiological EHG segments were identified visually by
experts, which is a considerably time-consuming process. However, the development of
automatic systems for the detection of uterine contraction and physiological sections is
on the rise [202, 203] and will greatly enhance the transferability of the EHG technique
to clinical practice. Future work should therefore be directed towards the automatic
extraction of EHG-biomarkers from recordings without the need for expert intervention.

Despite the aforementioned reservations, we believe that this work not only con-
tributes significantly to uterine electrophysiology but could also be used for better pre-
vention of PTB in clinical practice.
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3.5 Conclusions

We found that the EHG signal from MGs exhibited higher impulsiveness and
predictability than SGs at the beginning of the third trimester of gestation, as reflected
in KHE, SampEn and BubbEn, respectively. We also confirmed the relationship between
uterine overdistension and surface recorded myoelectric activity, revealing the pathway
of electromechanical coupling in uterine smooth muscle.

This work provides new and relevant information on uterine electrophysiology in the
MG in vivo system, which is an important gap in the current state of the art. Our results
also indicated the EHG-biomarkers that could be used to early detect the risk of PTB,
which would allow clinicians to design earlier personalized therapeutic interventions to
better prevent PTB.

Funding This work was supported by the Spanish Ministry of Economy and
Competitiveness, the European Regional Development Fund (PID2021-124038OB-I00).

Conflict of interest The authors declare no conflict of interest.

Ethics approval This study adhered to the guidelines of the Declaration of
Helsinki and was approved by the Institutional Review Board of the hospital (register
number 2022-205-1). Patients were informed about the nature of the study and gave
their written informed consent.

Author contributions Conceptualization, A.D.-M., G.P.-B., R.M.-O., J.G.-C.,
V.D.-A., Y.Y.-L.; Methodology, A.D.-M., G.P.-B., Y.Y.-L.; Software, A.D.-M., F.N.-
A.; Validation, A.D.-M., R.M.-O., F.N.-A.; Formal analysis, A.D.-M.; Investigation,
A.D.-M., R.M.-O., A.R.-P., E.T.-C.; Resources, G.P.-B., R.M.-O., A.R.-P., J.G.-C.,
V.D.-A., Y.Y.-L.; Data curation, A.D.-M., R.M.-O., A.R.-P., E.T.-C.; First writing,
A.D.-M., Y.Y.-L.; Review writing, G.P.-B., R.M.-O., J.G.-C., Y.Y.-L.; Visualization,
A.D.-M.; Supervision, A.D.-M., G.P.-B., R.M.-O., J.G.-C., V.D.-A., Y.Y.-L.; Project
administration, G.P.-B., R.M.-O., Y.Y.-L.; Funding acquisition, G.P.-B., R.M.-O., J.G.-
C., V.D.-A., Y.Y.-L.

54



CHAPTER 4. UTERINE MYOELECTRICAL ACTIVITY AS BIOMARKER OF
SUCCESSFUL INDUCTION WITH DINOPROSTONE: INFLUENCE OF PARITY

Chapter 4

Uterine Myoelectrical Activity as Biomarker
of Successful Induction with Dino-
prostone: Influence of Parity

Complete reference
Diaz-Martinez, A., Monfort-Ortiz, R., Ye-Lin, Y., Garcia-Casado, J., Nieto-Tous, M.,
Nieto-Del-Amor, F., Diago-Almela, V., & Prats-Boluda, G. (2023). Uterine myoelectrical
activity as biomarker of successful induction with Dinoprostone: Influence of parity.
Biocybernetics and Biomedical Engineering, 43(1), 142-156.

Abstract
The prolonged latent phase of Induction of Labour (IOL) is associated with increased risks
of maternal mortality and morbidity. Electrohysterography (EHG) has outperformed
traditional clinical measures monitoring labour progress. Although parity is agreed to
be of particular relevance to the success of IOL, no previous EHG-related studies have
been found in the literature. We thus aimed to identify EHG-biomarkers to predict IOL
success (active phase of labour in ≤24h) and determine the influence of the myoelectrical
response on the parity of this group. Statistically significant and sustained differences
between the successful and failed groups were found from 150 minutes in amplitude
and non-linear parameters, especially in Spectral Entropy and in their progression rates.
In the nulliparous-parous comparison, parous women showed statistically significantly
higher amplitude progression rate. These biomarkers would therefore be useful for early
detection of the risk of induction failure and would help to develop more robust and
generalizable IOL success-prediction systems.

Keywords
Electrohysterography; Labour Induction; Dinoprostone; Parity; Prolonged Labour; EHG-
Biomarker.

55

https://doi.org/10.1016/J.BBE.2022.12.004
https://doi.org/10.1016/J.BBE.2022.12.004
https://doi.org/10.1016/J.BBE.2022.12.004
https://doi.org/10.1016/J.BBE.2022.12.004


CHAPTER 4. UTERINE MYOELECTRICAL ACTIVITY AS BIOMARKER OF
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4.1 Introduction

4.1.1 General overview of induction of labour

Induction of labour (IOL), defined as the process of artificially stimulating the
uterus to start labour [46], is indicated when the outcome for the fetus, the mother,
or both is expected to be better than waiting for the spontaneous start of labour
and to prevent situations of risk such as prolonged labour, postpartum haemorrhage,
foetal distress or traumatic birth [46, 47]. Due to recent changes in the obstetric
population’s characteristics (higher maternal age, increased maternal weight and weight
gain, larger newborn weights), there is a growing trend for intervention in current
clinical management of labour, including IOL [204, 205] whose prevalence is around
25% worldwide [46] and 33% in Europe [206].

Pharmacological agents such as prostaglandins are commonly used to ripen the cervix
and stimulate uterine contractions to promote vaginal delivery before the spontaneous
onset of labour [47]. The IOL process may take between 24 and 48 hours, but its success
is not guaranteed [19, 207]. In fact, up to 33% of induced patients do not respond to
induction with prostaglandins or oxytocin [208]. Indeed, pharmacological induction is
associated with longer hospital stays and more frequent complications than spontaneous
onset of labour [209]. These include hypertonic and hyperdynamic uterine activity, foetal
heart rate abnormalities, uterine rupture, meconium aspiration, water intoxication and
cord prolapse post amniorrexis [210]. IOL also increases the risk of caesarean delivery
by 20%, with prolonged labour being one of its main causes (11.65%) [209] and also
of instrumental deliveries for both medical and elective inductions [211]. In addition,
there is consistent evidence that the increased duration of the latent phase of labour
results in increased maternal morbidity [209, 212]. In comparison to the Active Phase of
Labour (APL) in more than 24h, women who achieved APL≤24h were found to have a
3.19 times lower risk of caesarean delivery, 3.23 times of chorioamnionitis, 2.98 times of
endometriosis, 1.5 times of postpartum haemorrhage and, 1.59 and 1.68 times of Apgar
less than 7 after one and five minutes [212]. Early identification of induction failure
and intervention could reduce the maternal-foetal mortality and morbidity associated
with prolonged labour due to the increased risk of postpartum haemorrhage and sepsis,
foetal distress and asphyxia [209]. It is estimated that the cost of a caesarean after failed
induction can reach $7,595 (1.3 times a standard caesarean section) in the USA [213].
In addition to the significant impact on maternal and neonatal health, IOL overloads
delivery rooms and affects health care costs, with an annual cost of more than $2 billion
in the USA [214]. The development of a robust and reliable system to aid IOL decision
making would therefore be a key factor in enabling clinicians to better plan and manage
deliveries, prevent maternal and foetal complications and optimise hospital resources.

56



CHAPTER 4. UTERINE MYOELECTRICAL ACTIVITY AS BIOMARKER OF
SUCCESSFUL INDUCTION WITH DINOPROSTONE: INFLUENCE OF PARITY

4.1.2 Risk factors for failed induction of labour

Previous studies have identified numerous risk factors for failure of induction, such
as prolonged labour, advanced maternal age, early gestational age, maternal obesity,
comorbidities, oligohydramnios, foetal macrosomia, nulliparity, and unfavourable cervix
[135, 207]. The influence of parity on IOL is widely described in the literature [47, 65,
170, 171, 207, 215, 216]. Nulliparous women not only have a higher IOL rate than parous
women (42.9% versus 31.8%) [47], but also have a 2.9 times higher risk of suffering from
induction failure [171]. Almost half of IOLs in nulliparous women end up in instrumental
delivery [211] and 37% in caesarean section, being much lower in parous women (10%)
[217]. Friedman [215, 216] first described differences in the progress of labour, finding
slower progress in the first and second stages of labour (latent and active phase) for
nulliparous than parous women [216]. Despite the fact that current obstetric management
can substantially reduce the duration of the active phase of labour, labour progress in
nulliparous women has been found to be slower than in parous [170]. In fact, the first
Consensus Document on Obstetric Care suggests up to two hours of pushing in the case
of parous women and three for nulliparous women before diagnosing labour arrest in
the second stage [60]. Batinelli et al found that labour in parous women differed from
nulliparous in term of the timing of the birth, perineal lacerations and the maternal and
foetal outcome [207], suggesting that parity is of special relevance as a predictor of IOL
success [135, 207].

Another IOL risk factor is unfavourable cervix assessed by the Bishop score (BS) [134,
135], which is a common method of predicting labour induction success in obstetrics. The
BS summarizes various characteristics of cervical status in the form of a score based on:
dilatation, effacement, station, consistency and position. Each element is scored from
0 to 3 points, the sum of which is the total BS [134]. However, this measure has been
proven to be subjective and has low reproducibility [134, 218]. Bastani et al. [66] found
that the accuracy of the BS to predict induction success was low (area under the curve
= 0.39), as was the area under the curve to predict induction success for other obstetric
characteristics: 0.69 for cervical length [65, 66], 0.72 for cervical dilatation [65] and 0.60
for foetal weight [64], so that no reliable models are currently available to predict the
outcome of labour induction in clinical practice.

4.1.3 The role of electrohysterography in obstetrics

Uterine contractile activity tends to push the foetus downwards and is a key mecha-
nism in labour together with the aforementioned cervical effacement. The electrophysio-
logical state of the uterus may thus provide relevant information to determine the labour
outcome. Electrohysterography (EHG) consists of the abdominal surface of recording of
the uterine myoelectric activity generated by billions of myometrial cells. EHG record-
ings are made up of two different components: the Slow Wave and the Fast Wave. The
former is supposed to generate the electrical conditions needed for cells to contract and
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the latter is associated with the contractile activity itself [151, 154]. The Fast Wave is
usually subdivided into two components: the Fast Wave Low, which has been associated
with signal propagation; and the Fast Wave High, which is related to cellular excitability
[154, 219]. Terrien [220] has suggested the peak frequency of the Fast Wave Low ranges
from 0.13 to 0.26 Hz and that of the Fast Wave High from 0.34 to 4 Hz. However, there is
some controversy in the literature on the bandwidths of these components. The 0.1 to 0.2
frequency range is strongly influenced by the baseline oscillation and as cardiac activity
mostly affects frequencies above 1 Hz, many studies consider 0.2-1 Hz to characterise
the spectrum of EHG-Bursts [19, 151, 154, 202]. EHG has been shown to outperform
traditional clinical tocography in detecting uterine contractions or EHG-Bursts during
pregnancy and delivery [151, 202] and is especially useful for obese patients [205].

Some studies have revealed that the EHG amplitude rises as labour approaches due
to increased recruitment of the cells involved in contraction [19, 151, 152, 221]. At the
same time, the spectral content of the EHG signal shifts towards higher frequencies
due to increased cell excitability [40, 148, 151, 188, 222]. The EHG signal also becomes
more regular and organised, as suggested by the non-linear parameters [19, 40, 151, 154,
223, 224] so that temporal, spectral and non-linear parameters have been widely used
to characterise them. Previous studies demonstrated the ability of EHG parameters to
distinguish the usual ’ineffective’ contractions during pregnancy from those associated
with imminent labour (’effective’ contractions), with promising results for predicting
labour [169, 209], preterm labour [222, 225, 226] and imminent labour in women with
threatened preterm labour [225, 227], achieving an accuracy of up to 99.7% when
predicting preterm labour [228]. As labor approaches activity becomes synchronous in
order to ultimately expel the foetus, many researchers are focusing on the degree of
coupling and synchronization of uterine contractions [219, 229, 230]. Since these studies
require many electrodes on the abdomen, they mainly focus on scenarios less stressful to
the mother, such as predicting preterm labor, and have achieved accuracies of up to 91%
[229]. Table 4.1 summarises some recently published studies in labour prediction with
EHG: preterm vs. term prediction; labor vs non-labour or imminent labour in women
with threatened preterm labor. We have included the database used for the studies; the
type of EHG segmentation used: Whole EHG Window Analysis (WEWA) or EHG-Burst
Analysis (EBA); parameters calculated and prediction accuracy.

In contrast, few studies have been found that examine the uterine myoelectric
response to labour induction drugs [19, 147, 168] despite their significant relevance as
outlined above. Aviram et al. [147] studied the evolution of uterine activity during
the first 12 hours after Dinoprostone (E2 prostaglandins) administration. No significant
changes in mean uterine muscle electrical activity were identified 0-2 hours after the
drug administration but a substantial increase was found after 2-8h. In a similar
study comparing electrohysterographic activity between successful and failed inductions
[168], significant changes in the uterine activity index were found 210 minutes after
Dinoprostone administration. In a former work we found no significant sustained
changes in uterine myoelectric activity with respect to baseline activity (before drug
administration) during the first 4 hours of induction with Dinoprostone [19] or any
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significant differences in the drug response of uterine myoelectric activity between
induction success and failure in this period, having defined induction success as the
achievement of APL at any time [19]. This could indicate an important bias in that study,
since oxytocin is usually administered in clinical practice to promote uterine contractility
if a woman does not achieve APL in less than 24h. We hypothesised that those women
who achieved APL≤24h may exhibit a faster uterine myoelectric response to the drug
than those who did not. On the other hand, as far as we are aware no study has been
published focusing on the analysis of the parity effect on uterine myoelectrical activity
during IOL.

The aim of this study was therefore to characterise and compare the uterine
myoelectric response between induction success and failure in pregnant women given
Dinoprostone drug during the first hours of IOL, induction success being defined as those
women who achieved APL≤24h. In addition, we also aimed to assess the effect of parity
on uterine myoelectric response to labour induction drugs, with the general purpose of
identifying biomarkers for early detection of the risk of induction failure. For this, we
determined the changes in uterine contractility by analysing a set of temporal, spectral
and non-linear EHG characteristics during the first 5 hours of IOL. Significant sustained
differences with respect to baseline activity from 2-3 hours after labour induction onset
were found for successful inductions in EHG-biomarkers related to the number of uterine
cells recruited, excitability and predictability of uterine contractions, with no significant
changes for failed inductions. Successful inductions also exhibited a significantly higher
progression rate (steeper slope) of these biomarkers during IOL than failed cases. As
for the influence of parity, parous women with successful IOL resulted in a significantly
higher progression rate of EHG signal amplitude.
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Table 4.1: Selected recently published articles labour prediction with EHG. Sc: Scenario. CrD: contractions detection. BPL:
biomarkers of preterm labour. PrPL: prediction of preterm labour. ImPL: imminent labour in women with threatened

preterm labor. BL: biomarkers of labour. PDB: Private Database. BW: bandwidth. WEWA: Whole EHG Window Analysis.
EBA: EHG-Burst Analysis. Acc: Accuracy. NA: Not available.

Sc Author
(year) Database Length

(min)
BW
(Hz)

Analysis
window

Acc
(%)

Significant
parameters

PrPL
Fergus
(2013)
[153]

300 recordings
(TPEHG) 30 0.34-1 WEWA 90.8 Root Mean Square, Median and

Peak Frequency, Sample Entropy

PrPL
Idowu
(2014)
[231]

300 recordings
(TPEHG) 30 0.34-1 WEWA 92.4 Root Mean Square, Median and

Peak Frequency, Sample Entropy

BPL
Horoba
(2016)
[222]

300 recordings
(TPEHG) 30

0.08-4,
0.3-4,
0.3-3

WEWA NA

Area, Auto-Correlation,
Power, Max. Frequency,

Median and Mean Frequency,
Sample Entropy, Corr. Dim.

BPL
Lemancewicz
(2016)
[223]

60 recordings
(PDB) 30-45 0.24-4 EBA NA Approximate Entropy,

Binary Lempel-Ziv

BPL,
PrPL

Sadi-
Ahmed
(2017)
[232]

30 recordings
(TPEHG) 30 0.08-4 WEWA 95.7 Huang-Hilbert Transform,

Intrinsic Mode Functions

CrD
Muszynski
(2018)
[203]

51 recordings
(ICLEHG) 30-60 0.1-0.34 EBA 96.0 H2 Coefficient
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Sc Author
(year) Database Length

(min)
BW
(Hz)

Analysis
window

Acc
(%)

Significant
parameters

BPL,
PrPL

Mischi
(2018)
[225]

58 recordings
(PDB) 30 0.3-0.8 EBA 73.0 Sample and Approximate Entropy

PrPL
Asmi
(2018)
[224]

300 recordings
(TPEHG) 30 0.34-3 WEWA 95.8 Higuchi Fractal Dimension,

Detrended Fluctuation Analysis

BPL,
PrPL

Jager
(2018)
[233]

326 recordings
(TPEHGT,
TPEHG)

30

0.08-1,
1-2.2,
2.2-3.5,
3.5-5

WEWA 100.0 Sample Entropy, Median
frequency, Peak Amplitude

CrD
Hao

(2019)
[221]

34 recordings
(PDB) 30 0-3 EBA 81.0 Power, Sample Entropy

BL
Chen
(2019)
[226]

122 recordings
(ICLEHG) 8-86 0.1-3 EBA 90.0 Sample Entropy,

Wavelet Coefficients

PrPL
You

(2019)
[234]

254 recordings
(TPEHG) 30

0.08-4,
0.3-4,
0.3-3

WEWA 94.7

Root Mean Square, Mean
Normalized Frequency, Peak and
Median Frequency, Approximated

Entropy, Sample Entropy

BPL,
ImPL

Mas-Cabo
(2019)
[152]

88 recordings
(PDB) 30-60 0.1-4

WEWA
and
EBA

NA

Peak-to-Peak Amplitude, Mean
and Dominant Frequency,

Sample and Spectral Entropy,
Time Reversibility, Binary
and Multistate Lempel-Ziv
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Sc Author
(year) Database Length

(min)
BW
(Hz)

Analysis
window

Acc
(%)

Significant
parameters

CrD,
BL

Allahem
(2020)
[235]

369 recordings
(TPEHG,
TPEHGT

and ICLEHG)

30 NA EBA 99.5 Amplitude, Number Of Contractions

BPL,
PrPL

Peng
(2020)
[236]

300 recordings
(TPEHG) 20 0.08-4 WEWA 93.0

Sample Entropy, Median and
Mean Frequency, Wavelet

Coefficients, Auto-Regression.

PrPL

Prats-
Boluda
(2021)
[227]

140 recordings
(PDB) 30 0.1-4 WEWA 93.4

23 temporal, spectral and
non-linear EHG parameters
and 6 Obstetrical variables

BPL,
PrPL

Saleem
(2020)
[229]

26 recordings
(PDB) 30 0-5 EBA 91.0 Granger Causality

PrPL Xu (2020)
[237]

300 recordings
(TPEHG) 30 NA NA 75.0 Root mean Square, Peak and Me-

dian Frequencies, Sample Entropy

PrPL

Nieto-
del-Amor
(2021)
[190]

326 recordings
(TPEHG and
TPEHGT)

30

0.1-4,
0.2-0.34,
0.34-4,
0.34-1

WEWA 91.6
18 temporal, spectral and
non-linear EHG parameters
and 5 Obstetrical variables

PrPL
Lou

(2022)
[238]

300 recordings
(TPEHG) 30-60

0.08-4,
0.3-3,
0.3-4

EBA 75.0 Approximate and Sample Entropy
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Sc Author
(year) Database Length

(min)
BW
(Hz)

Analysis
window

Acc
(%)

Significant
parameters

PrPL
Allahem
(2022)
[239]

469 EHG
(ICLEHG,

TPEHG, TPEHGT
and OB-1) + 552
cardiotocography

(CTU-CHB)
recordings

30 NA WEWA 95.7
Amplitude, Median and

Mean Frequency, Gestational
Age, Maternal Age, Parity

BPL,
ImPL

Zhang
(2022)
[219]

219 recordings
(PDB) 30 0.34-1 WEWA NA

Multivariate Sample and Direct
Transfer Entropy, Mutual
Information, Correlation

Coefficient, Coherence, Direct
Partial Granger Causality

BPL,
PrPL

Mohammadi
(2022)
[228]

300 records
(TPEHG) 30 0.08-4 WEWA 99.7

Empirical Mode Decomposition:
Root Mean Square, Sample

Entropy, Teager-Kaiser Energy
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4.2 Materials and methods

4.2.1 Study design

A prospective observational cohort study was conducted on pregnant women admitted
for cervical ripening by Dinoprostone (10mg, Propess, Ferring SAU) inserted into the
posterior vaginal fornix with removal after at least 12 hours in the University and
Polytechnic Hospital La Fe (Valencia, Spain). Foetal macrosomia, multiple pregnancies,
advanced maternal age (>45 years), severe preeclampsia, placenta praevia, premature
rupture of membranes, vaginal bleeding during pregnancy, suspected foetal compromise
(growth restriction, oligohydramnios, known foetal anomalies, etc.) and active cardiac,
renal, pulmonary or hepatic disease; were factors for exclusion from this study due to their
bias. This work adhered to the guidelines of the Declaration of Helsinki and was approved
by the hospital’s Institutional Review Board (Register Number 2018/0530). Patients were
informed of the nature of the study and gave their written informed consent. Women
who achieved APL before 24 hours were included in the successful induction group (GS)
and the remainder in the failed induction group (GF). The possible difference between
nulliparous and parous women was analysed in the successful induction group. Since the
failed induction group did not show notable uterine myoelectric activity response to the
drug during the early hours of induction, as reported in the literature [19], this comparison
was not included. EHG recordings began 30 minutes before drug administration and
lasted until approximately 300 minutes afterwards.

The clinical data collected during the study included: maternal age, Body Mass
Index (BMI), number of previous gestations, parity, gestational age at delivery, initial
BS, increment of BS during IOL (12h after insertion), achievement of APL, time to
achieve APL, time to delivery, vaginal delivery ending, requirement for oxytocin, arterial
newborn pH, venous newborn pH and foetal newborn weight. The chi-square test was
used to detect statistically significant differences in nominal variables between the groups.
Ordinal variables were compared using the Wilcoxon rank-sum test. Continuous variables
were compared with the Student’s t-test or Wilcoxon rank-sum test, according to whether
or not they were considered normal by the Shapiro-Wilk test.

4.2.2 Recording protocol and EHG acquisition

For the EHG recording sessions, the abdominal surface was prepared by gentle
exfoliation with abrasive gel (Nuprep, Weaver and Company, Aurora, CO, USA) and
cleaned with isopropyl alcohol to reduce skin-electrode impedance. Four single-use
Ag/AgCl electrodes (Red Dot 2660-5, 3M, St. Paul, MN, USA) were then placed as
shown in Figure 4.1. Two electrodes (M1 and M2) were symmetrically positioned with
respect to the median axis at a distance of 6 cm from each other. Taking into account
the gestational age of the women who underwent IOL, we decided to place the electrodes
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midway between the pubic symphysis and the uterine fundus, near to the navel, where
signals were expected to present the highest SNR [240, 241]. The other two electrodes
were placed on each hip to provide reference and ground biopotentials. Both monopolar
signals were conditioned by a custom-made wireless recording module, providing a 2059
V/V gain in the 0.1-150 Hz bandwidth and digitalised by a 24 bit analogue-to-digital
converter at 500 Hz [242].

Figure 4.1: Electrodes positioning for uterine myoelectrical recording. M1: monopolar
electrode 1. M2: monopolar electrode 2. REF: Reference electrode. GND: Ground

electrode.

The digitalised monopolar EHG signals were filtered between 0.1-4 Hz (5th order
Butterworth bandpass filter of zero phase), as the spectral content of the EHG is mainly
distributed in that range, and then downsampled at 20 Hz to maintain the trade-off
between temporal resolution and computational cost [152, 154, 243]. A bipolar signal
was then calculated as their difference (M2-M1) to reduce common-mode interferences
and increase signal quality [142, 151]. Uterine contractions were then identified by two
experts [243], in which each EHG-burst was related to substantial changes in amplitude
and frequency with respect to the baseline tone with durations longer than 40 seconds
and without respiratory interference or motion artefacts [151, 152, 202].

4.2.3 EHG parametrisation

A set of temporal, spectral, and non-linear parameters were computed to characterise
uterine contractions.
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Temporal parameters

Since obstetricians are familiar with monitoring and managing IOL, we included the
following temporal parameters: Number of Contractions (NCT) and Root Mean Square
(RMS), calculated in 0.1-4 Hz, as a measure of amplitude related to uterine contraction
intensity [151, 152, 202, 221, 244].

RMS(x[n]) =

√
1

N

∑N

k=1
x[k]2 (4.1)

Where x[n] represents an EHG contraction time series and N represents its sample
size. As labour progresses, the contractions are more frequent and of higher intensity,
which is equivalent to a higher signal amplitude [19, 151]. Both NCT and RMS are
expected to show an upward trend throughout IOL.

Spectral parameters

As the spectral content is expected to shift towards higher frequencies due to increased
cell excitability as delivery approaches, we computed the Mean Frequency (MNF) [19,
222], defined as the centroid frequency of the power spectrum and is obtained as follows:

MNF(x[n]) =

∑fH
k=fL

PSD[k] · f [k]∑fH
k=fL

PSD[k]
(4.2)

Where PSD represents the power spectral density of EHG-bursts and f the frequency
distribution. The fH and the fL are, respectively, the upper and lower cut-off frequencies
of the target bandwidth. In this work, we computed the MNF in 0.2-1 Hz to minimise
the negative influence of the remainder baseline fluctuation in 0.1-0.2 Hz and the cardiac
interference above 1 Hz [151, 233].

We also worked out the Uterine Activity Index (UAI) [19], which provides combined
information from the temporal and spectral domains. UAI was defined as the product of
the peak-to-peak amplitude of the signal (App) and the H/L Ratio divided by duration
of contractions.

H/L Ratio =

∑fH=1
fL1=0.34 PSD[k]∑fH=0.34
fL=0.2 PSD[k]

(4.3)

UAI(x[n]) =
APP (x[n]) ·H/L Ratio(x[n])

Duration(x[n])
(4.4)

Where PSD represents the power spectral distribution, H/L Ratio is the normalized
energy of high frequency components (0.34-1 Hz) to low frequency ones (0.2-0.34 Hz).
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Non-linear parameters

As labour approaches, myoelectric activity also tends to become more organised and
predictable, giving rise to a downward trend in the non-linear parameters [19, 190]. In this
work, we also computed a set of non-linear parameters computed in the Fast Wave High
bandwidth to provide robust EHG characterisation since it has been shown to better
detect preterm labour and/or imminent labour [151, 154]: Sample Entropy [151, 154],
Spectral Entropy [19, 151, 243], Binary Lempel-Ziv [154, 223, 245] and Higuchi Fractal
Dimension [224, 246].

Firstly, Sample Entropy (SampEn) is a statistically measure for determining the
regularity of a time series based on the existence of patterns without any previous
knowledge about the source generating the dataset [150, 247]. It represents the probability
that similar patterns (delay vectors) in a time series will remain similar once the pattern
lengths are increased (extended delay vectors), thereby providing a natural measure of
the time series regularity [247, 248]. Formally, given a time series x[n] of length N , a
pattern vector aj = {xj , xj+1, . . . , xj+m−1} of length m is defined. Um(r) expresses the
probability that the time series matches the pattern within a threshold r determined by
the Chebyshev distance function d[|xm(j)− xm(i)|](i 6= j).

Um(r) =
1

N −m− 1
· 1

N −m

N−m∑
i=1

N−m∑
j=1
j 6=i

[num. of times d[|xm[j]− xm[i]|] < r] (4.5)

SampEn is then defined as the negative natural logarithm of the probability that
two similar sequences remain similar at the next point within a tolerance, where self-
comparisons are not included when calculating probability. For this work we used m = 2
and r = 0.15, as described in [19]. This parameter has been widely used both in the
discrimination of preterm delivery [154, 244] and also in characterising the evolution of
the delivery process [19, 243].

SampEn(m, r,N) =

{
− ln

(
Um+1(r)/Um(r)

)
, if Um+1 6= 0 ∧ Um 6= 0

− ln (N −m+ 1/N −m) , otherwise
(4.6)

Therefore, the lower value of sample entropy the more self-similarity in the time series,
which is equivalent to a higher organization degree or signal regularity. The higher value
of sample entropy the lower signal regularity and higher randomness of time series [247,
248].

Secondly, Spectral Entropy (SpEn) is a measure of the uncertainty associated with
the occurrence of a particular event at a given frequency [249]. It is computed by applying
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the Shannon Entropy formula to the normalised PSD of a time series x[n], such that the
normalised energy of each of the frequency points is considered as a probability [250].

PSDn(x[n]) =
PSD(x[n])∑ fm

2
k=0 PSD[k]

(4.7)

SpEn(x[n]) = −
∑ fm

2
k=0 PSDn[k] · log2(PSDn[k])

log2(M)
(4.8)

Where PSDn[k] is the probability distribution of power spectral density of the target
signal,M is the number of frequency points for which the power spectrum of the signal has
been estimated and fm is the sampling frequency. Physically, SpEn provides information
about disorder in the frequency spectrum, so that the sharper the frequency distribution,
the lower the value of the parameter. Widely used to assess the progress of labour
induction [19, 169, 243], but also in prediction of preterm labour [152]. SpEn is expected
to decrease as the time of delivery approaches, suggesting a higher degree of organisation
in the EHG signal spectrum.

Thirdly, the Binary Lempel-Ziv (BLZ) is a measure of the variation regularity in the
time series [251, 252]. The time series of the signal x[n] is firstly transformed into a finite
binary sequence S(i) from left-to-right comparison with a threshold Td [251]. This can
be expressed mathematically as:

S(i) =

{
0, si x(i) < Td,

1, en caso contrario
(4.9)

For this we set up Td = 0. The resulting binary sequence is scanned sequentially
looking for distinct structures or patterns, building up a dictionary that summarises the
sequences seen so far [251]. Let S = {S(i), ∀i = 1, . . . , n} denote a symbolic sequence;
S(i, j) denotes a sub-sequence of S that starts at position i and ends at position j; V (S)
denotes the set of all sub-sequences {S(i, j), i = 1, 2, . . . , n; j ≥ i}. Starting with i = 1
and j = 1, a substring S(i, j) is compared with V (S). If S(i, j) is present in V (S),
then increase j by 1 and repeat the process. Otherwise, the complexity counter c(n) is
increased by one unit, since a new sub-sequence of consecutive characters is encountered,
and updates i = j + 1, while the process continues until it scans the whole symbolic
sequence. Physically, as labour induction progresses, uterine contractions becomes more
regular, which should be reflected by lower BLZ complexity, characterized by a small
number of patterns [19].

Finally, in signal analysis the fractal dimension is an index of complexity and
fragmentation, comparing how the details of a signal’s pattern change when measured on
different scales [224, 246]. It has been shown to provide relevant information in predicting
preterm labour [224] and to differentiate between successful and failed labour induction
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[243]. In this work, we found the Higuchi fractal dimension (HFD) to be one of the most
accurate and consistent fractal dimension estimation algorithms for non-periodic and
irregular physiological time series signals [224, 246]. Given a time series x(n), consisting
of N points and a parameter kmax ≥ 2, for each k ∈ 1, . . . , kmax, m ∈ 1, . . . , k, the length
Lm(k) is defined as:

Lm(k) =
N − 1

N−m
k · k2

N−m/k∑
i=1

|x[m+ i · k]− x[m+ (i− 1) · k]| (4.10)

Then the average length Lm(k) was calculated and yielded the mean curve length
L(k) for each k.

L(k) =

∑k
m=1 Lm(k)

k
(4.11)

HFD was thus estimated as the slope of the best linear least squares fit of the plot
of ln(L(k)) versus ln(1/k) [246].

Due to the intrinsic variability of uterine contractility, we analysed the response
of uterine myoelectrical activity to the induction drug in time intervals of 30 minutes
(analysis window). We had 11 windows per record: 1 in basal condition (before drug
administration) and 10 to assess the response during the first five hours of IOL. The
median value of the EHG-bursts present in a 30-minute window was worked out for each
plot, to obtain a single representative value per analysis window of each recording session.
The mean of the parameters in the 30-minute windows was then calculated for each group,
as shown in Figure 4.2. To characterise the progression rate of uterine myoelectric activity
throughout IOL, the slope of the median values of the 30-minute windows (a total of 11
samples) was also calculated for individual parameters and patients (∆pi/∆t).

4.2.4 Statistical analysis

We then analysed the possible differences in uterine myoelectrical response between
successful and failed (GS vs. GF) inductions and identified any differences in uterine
myoelectric activity between nulliparous and parous women in the induction success
group during IOL (GSN vs. GSP ). To do that we first determined whether there were
significant changes with respect to baseline activity for individual EHG parameters and
groups (GS, GF, GSN and GSP ) in each analysis window in the first 5 hours of IOL using
the Wilcoxon signed-rank test (α=0.05). We also determined any significant differences
by means of the Wilcoxon rank sum test (α=0.05) for each EHG parameter and analysis
window between the groups (GS vs. GF and GSN vs. GSP ). Significant differences
were considered to be sustained when they appeared in 4 or more consecutive 30-minute
analysis windows. Finally, we worked out the Wilcoxon rank sum test (α=0.05) to
analyse differences in the progression rates in the above-mentioned groups.
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Figure 4.2: Flowchart of the parameter computation process.

4.3 Results

4.3.1 Obstetric data and outcomes of labour induction

The 35 women who achieved APL before 24 hours were included in the successful
induction group (GS) and the remaining 22 in the failed induction group (GF), either
because they did not reach APL or because they did so, far from the start of induction
(>24h). The possible difference between the 16 nulliparous (GSN ) and 19 parous
(GSP ) women in the successful induction group was also analysed. In the GF, 16
were nulliparous and 6 were parous. Obstetric, delivery and newborn characteristics
are summarised in Table 4.2 for both scenarios. Due to the group segregation bias,
as expected, GS presented a significantly higher rate of achieving APL, shorter time
to APL and delivery, reduced oxytocin augmentation and higher rate of vaginal delivery
than GF. GS presented significantly lower BMI and higher progression in BS (∆BS) than
GF. No significant differences were found between the GSN and GSP groups except for
the number of gestations and parity, which was associated with the segregation criterion.
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Table 4.2: Obstetric data and outcomes of labour induction of women enrolled in the study, mean ± standard deviation or
number of cases. BMI: Body Mass Index. GAD: Gestational Age at Delivery in weeks. BS: Bishop Score. APL: Active

Period of Labour. NW: Newborn Weight. p-value: Wilcoxon Rank-sum test p-value (in bold: statistically significant
difference, p<0.05). *: The statistical test was applied only to those achieving APL.

Variable GS GF P-value GSN GSP P-value

Maternal age (years) µ± σ 33.9±5.9 34.5±5.2 0.805 32.4±5.4 35.3±6.0 0.119
BMI (kg/m2) µ± σ 25.6±6.6 27.7±8.1 0.037 25.6±8.5 25.6±3.1 0.884
Gestations µ± σ 2.1±1.2 1.8±1.5 0.065 1.3±0.5 2.8±1.1 <0.001
Parity µ± σ 0.7±0.7 0.7±0.7 0.073 0.0±0.0 1.3±0.5 <0.001
GAD (weeks) µ± σ 40.6±0.6 40.5±0.7 0.801 40.6±0.6 40.5±0.5 0.224
Initial BS µ± σ 3.5±1.7 2.9±1.3 0.329 3.6±1.8 3.3±1.5 0.795
∆BS µ± σ 3.9±2.6 2.0±1.5 0.021 3.1±2.1 4.6±2.9 0.237
Achieve APL N 35/35 15/22 0.002 16/16 19/19 -
Time to APL (h)* µ± σ 11.7±5.8 28.0±3.2 <0.001 12.8±6.3 10.7±5.4 0.417
Vaginal ending N 33/35 12/22 0.001 14/16 19/19 0.397
Time to Del. (h)* µ± σ 14.7±7.7 32.1±10.0 <0.001 17.4±8.7 12.4±6.0 0.085
Oxytocin N 0/35 16/22 <0.001 0/16 0/19 -
Arterial pH µ± σ 6.8±1.7 6.6±2.1 0.653 6.8±1.8 6.9±1.7 1.000
Venial pH µ± σ 7.1±1.2 7.3±0.1 0.420 7.3±0.1 6.9±1.7 0.344
NW (kg) µ± σ 3.5±0.4 3.4±0.3 0.166 3.5±0.4 3.5±0.4 0.882
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4.3.2 Comparative of the success and failure of the labour
induction

The evolution of uterine myoelectric activity parameters in response to the Dino-
prostone labour induction drug are represented in Figure 4.3 for the GS (blue) and GF
(orange) groups. A steady increase in NCT was observed in the GS group throughout
the recording session. Statistically significant sustained differences with respect to the
baseline were found in GS from 60 minutes to the end. GF showed no specific trend with
abrupt changes. Differences between the GS and GF groups for NCT were only found
at 270 minutes from induction onset. As for the NCT progression rate, it did not show
any significant difference between GS and GF (see violin plot Figure 4.3). The RMS
parameter showed a clear upward trend in GS after 60 minutes, suggesting increased
intensity of uterine contractions, while this phenomenon was not observed in GF. Sig-
nificant differences from the baseline were only found at 300 minutes in GS, but not in
the GF group. GS showed a significantly higher amplitude than GF at 150, 180 and 270
minutes, with no sustained differences. Of note, GS presented a significantly higher RMS
progression rate than GF in the first 5 hours of induction, with a significant statistical
difference, as shown by their violin plots.

In the spectral parameters, MNF presented a progressive upward trend for GS with
significant sustained differences with respect to basal activity from 150 minutes until
the end of the recording. Despite showing a similar trend to that of GS, the GF group
did not show any statistical difference from the baseline, which may be due to the wide
variability of this parameter in the GF group. Differences were only found between GF
and GS at baseline. On the other hand, UAI resulted in a remarkable upward trend with
significant sustained differences from baseline in GS from 120 minutes, which were not
observed in GF. We also found significant differences between GS and GF for UAI at
150, 180 and 270 min. Even though the MNF also showed slightly higher slope values for
GS, the between-group slope difference (GF vs GS) was only found for UAI as depicted
in the corresponding violin plot.

Finally, as expected, non-linear parameters showed a decreasing trend in the GS
group as IOL progressed. In comparison to baseline activity, the GS group obtained
significant differences at some time intervals from the third hour after induction onset,
without being sustained over time, for SampEn, BLZ and HFD. However, SpEn resulted
in statistically significant sustained differences from 210 to the end of the recording.
Again, no significant difference was found with respect to basal activity in the GF group.
Significant differences between GS and GF were obtained at 150-210 and 300 for SampEn,
BLZ and HFD. SpEn showed significant sustained differences between the GS and GF
groups from 90 to 300 min. It is noteworthy that all non-linear parameters revealed
a significantly more negative progression rate for GS than GF, with slopes statistically
different.
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Figure 4.3: Temporal evolution of temporal, spectral and non-linear parameters and
violin plots of their slopes for success (GS) and failure (GF) groups. Statistical

differences between groups are indicated by grey downward-pointing triangles and with
respect to basal activity by blue rightward (GS) and orange leftward (GF) triangles. In
the violin plots statistical differences between GS and GF slopes are indicated by grey

shading.

4.3.3 Comparative of nuliparous and parous uterine myo-
electrical activity in labour induction success

Figure 4.4 shows the median values of the EHG parameters throughout the recording
session calculated for both GSN and GSP , together with the violin plots of their slope
distributions. GSN showed a more pronounced increasing NCT trend throughout the
recording session than GSP , obtaining a significant difference with respect to baseline
activity at some time intervals, which was not reached in GSP group. Statistically
significant differences between GSN and GSP were only found at 60, 270 and 300 minute
time intervals. As for RMS, parous women showed higher amplitude than nulliparous
ones, with no significant differences between them, although GSP had a significantly
higher progression rate than GSN .
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Again, GSN exhibited a more marked upward trend for MNF and UAI than GSP ,
with significant sustained differences with respect to baseline activity from 210 and 240
m, respectively, for GSN , but not for the GSP group. We found no significant difference
for either MNF or UAI or in their slopes between nulliparous and parous women.

Both GSN and GSP presented a similar downward tendency for non-linear parameters
as labour induction progressed, GSP achieved significant differences to baseline at some
time intervals from the third hour in the four non-linear parameters, although this was
not sustained over time. In contrast, GSN reached significant SpEn differences to basal
in most windows after 150 minutes, but this was not sustained over time. Differences
were achieved for BLZ and HFD at 300 minutes. GSP seemed to present a more negative
progression rate for non-linear parameters than GSN throughout the recording session,
but without significant differences.

Figure 4.4: Temporal evolution of temporal, spectral and non-linear parameters and
violin plots of their slopes for the Nulliparous (GSN ) and Parous Group of Success
(GSP ). Statistical differences between groups are indicated by inverted pink triangles
and with respect to basal activity by blue rightward (GSN ) and black leftward (GSP )
triangles. In the violin plots, statistical differences between GSN and GSP slopes are

indicated by grey shading.
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4.4 Discussion

4.4.1 Labour induction success vs. failure

In this work we analysed and compared the difference in myoelectric uterine response
to the Dinoprostone induction drug between women who achieved APL in less than 24h
from IOL onset (GS) and the remainder (GF). Firstly, as labour induction progressed,
the uterine myoelectric activity of the GS showed an increasing trend in temporal and
spectral parameters, suggesting a higher number of cells involved in contraction and also
greater cell excitability [19]. This result is consistent with the fact that the increased
concentration of prostaglandins E2 may induce increased myometrial contractility, this
phenomenon being the indirect response of cervical ripening rather than a direct effect
on the myometrium [208]. We also found that the set non-linear parameters worked
out showed a downward trend for the GS group, suggesting an increased degree of
organisation and predictability of the EHG signal. These findings agree with our previous
studies [19, 243].

We also found significant sustained changes from baseline in NCT after 60 minutes for
spectral parameters from between 120-150 minutes and after 210 minutes for SpEn in the
GS group. Our results are consistent with other findings in the literature that stated that
changes from EHG basal activity were achieved between 2-8 hours after administration
of Dinoprostone [147] and were especially marked around the fifth hour [207, 253]. Our
results also agree with the pharmacokinetics of Dinoprostone: in [254] it was reported
that the peak plasma level and the median time to obtain sustained uterine activity
was at 60-120 and 127 minutes respectively after administration of vaginal Dinoprostone
insert [254].

We did not obtain any significant change in uterine myoelectric activity in the
GF group in comparison to baseline activity. During the first hours of IOL onset,
these patients’ lack of response to the drug could be related to their expression of
prostaglandin receptors EP1, EP3 and EP4 in the cervix tissue, which has been shown
to play an important role in delivery [208]. Konopka et al. showed that upregulated EP1
mRNA expression was associated with induction failure [255]. The increased expression
of contractile EP3 and reduced expression of relaxatory EP4 in the GF group has also
been reported [256]. The faster response of uterine myoelectric activity in GS is consistent
with the shorter time to achieve APL, shorter time to delivery and lower percentage of
women requiring oxytocin augmentation from obstetric data, which is in agreement with
other findings in the literature [64, 212]. It should be noted that there is some controversy
over the influence of the BMI on labour induction outcomes. Batinelli [207] and Pitarello
[65] found it irrelevant, while Prado et al. suggested that a lower BMI indicated a higher
probability of vaginal delivery [64]. In the present work, we found that the GF group
had a significantly higher BMI than GS. Since our database was relatively small, future
studies will be needed to corroborate this result.
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We also found significant differences between induction success and failure, especially
for non-linear parameters, which we had not found in a previous study in which we only
analysed the first four hours after induction onset [19]. This discrepancy could be mainly
due to the definition of the induction success group, which is somewhat controversial
[135]. It has been defined as achieving vaginal delivery within 24h [170, 212] or 48h [257]
after the start of labour induction [170] to any time after the start of labour induction
[207]. In the present work, we opted for time-to-APL≤24h to avoid the bias due to
oxytocin administration further promoting uterine contractility in women who do not
achieve APL in 24 hours. Achieving APL after 24h may be related to the increased cell
excitability associated with using of exogenous oxytocin, which is not attributable to the
response to Dinoprostone.

Finally, the GS group presented a significantly higher slope than GF in almost all the
EHG parameters, suggesting that the progression rate of uterine contractility contains
relevant information to determine labour induction success. As the progression rate
involves analysing repeated measures from different time intervals, this is undoubtedly a
more reliable measure than a single measure from a specific time interval, due to intrinsic
uterine contractility variability. To our knowledge, this is the first time this type of EHG-
biomarker has been reported and it could be helpful in designing robust and generalizable
labour induction success prediction systems.

4.4.2 Influence of parity on uterine myoelectric response
during IOL

The parity effect on the IOL outcome has been extensively studied in the literature
[60, 65, 171, 207]. In general, nulliparous women seem to be less responsive than parous
to Dinoprostone: a greater need for oxytocin and longer time to achieve both APL
and vaginal delivery [170]. In fact, according to Batinelli et al [207], the trend changes
in the Kaplan-Meier curves from the fifth hour onwards are mainly caused by the
parous population, as nulliparous show this change from the eighth hour onwards [253].
Moreover, Juhasova [258] found faster cervical dilatation rates in parous than nulliparous,
which could be associated with the fact that dilatation in nulliparous is preceded by a
thinning of the cervix, whereas in parous both occur simultaneously [171]. In addition,
nulliparous are associated with a higher risk of IOL failure [171, 207], which the literature
suggests could be influenced by cervical stiffness [171]. Our results on obstetric data
and outcomes of labour induction are in agreement with this, although no significant
differences were found. In fact, only 50% of the nulliparous women included in the
present study achieved APL≤24h compared to 83% of the parous women.

In this work we specifically focused on the analysis of the effect of parity on the
response of uterine myoelectric activity to the induction drug reaching APL≤24h, which
has been little studied to date. We found a significantly higher number of contractions
in nulliparous than in parous women after 4 hours, which is consistent with other
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authors who reported that NCT was significantly lower in women with a previous
delivery [259]. By contrast, we also found that parous women presented a greater
uterine contraction amplitude than nulliparous women, with no significant differences
at a specific time interval. This finding is consistent with the literature, given that a
previous pregnancy may induce a greater number of gap-junctions in the myometrium
[260]. Likewise, we found a significantly higher rate of amplitude progression in parous
women, which may suggest that parous women have a greater response to prostaglandin
E2. Our results partially support Ryan’s findings, which reported that nulliparous have
a lower uterine contractility response to oxytocin than parous women in an in vitro
setting [261], as both prostaglandin E2 and oxytocin are induction drugs that promote
uterine contractility. Our results of greater contraction amplitude in parous women,
although with no significant differences between both groups, are consistent with [259].
In that work, it was found that women with more than one previous delivery showed
a higher mean contractile force than nulliparous ones, which has been proven to be
related to contraction amplitude [146]. Physiologically, vaginal parity has been linked to
reduced collagen alignment and poorer biomechanical properties without affecting the
overall histomorphology of the tissue [262], which may be related to the faster cervical
dilatation rates in parous women [204]. Therefore, the combined interaction between
uterine contractility and cervical dilatation may explain why the uterus of parous women
appears to require significantly less effort to complete vaginal delivery than that of
nulliparous women.

On the other hand, Prevost found that higher parity was related to lower endogen
oxytocin generation and consequently to lower cell excitability [263]. This agrees with our
MNF results, which are associated with cell excitability [219]. We found that the GSP
group (with no grand parous women) exhibited slightly lower values and progression
rates than the GSN group, with no significant difference. The non-linear parameters
of the EHG showed no statistically significant differences between nulliparous and
parous except for some isolated time interval and none between them. Despite of that
the physiological interpretation of non-linear parameters is still unclear, we speculate
that the slightly lower signal complexity in parous women may be linked with the
increased coupling or synchronization degree between cells. As labor approaches, the
increase of both number and density of gap junctions [7, 10] gives rise to an enhanced
signal propagability and higher synchronization degree at myometrium level. Indeed,
using magnetomyometriogram it has been shown that parous women exhibited higher
synchronization degree than nulliparous women from 36 weeks of gestation onwards
[264]. Since EHG is the result of weighted sum of uterine myoelectric activity around
the electrodes, an enhanced propagability is reflected as an increased signal amplitude
of parous women (figure 4.4) [40]. Our hypothesis is that the more synchronized and
propagated the action potentials (high connectivity between myometrium cells) the more
reduced pattern number in EHG signals, which is equivalent to a more organized signal
[265].

To sum up, the main differences between nulliparous and parous women consist
of structural changes in the cervix, which have been associated with a higher rate
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of cervical dilatation in parous women. At the myometrium level, we found a lower
number of contractions but faster evolution (greater progression rate) of the amplitude
of the signal in parous women, but no significant differences in cell excitability or signal
predictability and complexity. It is therefore important to take these factors into account
when designing an induction success prediction system.

4.4.3 Limitations of the study

Despite obtaining consistent results, the present study has some limitations. Firstly,
the size of the database could lead to some bias in the analysis due to intrinsic biological
variability. Future work will aim to increase the sample size to corroborate the present
results and to design robust and generalizable induction success prediction systems based
on EHG and obstetric data.

Secondly, two approaches are commonly used in EHG signal analysis, [151]: whole
EHG window analysis [154, 219, 228] and EHG-burst analysis [229, 235, 238]. The former
facilitates segmenting the process, since it only requires the removal of motion artefacts
from the EHG records and does not involve discrimination between uterine contraction
and baseline activity [243]. Our previous study found that EHG-burst analysis to be
more suitable for characterising the uterine myoelectric response to the induction drug
than whole EHG-window analysis [243], while in this work the manual segmentation of
contractions performed by experts in a double-blind process to reduce bias is inherently
subjective and cumbersome for large datasets. Multiple systems for the automatic
detection of contractions in EHG recordings during routine pregnancy monitoring [202,
203] and/or threatened preterm labour [202, 235] can be found in recent studies. The
performance of this system in the labour induction has yet to be tested, as there may
be a higher rate of movement artefacts due to maternal and foetal stress associated with
imminent labour [266, 267]. Also, the EHG-bursts associated with contraction can exhibit
subtle changes in the latent phase of labour, making it really challenging to detect uterine
contractions in this scenario.

Thirdly, we here characterised the EHG signal by assessing the degree of cell
recruitment and excitability as well as uterine contraction complexity and regularity.
Other indicators have been proposed based on the synchronization degree of multichannel
EHG recordings to determine the uterine the degree of coupling of the uterine cell which
is directly related to the formation of the gap junction union, e.g.: iCOH [40, 188], non-
linear H2 [188, 203], NPCMI [188, 268], partial Granger causality [219, 229] and partial
transfer entropy [219]. Despite of the physiological interpretation of the synchronization
measures, which could provide complementary information to temporal, spectral and non-
linear measures, in this work we preferred to use a simplified protocol considering the
highly stressful situation of labour induced for women and clinicians in clinical practice
[267]. Also, a simplified protocol that does not radically alter routine clinical praxis will
facilitate transferring the EHG technique to clinics. However, future work on additional
simultaneous EHG recording electrodes will address the problem of obtaining additional

78



CHAPTER 4. UTERINE MYOELECTRICAL ACTIVITY AS BIOMARKER OF
SUCCESSFUL INDUCTION WITH DINOPROSTONE: INFLUENCE OF PARITY

information on the degree of synchronisation to predict successful labour induction.
Despite these limitations, our findings pave the way to investigating any differences in
uterine myoelectric response to other drugs, which will help to optimise drug doses and
administration routes.

4.5 Conclusions

In this work, we analysed the different uterine myoelectric responses to Dinoprostone
between labour induction success (APL≤24h) and failure groups (the remainder). We
found significant sustained differences in EHG-biomarkers with respect to baseline
activity from 2-3 hours after the start of labour induction in the successful induction
group: increased number of contractions and Mean Frequency (associated with cell
excitability) and reduction of SampEn and SpEn (associated with reduced complexity).
In contrast, no significant changes from baseline activity were found for failed induction
group. Women with successful inductions also showed a statistically higher rate of
progression (steeper slope) of amplitude of the EHG-bursts and the spectral UAI
parameter, and statistically lower slopes for the whole set of non-linear parameters.

We also determined the influence of parity on uterine myoelectric response to a labour
induction drug in those women who achieved APL≤24h. Nulliparous women showed a
higher number of contractions and larger changes in the mean frequency progression rate
than parous women, with no significant differences between them. No differences were
found in the non-linear parameters between nulliparous and parous women. The most
relevant finding at the myometrium level consisted of a significantly higher progression
rate of the EHG signal amplitude in parous women.

The present study not only expanded current information on electrophysiological
knowledge of the in-vivo response of uterine myoelectric activity to the induction drug
without the confounding factor of exogenous oxytocin, but also identified new EHG-
biomarkers that could allow the early detection of the risk of induction failure. We
therefore propose that they should be used to develop robust and generalizable induction
success prediction systems to help clinicians to optimise induction decision-making, to
better plan and manage deliveries, to prevent maternal and foetal complications and
their associated mortality and morbidity and optimise hospital resources.
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Abstract
Postpartum hemorrhage (PPH) is one of the major causes of maternal mortality and
morbidity worldwide, with uterine atony being the most common origin. Currently there
are no obstetrical techniques available for monitoring postpartum uterine dynamics,
as tocodynamometry is not able to detect weak uterine contractions. In this study,
we explored the feasibility of monitoring postpartum uterine activity by non-invasive
electrohysterography (EHG), which has been proven to outperform tocodynamometry
in detecting uterine contractions during pregnancy. A comparison was made of the
temporal, spectral, and non-linear parameters of postpartum EHG characteristics of
vaginal deliveries and elective cesareans. In the vaginal delivery group, EHG obtained
a significantly higher amplitude and lower kurtosis of the Hilbert envelope, and spectral
content was shifted toward higher frequencies than in the cesarean group. In the non-
linear parameters, higher values were found for the fractal dimension and lower values for
Lempel-Ziv, sample entropy and spectral entropy in vaginal deliveries suggesting that the
postpartum EHG signal is extremely non-linear but more regular and predictable than
in a cesarean. The results obtained indicate that postpartum EHG recording could be a
helpful tool for earlier detection of uterine atony and contribute to better management
of prophylactic uterotonic treatment for PPH prevention.
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5.1 Introduction

Postpartum hemorrhage (PPH) is defined as more than 500 mL and 1000 mL of
bleeding following vaginal or cesarean delivery, respectively, and is one of the major causes
of maternal mortality and morbidity worldwide [115]. The global prevalence of PPH is
about 6% of all deliveries [95] although this varies considerably according to the source,
and is higher after cesarean (6%) than vaginal deliveries (2-4%) [269]. Without effective
recognition and management, women rapidly experience shock, organ dysfunction, and
even death [121]. It is estimated that around 75,000 women die of PPH each year, one
every 7 min [121], or almost a quarter of maternal deaths worldwide [121]. More than
half of these deaths occur within 24 h of delivery, mostly from excessive bleeding [270].
The developing countries continue to experience higher numbers of maternal deaths: in
2015, the maternal mortality ratio in these was 239 per 100,000 live births compared to
12 in the developed countries [204]. Nevertheless, recent studies have shown an increasing
trend in PPH in developed countries [94].

Women who survive PPH may present significant morbidities including: hypotension,
organ failure, severe anemia, fatigue, transfusion complications, thrombosis, acute
respiratory distress syndrome, sepsis, and may need intensive care or further surgical
interventions [122, 123]. It may also involve a prolonged hospital stay and higher costs
for the health system. In 2013, the total cost amounted to more than $6 million for 28,000
cases of PPH in Egypt [271]. Prick estimates that the average cost of a red blood cell
transfusion is about e1957 per acute anemic patient without severe anemic symptoms
[124], and Castiel reports that the costs of PPH surgery range from e275 for manual
exploration of the uterine cavity to e875 for hysterectomy [125].

Numerous PPH risk factors have been reported, including fetal macrosomia (over
4000 g), pregnancy-induced hypertension, pregnancy generated by assisted reproduction,
severe vaginal or perineal laceration, weight gain over 15 kg during pregnancy, history
of PPH, multiple pregnancies, primigravida, grand multiparity, advanced age, preterm
births, genital tract injuries, non-use of oxytocin for PPH prophylaxis, labor induction,
cesarean delivery and intra-uterine fetal deaths [272]. However, as most women who
experience PPH have no risk factors, clinicians should be prepared to treat it at every
delivery [119]. Currently, no early detection techniques are available for the preventive
management of prophylactic uterotonic treatment. In addition, post-delivery blood loss
is seldom measured in clinical practice because it is not clear whether it improves care
and outcomes [269]. Furthermore, the blood loss requiring an intervention depends on a
number of factors, including whether the patient is anemic [269].

Common causes of PPH include: uterine atony and trauma such as genital tract
injuries, retained placental tissue and failure of the blood coagulation system, uterine
atony being responsible for most cases (75-90%) [273], which is related to the inability of
the uterus to contract after the expulsion of the fetus. PPH can be fatal in a hypotonic
uterus without contractions and retractions of the myometrium to compress the torn
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blood vessels in placental separation and obliterate the lumen, as long as the maternal
blood coagulation mechanism is normal [16]. However, if the myometrium near to a naked
implantation site contracts and retracts vigorously, severe bleeding from the placental
implantation site is unlikely, even if maternal coagulation is severely affected [16], so
that monitoring uterine contractile activity after delivery could greatly help early PPH
detection.

The gold standard for monitoring uterine contractions is intrauterine pressure, which
measures the overall pressure by inserting a catheter. This is an invasive technique that
requires membrane rupture and also increases the likelihood of intrapartum infection,
as well as uterine perforation or placental abruption [145]. In clinical practice, the
commonly used technique for monitoring uterine dynamics during pregnancy and labor
is external tocodynamometry (TOCO), which consists of recording abdominal wall
distension caused by uterine contractions [274]. This indirect measurement technique
tends to be inaccurate, depend greatly on proper positioning and is adversely influenced
by maternal obesity [142], while the lack of sensitivity for detecting weak or localized
contractions makes it unsuitable for monitoring postpartum uterine dynamics. So at the
present, there is no tool that can accurately assess postpartum uterine dynamics.

Electrohysterography (EHG) has emerged as an alternative for non-invasive monitor-
ing of uterine dynamics. This technique involves recording on the abdominal surface the
uterine myoelectrical activity associated with the contraction of myometrial cells. Previ-
ous studies have shown that EHG outperforms TOCO in detecting uterine contractions
during pregnancy and labor [142, 144, 274] and is especially useful in obese patients [185,
275]. Other studies have found that intrauterine pressure can be precisely estimated from
EHG recordings [146, 276, 277]. It has also been proven that EHG contains relevant in-
formation on the electrophysiological uterine conditions and can be used for identifying
effective contractions that trigger labor, besides non-effective physiological contractions
during pregnancy [278].

It is well known that as labor approaches, EHG signal amplitude increases due to
the major recruitment of cell numbers involved in contractions, while the signal spectral
content shifts to a higher frequency because of increased cell excitability [278]. Other
studies have proposed non-linear parameters for characterizing EHG signals, such as
sample entropy, Lempel-Ziv, and time reversibility [150, 152, 223, 279, 280] and found
that as labor progresses, the EHG signal is more organized, signal predictability increases
and signal complexity decreases, although some of these results have been controversial.

Prediction systems for distinguishing between term and preterm labor [153, 268, 281,
282] and labor induction success [169] by means of EHG have also been reported. It
has recently been used to record uterine activity in non-pregnant women, which is much
weaker than during pregnancy and labor [283]. However, so far, its ability to record
postpartum uterine activity has not been assessed.

Taking into account the higher blood loss in women with elective cesarean delivery
over vaginal deliveries and the fact that postpartum uterine activity is a natural
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fundamental mechanism that prevents PPH, our hypothesis was that there are differences
in the postpartum uterine dynamics after vaginal and elective cesarean deliveries. The
aim of this work was, therefore, to determine the feasibility of the non-invasive detection
of postpartum uterine myoelectrical activity and to detect any differences between the
postpartum EHG signals after vaginal deliveries (VGN) and elective cesarean sections
(CSR).

5.2 Materials and Methods

5.2.1 Signal Acquisition

A total of 33 EHG recordings were conducted on women with single low-risk term
pregnancies (≥37 weeks) admitted in the Polytechnic and University Hospital La Fe
(Valencia, Spain) and delivered either vaginally (13 women, VGN) or by elective cesarean
section (20 women, CSR). Fetal macrosomia, polyhydramnios, multiple pregnancies,
and large advanced maternal age (>45 years) were factors for exclusion from the study
because of the bias they could introduce in the results. The EHG recording lasted
approximately 60 min and was performed during the first three hours after delivery.
This study adhered to the guidelines of the Declaration of Helsinki and was approved
by the Institutional Review Board of the hospital (register number 2018/0519). Patients
were informed about the nature of the study and gave their written informed consent.
Prophylactic uterotonic treatment was given to each patient according to hospital
protocol so as to promote uterine contractions to prevent PPH: 20 international units of
oxytocin for VGN, 100 µg carbetocin (Duratobal) for CSR.

The clinical data collected during the study were: maternal age, body mass index
(BMI), parity, previous cesarean, fetal weight, hemoglobin (Hb), hematocrit, Cardiac
Frequency (CF), Systolic Arterial Pressure (SAP), Diastolic Arterial Pressure (DAP),
and Saturation of Oxygen (SO2). Vital signs were measured at the time of admission and
24 h after delivery to determine any postpartum hemodynamic changes. The Wilcoxon
rank-sum test was used to detect statistically significant differences in obstetric data
between the VGN and CSR groups (α= 0.05).

The EHG recordings were taken after the patient had left the operating theater in
the case of CSR, or delivery ward in the case of VGN. Before each recording session,
the abdominal surface was prepared by a gentle exfoliation with abrasive gel (Nuprep,
Weaver and Company, Aurora, CO, USA) and cleaned with isopropyl alcohol to reduce
skin-electrode impedance. Four single-use Ag/AgCl electrodes (Red Dot 2660-5, 3M, St.
Paul, MN, USA) were then placed as shown in Figure 5.1. Two electrodes (M1 and M2)
were symmetrically positioned with respect to the median axis over the uterine fundus
at a distance of 3 cm from each other to obtain two monopolar EHG recordings. Two
electrodes were placed on each hip to provide reference and ground biopotentials. This
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configuration was chosen to simplify the acquisition protocol and allow recordings from
the reduced-size uterus after delivery. Both monopolar signals were conditioned by a
custom-made wireless recording module, providing a 2059 V/V gain in the 0.1-150 Hz
bandwidth and digitized by a 24 bit analog-to-digital converter at 500 Hz [242].

Figure 5.1: Electrodes positioning for postpartum uterine myoelectrical recording.

5.2.2 Data Analysis

Since the EHG spectral content is mainly distributed between 0.1-4 Hz [284], digitized
monopolar EHG signals were filtered in that range (zero-phase 5th order Butterworth
band-pass filter) then downsampled at 20 Hz to maintain the trade-off between temporal
resolution and computational cost. Once the monopolar signals were conditioned, a
bipolar signal was calculated as their difference (M2-M1) to reduce common-mode
interferences and increase signal quality [142]. Motion-artifacts segments were visually
identified by three different experts and discarded from the study. In case of disagreement,
the decision was taken through a blind majority vote based on their reports.

EHG parameters were worked out in moving windows of 120 s with a 50% overlap
which was shown to be able to analyze representative sections of the EHG signal at a
reasonable computational cost, better than 60, 300, and 600 s [152]. The median value
of all the analysis windows was computed to obtain a single representative value of each
EHG parameter per recording session.

A set of temporal, spectral, and non-linear parameters were selected to characterize
postpartum EHG signal: peak-to-peak amplitude [284], kurtosis of the Hilbert envelope
(KHE) [285], median and dominant frequency [150, 152], normalized energy (NE) [286],
sample entropy [159], spectral entropy [287], Lempel-Ziv binary complexity [252], and
Katz fractal dimension (KFD) [288]. All of these were computed in the 0.1-4 Hz
bandwidth, except for the spectral parameters, which were computed in 0.2-1 Hz to
minimize the influence of cardiac interference and baseline fluctuation [278].
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Peak-to-peak amplitude is directly related to uterine contraction intensity and is
frequently used for EHG characterization [284]. Since the presence of scar tissue in elective
cesarean sections could interrupt the propagation of action potentials or locally change
the propagation direction [289], we also computed kurtosis of the Hilbert signal envelope,
which is a measure of signal impulsiveness, as it has been shown to increase the strength
of abrupt changes [285]. Higher KHE values are thus expected for impulse-like signals.

Spectral parameters were used to assess cell excitability [148]. An increase in cell
excitability turns into a shift to higher frequencies in the EHG signal, as happens in
advanced pregnancy and labor [19, 152]. Median and dominant frequency were computed
because they are commonly used to characterize EHG signals [150, 152]. The median
frequency of the spectrum was computed as the frequency at which the total of the
upper and lower parts of the frequency-power spectrum are the same [150]. Dominant
frequency was obtained as the frequency with maximum power spectral density [152].
NE was also computed to determine the variations in the energy in a high-frequency
subband of the EHG spectrum (0.34-0.6Hz), which is associated with the fast wave high
component of the EHG, normalized with respect to the total energy in the 0.2-1Hz band
[286].

NE(x[n]) =

∑fH
k=fL

PSD[k]∑1Hz
k=0.2Hz PSD[k]

(5.1)

Where PSD[fi] is the power spectral density using a periodogram with a Hamming
window length of 120 s. Greater values of the defined spectral parameters are associated
with greater uterine cell excitability.

Non-linear parameters have also been proposed to characterize the electrophysiologi-
cal state of the uterus through the EHG signal recordings [40]. Both sample and spectral
entropy measure the regularity of a finite time series in the time and spectral domains
respectively and estimate the extent to which the data does not arise from a random
process. A higher value of these parameters is associated with a more chaotic series
[150, 159]. Lempel-Ziv [252, 287] assesses signal complexity by counting the number of
different patterns in a time series, while the Katz fractal dimension [288] is a measure of
self-similarity signal complexity [290].

The Wilcoxon rank-sum test was performed to assess statistical differences (α = 0.05)
in each EHG feature values for the VGN and CSR groups. The statistical effect size was
also computed as the difference between means divided by the standard deviation of
the “control group”, in this case VGN [187, 291]. According to Cohen’s guide, an effect
size < 0.2 is considered a small difference effect; 0.3-0.5 is considered a moderate effect
difference and > 0.5 reveals a large or "important" difference effect [292].
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5.3 Results

Obstetric data and vital sign variation for both VGN and CSR are shown in Table
5.1. No statistical differences were found between the groups, except for the number of
previous cesareans, which is an elective cesarean decision factor.

Figure 5.2 shows examples of postpartum EHG bipolar signals of two women who
delivered vaginally (upper trace) and by cesarean section (lower trace). As can be
appreciated, only subtle changes in amplitude and/or the frequency with respect to basal
activities were registered, due to the weak postpartum uterine contractions, which made
it difficult to visually identify postpartum EHG-bursts in the recording. Apparently,
women who deliver vaginally present more and higher amplitude uterine contractions
than cesarean deliveries. Impulsive-like signals were occasionally present in women who
delivered by cesarean section.

Figure 5.2: Example of postpartum electrohysterography (EHG) bipolar recordings from
women who delivered vaginally (VGN, upper trace) and by cesarean section (CSR, lower

trace).

Figure 5.3 shows the box and whisker plots of different EHG parameters for both
VGN and CSR groups, including the corresponding uncorrected p-value of the statistical
test, while Table 5.2 shows the mean and standard deviation of EHG parameters for both
groups. Firstly, vaginal deliveries presented a significantly higher amplitude than elective
cesarean sections (VGN 66.44±26.62 µV vs. CSR 45.60±20.78 µV, p-value=0.027, and
effect size of 0.78). For the kurtosis of the Hilbert envelope (KHE), VGN obtained a
significantly lower value than the CSR group (VGN 2.30±0.36 vs. CSR 2.71±0.39, p-
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Table 5.1: Mean and standard deviation values of the obstetric data and vital sign
variation before and 24 h after delivery in the study population. Values in bold indicate

significant differences between groups (α<0.05). CSR: elective caesarean delivery.
VGN: vaginal delivery. BMI: Body Mass Index. CF: Cardiac Frequency. SAP: Systolic

Arterial Pressure. DAP: Diastolic Arterial Pressure.

Variable CSR VGN
µ± σ µ± σ

Maternal age (years) 32.80±5.70 33.92±7.95
BMI (kg/m2) 28.40±4.90 27.52±4.10
Parity 0.05±0.22 0.23±0.44
Previous caesarean 0.45±0.51 0.00±0.00
Fetal weight (g) 3279±386 3326±365
∆Hb (g/dL) −1.14±0.94 −1.43±1.25
∆Hematocrit (%) −3.94±2.77 −3.39±4.22
∆CF (bpm) 3.85±13.68 −0.54±8.36
∆SAP (mmHg) −18.15±20.12 −4.31±15.33
∆DAP (mmHg) −5.30±11.36 −2.23±17.54
∆SO2 (%) 0.00±2.12 0.70±1.57

value=0.003, and high effect size of 1.18), suggesting a higher impulsive-like character in
this group.

For non-linear parameters, the binary Lempel-Ziv computed from the VGN group was
0.37±0.08, which was slightly smaller than that obtained for CSR (0.39±0.05), although
this difference was not significant (p-value=0.155 and effect size of 0.31). Similarly, VGN
sample entropy was lower than that of CSR (VGN 0.88±0.23 vs. CSR 0.92±0.18), with no
significant differences (p-value=0.451 and effect size of 0.19). However, spectral entropy
was significantly lower for the VGN group (VGN 0.88±0.02 vs. CSR 0.89±0.02, p-
value=0.019 and effect size of 0.69). We also found that the VGN Katz fractal dimension
was significantly higher than that of the CSR (VGN 1.08±0.03 vs. CSR 1.05±0.03, p-
value=0.004 and effect size of 1). It can be verified that those parameters that present
statistically significant differences have an effect size value greater than 0.5, at which the
difference between vaginal and cesarean section groups is considered both significant and
important.

5.4 Discussion

PPH still causes a significant number of deaths among pregnant women. Although
the main risk factors are known, there is currently no consensus on its prevention. Since
the most common cause of PPH is associated with uterine atony, in this work we proposed
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Figure 5.3: Distribution of postpartum EHG parameters for cesarean (CSR) and vaginal
(VGN) deliveries.

to use the EHG technique for monitoring postpartum uterine activity for early detection
of uterine atony for PPH prevention. For the first time, we reported the feasibility of
recording postpartum uterine myoelectrical activity on the abdominal surface. Although
we were able to corroborate the presence of uterine contractile activity in the postpartum
EHG recordings (see Figure 5.2), the changes in both amplitude and frequency with
respect to basal activity were very subtle, so that it was difficult to accurately identify the
onset and offset of uterine contractions in the EHG signal. We also checked the feasibility
of identifying uterine contractions in the Teager energy operator in a moving window (not
shown), which has been proposed to successfully estimate intrauterine pressure from EHG
recordings in the active phase of labor [146, 277], although no substantial improvement
was found. It was therefore not possible to characterize the EHG-bursts as traditionally
performed in EHG analysis during pregnancy and labor [152, 284].

A whole window analysis was performed to characterize postpartum EHG signals
during the study, which was previously used to predict preterm labor in women during
regular check-ups [150, 153] and for differentiating women with threatened preterm
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Table 5.2: Mean and standard deviation values of the obstetric data and vital sign
variation before and 24 h after delivery in the study population. Values in bold indicate

significant differences between groups (α<0.05). CSR: elective caesarean delivery.
VGN: vaginal delivery. BMI: Body Mass Index. CF: Cardiac Frequency. SAP: Systolic

Arterial Pressure. DAP: Diastolic Arterial Pressure.

Variable CSR VGN P-value Effect size
µ± σ µ± σ

App (µV) 45.60±20.78 66.44±26.62 0.027 0.78**
KHE 2.71±0.39 2.30±0.36 0.003 1.18**
MDF (Hz) 0.31±0.02 0.32±0.01 0.086 0.76**
DF (Hz) 0.25±0.02 0.26±0.02 0.258 0.42*
NE 0.31±0.04 0.34±0.03 0.040 0.80**
BLZ 0.39±0.05 0.37±0.08 0.155 0.31*
Samp-Ent 0.92±0.18 0.88±0.23 0.451 0.19
Sp-Ent 0.89±0.02 0.88±0.02 0.019 0.69**
KFD 1.05±0.03 1.08±0.03 0.004 1.00**

labor who delivered in less and more than seven days and outperformed EHG-burst
analysis [152]. In this regard, the whole window analysis, which includes both EHG-
bursts associated with uterine contractions and basal activity during uterine quiescence,
has the inherent advantage of being easier to integrate in subsequent embedded systems to
automatically extract useful information from the EHG signal. Such systems would also
need to detect and suppress motion-artifacted segments, which was performed manually
in the present study. Future work will focus on developing new automatic algorithms or
adapting approaches previously applied to EHG in the active phase of labor [266] to this
specific obstetric scenario.

As this is a pioneering study, both the number and the specific characteristics that
best describe postpartum uterine activity and possible differences between vaginal and
cesarean deliveries are initially unknown. Statistical tests of the EHG parameters
were considered as ‘independent’, with no p-value corrections, so that the number
of characteristics used would not affect the significance level of the comparison. As
an alternative, we also computed Cohen’s effect size [291]. Results show remarkable
differences in postpartum uterine myoelectrical activity between women who deliver
vaginally and by elective caesarean. Although drugs were administered to promote
contractile activity in all cases, the use of different drugs according to the delivery
outcome (VGN: oxytocin, CSR: carbetocin) can partially affect the results. Carbetocin
was preferred for caesareans for practical reasons, since this drug only requires a single
dose. It is not extensively used since it is more expensive than oxytocin. The specific
effects of each drug on different types of births may be studied in future work. Despite
this, the results for both groups are in line with what could be expected. A caesarean can
be considered a non-physiological interruption of pregnancy before spontaneous vaginal
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labor occurs, so that postpartum CSR uterine activity could be expected to be more
similar to activity during pregnancy and VGN more like labor.

Taking the electrophysiological changes during pregnancy towards vaginal labor into
account [278], we hypothesized that postpartum VGN uterine contractions are more
frequent and intense than in CSR and that postpartum uterine cells are more excitable
in VGN. All this agrees with the results obtained, which show higher amplitude and
greater spectral content at higher frequencies for VGN than CSR. The higher values
of median or dominant frequency could support this shift and the associated higher cell
excitability. This is in line with the higher proportion of signal power in the [0.34-
0.6] Hz bandwidth-indicated by NE, since it was reported that the appearance of the
contractions is associated with an increase in the fast wave high band [293]. We also found
the Hilbert transform envelope kurtosis of the VGN signal was significantly lower than in
CSR, suggesting that postpartum uterine myoelectrical activity after caesarean deliveries
presents a greater degree of impulsiveness, which may be related to the interruption or
abrupt changes in the direction of action potential propagation due to incised tissue.
These results disagree with De Lau et al., who found that previous cesarean patients with
an intact uterine scar showed similar inter-channel correlation or propagation direction
of EHG during labor to the control group without scars [289]. The discrepancy could
be because we carried out the EHG recording immediately after delivery on unscarred
tissue.

We also found that VGN postpartum myoelectrical activity is more regular and
organized than CSR, which is revealed in lower values of binary Lempel-Ziv, sample
entropy and spectral entropy, although only the latter was significantly different. The
fractal dimension of postpartum EHG for VGN was significantly higher than for CSR,
suggesting a higher non-linear degree of the signal. These results on VGN vs CSR
comparison again agree with the trends and differences reported when comparing EHG
records during labor (or close to it) with pregnancy recordings further from labor.
In this respect, previous studies found significantly lower sample entropy in women
who underwent regular medical check-ups and gave birth prematurely than in term
patients [150]. Mas Cabo found reduced signal complexity and higher signal regularity
and predictability in women with threatened preterm labor who delivered in less than
seven days than those who delivered in more than seven days [152], while Maner found
that the EHG signal fractal dimension during the active phase of labor with frequent
uterine contractions is significantly higher than for antepartum patients with sporadic
physiological pregnancy contractions [294].

To summarize, the results obtained suggest that VGN postpartum uterine contrac-
tions are more frequent, intense and the uterine cells are more excitable than in CSR,
i.e., higher oxytocin levels, which promote uterine contractility, may be present in VGN
women regardless of the drug used to prevent PPH. Our finding is consistent with other
studies that found fetal oxytocin levels in the umbilical artery were significantly higher af-
ter vaginal deliveries than CSR, due to a stress-related stimulation of oxytocin producing
cells particularly during vaginal delivery [295]. Yusoff found that oxytocin concentration
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in both spontaneous labor and vaginal delivery and non-elective CSR after labor was
significantly higher in both umbilical arterial plasma and amniotic fluid than for CSR
[181]. They also found that oxytocin is present in fetal urine, suggesting that during
spontaneous labor oxytocin is produced by the fetus and flows towards the maternal
circulation [181].

This work has proven the feasibility of recording and characterizing postpartum
uterine activity and paves the way to providing clinicians with relevant information
and feedback to assist in choosing the most efficient and cost-effective strategy for
prophylactic uterotonic management: oxytocin receptor agonists (oxytocin and carbe-
tocin), prostaglandin analogues (misoprostol, sulprostone, carboprest), ergot alkaloids
(ergometrine/methylergometrine) or a combination of these [119]. Pickering found that
carbetocin was the most effective strategy and oxytocin the least costly strategy when
including adverse events in the analysis. The incremental cost-effectiveness ratio for PPH
prevention in a comparison of carbetocin andoxytocin was £928 per case of PPH≥500
mL avoided; £22.900 per case of PPH≥1000 mL avoided; and £894.514 per major out-
come averted [120]. Morfaw found that 600 µg misoprostol as an add-on to oxytocin to
prevent postpartum haemorrhage significantly reduced the odds of PPH (from 4.4% to
1.5%) [296]. Using a more comprehensive database, we can further analyze and com-
pare postpartum uterine activity between carbetocin and oxytocin for both vaginal and
cesarean deliveries.

5.5 Conclusions

This work has shown the feasibility of non-invasive monitoring of postpartum uterine
myoelectrical activity and comparing the postpartum EHG characteristics of vaginal and
cesarean deliveries. Uterine myoelectrical activity in women who delivered vaginally is
more frequent, intense and the uterine cells seem to be more excitable than those involved
in cesarean deliveries in our database, which is reflected in higher signal EHG amplitude
and a spectral content shift to higher frequencies. For non-linear EHG parameters,
women who delivered vaginally seem to show lower values than the cesarean group in
Lempel-Ziv, sample entropy, and spectral entropy, hinting increased signal regularity and
predictability. These results suggest that postpartum EHG recording could be a helpful
tool for early detection of uterine atony, which would be helpful in predicting PPH risk
and thus help clinicians to prevent it by better management of prophylactic uterotonic
treatment.
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Chapter 6

General discussion

Quantitative assessment of uterine activity is potentially helpful throughout preg-
nancy, labour and postpartum to early recognise complications and appropriate interven-
tion when acute risks are detected. Unfortunately, current evaluation methods employed
in clinical practice for monitoring uterine activity are either inaccurate or invasive, see
1.3. The ever-increasing researched non-invasive EHG technique has shown great poten-
tial for routine monitoring myoelectrical activity evolution during gestation, delivery and
postpartum, as well as in high-risk obstetric scenarios.

The present thesis therefore contributes to increase the knowledge of the electrophys-
iological changes experienced during pregnancy, along with the differences with respect
to the overdistended uterine state experienced by the MGs or the uterine myoelectric
activity response to IOL drug without the exogenous exytocin effect. Furthermore, the
characterisation of myoelectrical activity in the puerperium has gone beyond the state of
the art by assessing the excitability and the degree of cellular arrangement, thus opening
up a pioneering line of study in this field.

6.1 Recommendations for the electrohysterographic
recording acquisition

Given the low amplitude of surface EHG signals (tens of microvolts), particularly
during the antepartum and postpartum periods, recordings are susceptible to be severely
affected by multiple interference and artifacts. These may include drift, maternal
breathing, maternal and foetal electrocardiogram, electromyographic noise, power line
interference, and motion artifacts [40, 297]. Skin preparation, electrodes positioning,
interference reduction and signal processing are essential in this regard. For each
recording performed during the development of the present thesis, the skin preparation
was carried out by gentle exfoliation and subsequent cleaning of the surface with
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alcohol. As for the electrodes, flexible single-use electrodes with a long-lasting conductive
adhesive were employed, thereby reducing the skin-electrode interface impedance [4].
Being adhesive allows the patient a greater degree of mobility and longer recordings,
thus representing a key step from research setting to clinical use.

Furthermore, anatomical landmarks have been used for electrode positioning, as is
done in the acquisition of precordial cardiac leads [298], in order to reduce the bias that
may be introduced by the gradual deformation of the abdominal surface in response
to the large increase in volume of the uterus during gestation, inter-patient biological
variability and organ localisation due to increased uterine size [1]. In case of the regular
check-ups and IOL databases generated as part of the Ci2B-La Fe research collaboration,
the electrodes were placed symmetrically with respect to the abdominal midline at the
midpoint between the pubic symphysis and the fundus, which has been shown to provide
a better signal-to-noise ratio due to its higher uterine muscle fiber density [142]. Due
to the uterine post-delivery retraction and the spatial limitation of the scar in case of
caesarean section, the electrodes in the PPH were placed symmetrically with respect to
the mid-axis on the uterine fundus, in an attempt to resemble previous protocols while
capturing as much signal as possible. The reference and mass electrodes were always
placed on the iliac crests. Remarkably, our electrode arrangement is equivalent to the E3
electrode pair in the public TPEHG database, which has been employed to discriminate
between preterm and term deliveries [150, 226] and to study changes in SW directionality
and changes with imminent delivery [149].

In literature, numerous studies also fucused their effort to enhacence EHG signal
quality [266, 299–302]. Since the interference frequency content such as baseline drift
and maternal respiratory rate are below FWH bandwidth and others such as maternal
electrocardiogram can be as low as 1 Hz [303], many studies focus on EHG analysis
between 0.3-1 Hz [299, 300]. Advanced filtering methods such as Empirical Modal
Decomposition, Independent Component Analysis or the Wavelet Transform will be
required to extract possible overlapping interferences when the research is focused on
the study of the WBW of the EHG [40], with hybrid methods having shown very
promising prospective [40, 301]. On the other hand, maternal-foetal motion artefacts
have the potential to completely distort the recorded signal and all its frequency content,
requiring their identification for subsequent discard. Although efforts are being made to
facilitate their automatic identification [266, 302], the procedure is currently carried out
in a delayed and manual manner by experts in EHG signal processing, which represents
a major drawback when it comes to approach it to routine clinical practice.

Previous studies have proven that adherence to these criteria enables the identification
of the risk of PTB [154, 230] with an area under curve of 87.1±4.3% [304], the
discrimination of imminent labour in TPL [152, 265] with an F1-score up to 90.2±4.4%
[227], the differentiation of successful from unsuccessful IOLs [19, 166, 169, 275] with an
accuracy of 93.5±1.5%, or even generating a IUPC-like signal with a maximum pressure
error of 16.02 mmHg [146].
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6.2 Assessment of EHG-biomarkers in high-risk
obstetrical scenarios

Detailed interpretation of each EHG-biomarker can be consulted in detail below in
this subsection. For a schematic overview of the results, please refer to Appendix B.

6.2.1 Temporal EHG-biomarkers

As time of delivery approaches, the capacity of the uterus to recruit myometrial
cells is increasing and thus contractions are expected to increase in intensity accordingly
[7, 9]. Therefore, amplitude characterisation has become a staple in the monitoring of
uterine activity during routine clinical practice, as discussed in 1.3, and consequently
an established EHG-parameter as well [40]. However, the results and potential use of
amplitude EHG-biomarkers have been controversial in the literature, as they are highly
dependent on inter-electrode distance, position relative to the uterus, skin preparation,
thickness of the underlying fat layer, or gestational age at the time of recording, among
others [40, 305].

Both Fele and Horoba did not report conclusive results for the study of RMS as
an EHG-biomarker in the public database TPEHGDB for different bandwidths, as
the differences between term and preterm deliveries were not significant [150, 222]. In
contrast, Most found differences in RMS when separating TPL who delivered in less than
14 days from those who delivered later in an own database, although the bandwidth used
in this study was much wider than usual (1-1500Hz) [306]. However, Mas-Cabo also found
no significant difference in App between those who gave birth before or after 14 days from
the time of registration of PTB threat cases [152]. A subsequent robust characterisation of
uterine myoelectric activity in different obstetric settings, where four groups were assessed
throughout gestation and a fifth during postpartum, found no differences between the
term and preterm groups [154], but a clear RMS upward trend was seen as gestation
progressed, reaching a maximum in the APL and decreasing again in the postpartum
group. In addition, Benalcazar identified an increasing trend of App with sustained
differences in the IOL process with respect to baseline activity for different induction
drugs [19].

Consistent with the above, no differences in amplitude parameters were found in
Chapter 3 when comparing MG and SG, possibly because neither group has developed
the necessary physiological mechanisms to produce large amplitude contractions due
to the remoteness of delivery. In fact, RMS values are considerably lower than those
reported in Chapter 4, in which parturition is expected to be forthcoming. In the cross-
sectional IOL study, amplitud-related parameter did not show no sustained difference
respect to baseline activity. Conversely, the longitudinal measure of the progression ratio
reported significant differences in both the assessment of APL≤24h and the study of
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the influence of parity. Of note, the longitudinal approach eliminates potential biases
introduced by variation in interelectrode distance, difference in abdominal adipose layer
thickness between patients and skin preparation. As for postpartum, those delivered
via VGN showed a greater amplitude than CSRs in Chapter 5, suggesting that labour
may have helped the functional syncytium to work more efficiently during the delivery
process, thus favouring a higher contraction intensity.

The KHE represents an innovative biomarker in the field of EHG signal character-
isation. It has demonstrated exceptional performance in obstetric risk scenarios where
uterine activity was largely disordered and the characteristic contractions of the APL
(well differentiated from basal activity, short and of large amplitude) are virtually ab-
sent, as in the case of Chapters 3 entailing regular check-ups during third trimester and
Chapter 5 with postpartum recordings. In contrast, it appears to be unable to distin-
guish subtle changes in signal impulsivity in scenarios where labour is imminent, as in
Chapter 4.

6.2.2 Spectral EHG-biomarkers

Cell excitability is enhanced with increasing gestational age, resulting in a shift of the
spectral content towards higher frequencies [9, 278]. Spectral parameters have been shown
to be more reliable than amplitude-related parameters, as they exhibit less biological
variability and are also expected to be less sensitive to electrode position [40, 156].

MDF and MNF of the power spectrum have been widely reported in the literature,
although without conclusive results in terms of discrimination between threats and
real cases of PTB. Although Mas-Cabo [307] and Fele [150] found the MDF capable
of significantly differentiating term pregnancies and PTBs, neither Verdenik [308] nor
Lucovnik [300] reported disparities for the same comparisons. In contrast, differences
have been reported between TPL groups that gave birth in less than 15 days and those
that did not in MNF, MDF and H/L Ratio [265, 307]. In addition, literature points
out during IOL process differences from baseline begining 60-90 minutes after drug
administration in the case of misoprostol and are practically non-existent in the case
of dinoprostone due to the rapid pharmacokinetics of the former [19, 166]. Moreover,
PIOL showed significantly higher values than MIOL in MNF from 150 minutes onwards
[75].

Spectral parameters have been shown to increase sharply a few days before birth
[156, 188, 303], so they may not be sensitive enough to assess the change in the degree of
excitability in early gestation. Accordingly, significant differences were not found between
SG and MG in Chapter 3. As outlined in Chapter 4, significant sustained differences
from baseline activity in spectal parameters from minute 150 onwards. The definition
of GS as APL≤24h has allowed us to eliminate the bias of oxytocin administration and
identify significant differences in the evolution of uterine cellular excitability in response
to dinoprostone as an IOL drug for the first time. Finally, uterine activity of the VGN
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postpartum in Chapter 5 shows a higher power spectral content in the range 0.34-0.6
than for the CSR group possibly due to the coordinated effort it has made during the
last hours prior to recording.

Another less common parameter is the NE of the 0.34-0.6 Hz bandwidth, where the
power of near-delivery contractions is mainly concentrated, normalised by the 0.1-1 Hz
bandwidth [266]. Mas-Cabo found this EHG-biomarker capable of discerning between
PTBs occurring before or after 14 days from the time of recording [307]. It has also
been identified as one of the parameters that provide the most relevant information on
cell excitability [309]. Its performance is remarkable as significant differences were found
in each of the three obstetric scenarios as different as those presented in the previous
Chapters 3, 4 and 5.

Therefore, EHG-biomarkers related to power spectral density do not seem to be
sensitive enough to assess the possible change in the degree of excitability up to the time
of impending delivery.

6.2.3 Non-linear EHG-biomarkers

Preparing the uterus for delivery also leads to improved cellular connectivity and
propagation of contractile wavefronts, which is reflected in the EHG signal as a decrease
in its complexity [7, 10]. The use of entropy-based parameters has been subject to debate
mainly because the non-stationary nature of the EHG-signal can affect this metrics [279],
especially with overly large analysis window sizes [40], besides being highly sensitive to
large amplitude fluctuations [225], sampling frequency, bandwidth of analysis, and length
and hyperparameters [150, 310, 311].

One of the most commonly used non-linear metrics is SampEn. Mas-Cabo identified
no trend for SampEn associated with imminent delivery when computed between 0.34-
4Hz in women with TPL (25-36 WoG) [152]. In contrast, Vrhovec found a significant
reduction in SampEn (0.3-3Hz) as labour approached in the last trimester of pregnancy
(32-39 WoG), with particular emphasis on the transition from APL to delivery [280]. No
differences were also reported for SampEn computed in the WBW in Chapter 3, except
for the 10th percentile suggesting an enhanced organisation in the basal activity at this
point of the gestation. Moreover, the FWH computation seems to hold a higher degree
of information and magnifies the differences between MGs and SGs, as does the work of
Mas-Cabo in the comparison of gestation versus APL [154]. As for the IOL process with
dinoprostone, neither Benalcazar-Parra’s work [19] nor that of Chapter 4 have reported
sustained significant changes from baseline activity, even though the longitudinal rate
of progression seems to be a promising metric. On the other hand, Mas-Cabo’s work
showed that VGN has significantly lower values than APL for both WBW and FWH
and for all percentiles [154], although no changes in the temporal organization of the
signal between the different types of postpartum were found in Chapter 5. The SampEn
parameter has exhibited commendable performance in all three scenarios under study.
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BLZ is also a frequently used measure to characterise complexity and regularity
of signals in the time domain, with higher values relating to more complex and near-
random patterns [251, 287]. Lemancewicz found a significant increase in BLZ (0.24-4
Hz) in patients with threatened PTB who gave birth in less than 7 days (24-34 WoG)
[223]. Both Mas-Cabo [152] and Lemancewicz [223] reported the reliability of BLZ in
determining impending labour. Other studies reported that BLZ does not follow a
monotonous trend in normal gestational progression [154, 280]. Similarly, Benalcazar-
Parra found no differences with respect to baseline activity or between IOL success and
failure groups for any of the cervical ripening drugs studied [19]. Furthermore, although
it is assumed that BLZ may have redundant information when compared to other time-
domain regularity metrics such as SampEn or FuzzyEn [309]. In fact, it has shown equal
or worse performance than these two in scenarios far from delivery such as those in
Chapters 3 and 5, or closer such as the one in Chapter 4.

Applying SpEn calculation in FWH for the first time on EHG records with threatened
PTB, Mas-Cabo identified a promising decreasing trend of the EHG-biomarker as
the time of delivery approached [152]. Later on, the author reaffirmed this result by
identifying the persistent SpEn trend in FWH throughout gestation and APL, decreasing
again in the postpartum period [154]. In Chapter 4, SpEn vastly outperform the rest of
non-linear EHG-biomarkers, with significant differences found in the progression ratio,
between GS and GF from the 90-minute time frame onwards, and with respect to basal
activity in GS from 150-minute time frame onwards. These results are consistent with
the significantly higher values in MIOL from minute 90 onwards in the comparison
of IOL methods [75]. Moreover, differences between VGN and CSR postpartum in
SpEn in Chapter 5 were also found to be significant, while BLZ and SampEn failed
in discriminating between these groups. Since SpEn assesses the signal regularity in
the spectral domain, its supremacy over other non-linear parameters based on the time
domain suggests a higher content of relevant information in the spectral content ordering.

In terms of simplicity, accuracy and cost-effectiveness to discriminate between sig-
nals of different complexity, the application of HFD stands out for research and medical
diagnosis from other widely used linear and spectral analysis EHG-parameters [246]. In
addition, its combined use with other linear and non-linear measures showed comple-
mentarity or even better results [246]. In fact, it has been reported that HFD provides
the most accurate estimates for the whole range of theoretical fractal dimension values
than KFD [312, 313], although its robustness may be lower against noise than the lat-
ter [312]. However, contemporary research incorporates fractal dimension calculation in
the field of electrohysterography mostly as input parameters of prediction systems [224,
309], rather than studying their individual capacity to discriminate between different de-
grees of signal complexity in high-risk obstetric scenarios [40]. Pioneering work by Maner
described a significant increase the fractal dimension of contractile uterine activity in
patients who delivered in less than 24 hours versus those who delivered in more time
[294]. Consistently, HFD calculated in FWH has achieved a remarkable performance on
discrimination between GS and GF, finding significant differences from 150 minutes after
dinoprostone administration. In case of Chapter 3, HFD has reported lower complexity
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for MGs compared to SGs, while KFD has not been able to identify the changes (unpub-
lished results). Since scale invariance appears to be the underlying mechanism for the
physiological function of the contraction in preparation for labour [294], EHG-biomarkers
based on fractal dimension estimation may therefore be an excellent tool to quantify its
complexity.

6.2.4 Approaches for electrohysterographic analysis: WEWA
and EBA

A dual approach has been adopted for the characterization of EHG signals in the
present thesis. As raised in Subsection 1.4.2, the contraction amplitude variation from
basal activity is subtle in antepartum and postpartum stages, thus hindering the accurate
identification of the onset and termination of uterine contraction events. Therefore, a
growing trend is towards the implementation of WEWA due to its ability to simplify the
segmentation process and include subtle contractions [152], bringing closer the possibility
of implementing real-time EHG processing systems, a fundamental requirement for
its application in clinical practice. Moreover, there are obstetric scenarios in which
identification of the onset and termination of the contractile events is not feasible, as the
amplitude increase corresponding to the contraction with respect to the basal activity
is quite subtle, and WEWA analysis represents the only option for characterisation of
uterine activity, as is the case of Chapter 3 and 5. Of note, the generalised use of WEWA
may not be the optimal choice since its performance is highly dependent on the obstetric
context under analysis. Although WEWA has demonstrated its superiority in predicting
the outcome of TPL [152], during the IOL process it has been found that this technique
provides less information than EBA [243].

In the PTB context, both techniques have been widely used. However, Mas-Cabo
demonstrated superior discriminatory ability between threatened PTB patients who
delivered before or after 7 days for the non-linear parameters obtained by WEWA [152].
Further work has also found differences for MDF (0.1-1 Hz) and SampEn computed in
WBW when the analysis was given by WEWA, but not in the case of EBA [307]. In
contrast, EBA has been described as providing more information than WEWA during
the IOL process, regardless of parity [243]. Possibly as a consequence of the fact that
the contractions closer to the delivery (greater amplitude, intensity and differentiation
with respect to the basal activity) are organised within the functional syncytium, thus
including these segments between contractions does not provide additional discriminatory
information.
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6.3 Overdistension effect on uterine activity in
multiple gestation

Uterine overdistension has been documented as one of the mechanical factors that
could trigger spontaneous PTB [40, 314]. Several studies have provided evidence to
support it both in the case of MG [162, 163] and in the presence of polyhydramnios [163],
situations in which the the amniotic sac content is significantly increased. Therefore,
it seems to be a maximum at which the uterus can be distended without altering
its function. Direct measurements on biopsied human myometrial strips by Turton
showed an augmented frequency of contraction occurrence and an enhanced response to
oxytocin as muscle overdistension increased. In this work, biopsies were performed during
caesarean section delivery. Consequently, neonatal birth weight was used as estimation
of uterine stretch, yielding significant correlations with contractile activity [162]. Further
research by Waldorf in pigtail macaques correlated increased uterine wall tension with the
appearance of what they call ‘inflammatory pulse’, all associated with PTB, as described
in Chapter 1.3.1. Human donor strips showed a similar response to mechanical stretch
(Il-1β, IL-6 and IL-81 mRNA2), presence of polyhydramnios (IL-6 and TNF-α3 mRNA)
and MG (IL-6, IL-8, CCL24) as in primates [163]. In addition, they conducted a genetic
study revealing genes involved in tissue remodelling and muscle growth differentially
expressed in non-human primate tissue following artificial uterine overdistension applied
with a catheter. Biopsies of human uterine strips from women with polyhydramnios and
twins confirmed that these genes were similarly expressed, suggesting that the effect of
mechanical overdistension can affect the muscle function of the human uterus even at
the deepest level [163].

As evidenced, only biopsied myometrial response to overdistension has been docu-
mented in the current literature and its behaviour may differ from that which might
occur when the whole organ operates as a functional syncytium [165]. Despite the po-
tential advantage of EHG for the study of uterine muscle in its natural environment and
function, no previous work characterising the in vivo uterine activity of MG has been
found, , although this group is of particular obstetric relevance due to its elevated PTB
rate [37]. In this respect, Chapter 3 provides novel insights into how uterine overdis-
tension in MGs may affect uterine electrophysiological activity. Based on the example
of Turton [162], foetal weight at the time of uterine activity assessment was considered
as the overdistension estimation. Since EHG recordings were performed during regular
gestational check-ups, the approximation was given by a regression based on the well-
known Hadlock’s formula and the newborn percentile [315]. Electromechanical coupling
in uterine smooth muscle captured by surface EHG has significantly correlated foetal

1Interleukin-8
2Messenger ribonucleic acid
3Tumour necrosis factor alpha
4C-C motif chemokine ligand 2
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weight and signal amplitude and non-linearity characteristics, with in some cases even
lower correlation with CL. In addition, EHG-biomarkers have detected higher impul-
sivity and predictability of early third trimester MG with respect to SG. Similar EHG
signal characteristics have been clinically linked to higher gestational age and, ultimately,
to readiness for the onset of labour [40, 154, 162]. Therefore, all indications point to a
potential use of this new knowledge in the early detection of the risk of PTB in MG.

This pilot research paves the way for the comparative study of overdistension
estimates, combining the information obtained from EHG-biomarkers with the traditional
blood-based ones or genes expression, evaluating this scenario in the presence of pathology
or response to different drugs, and seeking other spontaneous PTB triggers that may act
together with or independently of overdistension.

6.4 Electrophysiological uterine activity in response
to the induction drug

Few works on the characterisation of uterine myoelectric response to IOL drugs [19,
75, 147, 166, 168, 316] and the prediction of their outcome based on EHG recordings
[169] have been published to date. Furthermore, only theCi2B-La Fe research group
has gone beyond the characterisation of signal intensity evolution and encompassed
spectral and non-linearity characteristics [19, 166, 316]. Although their study of the
electrophysiological response to misoprostol reported significant changes between the
IOL success and failure groups in temporal and spectral parameters, these were minimal
in case of dinoprostone [19]. Findings in the dinoprostone IOL group achieving APL
revealed clear trends with sustained differences from baseline activity 60-120 minutes
after the drug administration but only in NCT, duration of the contractions, App and UAI
[19, 48, 166]. This result was found to be consistent with Yount’s pharmacokinetic study,
which observed that plasma levels peaked between 60-120 minutes after dinoprostone
administration, with a median time to sustained uterine activity of 127 minutes after
administration [254]. However, comparing the success and failure groups induced with
dinoprostone, Benalcazar found no significant differences [19, 48, 166], unlike Aviram
who found significant evolution 2-8 hours after the administration [147], thus prompting
the prolongation of the EHG recording for future assessment of this scenario. Of note,
dinoprostone is currently the preferred pharmacological choice in clinical practice for
IOL because of its ease of withdrawal and ability to provide a consistent dose, while
misoprostol is falling out of use in our setting, see Chapter 1.2.

The standard clinical practice administer oxytocin to women who have failed to
reach APL after 24h of cervical ripening to promote uterine contractility, potentially
introducing a major bias into Benalcazar-Parra’s research as success was considered to
be achieving APL at any time after drug administration. In Chapter 4, APL>24h has
been considered as IOL failure, not only to eliminate the confounding effect of exogenous
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oxytocin, but also because it allows early identification and clinical intervention to reduce
the risk of caesarean section, chorioamnionitis, endometriosis, postpartum haemorrhage
or sepsis, foetal distress and asphyxia, to name but a few [209, 212]. New success
IOL criteria (APL≤24h) and the extension of the registers up to 5 hours enabled the
identification of numerous and sustained significant differences from baseline and the
differentiation between GS and GF in the electrophisiological response to dinoprostone
during the first hours of the IOL process, specially in case of non-linear EHG-biomarkers.

In addition, literature has traditionally reported longer durations in the first [216]
and second stages of labour [216, 317] for nulliparous women, possibly as a result of their
higher rate of dysfunctional uterine contractility [318, 319]. However, human myometrial
biopsied strip studies have found no intrinsic differences in the functional parameters
of contractions in relation to parity, except for a slightly higher frequency of onset and
intensity of contraction in parous women [259]. Consistently, findings in Chapter 4 infer
that parity has no relevant influence on the uterine myoelectric response to dinoprostone
as IOL drug when considering APL≤24h, apart from the signal amplitude progression
ratio which was found to be higher in parous women. Notably, the database does not
include any large parous, which may bias the generalisability of the results.

Electrophysiological knowledge of the in vivo response of uterine myoelectric activity
to the IOL drug without the confounding factor of exogenous oxytocin, as well as new
EHG-biomarkers, could allow early detection of the risk of induction failure.

6.5 Postpartum uterine monitoring challenges and
the promise of electrohysterography

Uterine contractions play a crucial role in expelling the placenta and minimizing blood
loss after childbirth [16, 273]. PPH is responsible for almost 25% of the maternal deaths
worldwide and a major cause of morbidity [122, 123]. Its early diagnosis and treatment are
essential for maternal well-being, although its diagnosis still represents a major challenge.
Since uterine atony is the main cause of PPH [273], extensive efforts have been directed
toward monitoring postpartum contractions and understanding its underlying physiology
through traditional IUPC [320] and TOCO [321], or even electromyographic monitors
[322, 323]. The repetitive palpation of the uterine fundus is the commonest method to
identify uterine atony, but its efficacy relies on the consistent presence and proficiency
of caregivers. In turn, IUPC can objectively measure both frequency and intensity of
contractions, but it is an invasive method with widely reported complications such as
uterine perforation [145, 324] or infection [145]. In addition, postpartum measurements
with IUPC are often inadequate or incomplete [320], as the catheter is often dislodged
during labour and placenta delivery [320, 325]. Although considered the standard method
for uterine monitoring during labour, the TOCO is generally removed immediately after
delivery as the external tension of the abdominal wall decreases after delivery, thus
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complicating the measurement. However, in the Japanese population the TOCO has
been shown to be able to capture uterine activity up to two hours postpartum [321].
Of note, the lower mean BMI in this cohort may pose a problem for its widespread use
[321, 323], due to the low technique sensitivity in presence of thick abdominal dipose
tissue layer [305]. Furthermore, authors report that some of the contractile waves were
not identifiable and suggest future examinations with a more accurate uterine monitoring
method [321].

A major advantage of EHG over traditional methods of uterine activity monitoring
is that it is less skewed by overweight nor does it require constant recalibration and
repositioning [40, 151, 326]. The sensitivity of EHG has been shown to be superior
compared to TOCO in women with a BMI>30 kg/m2 during the first and second
stages of labour [142, 144]. Therefore, it is expected that this trend will also continue
in the postpartum period and provide added value for postpartum monitoring of
uterine contractions. Furthermore, it has been reported that estimation of intrauterine
pressure from EHG recordings is feasible [146, 276, 277] and that EHG contains more
relevant information about uterine electrophysiological conditions, being able to discern
between physiological and labouring contractions [278]. Based on previous research that
emphasized the need for an effective method of postpartum uterine monitoring to enhance
our understanding of postpartum uterine contractions and related blood loss [321, 322],
EHG provides a promising solution to objectively quantify the presence or absence of
uterine activity through its simple protocol and low-cost set-up.

In Chapter 5, the feasibility of monitoring and electrophisiological characterised the
fourth stage of labour or postpartum uterine activity by EHG has been established,
regardless of whether the delivery was by vaginal delivery or caesarean section. EHG
signals after delivery need to be interpreted differently compared to the intrapartum
period, as the characteristics of uterine activity change after delivery and expulsion of
the placenta [323]. Rosen’s work identified a shorter duration of contractions in the third
stage of labour compared to the second, but no difference in intensity [322]. Subsequent
work confirmed that there is significant variation between the different phases before and
after delivery, as well as poorer readability of the tracings after delivery [323]. Comparison
of uterine activity after vaginal versus caesarean delivery, discussed in Chapter 5, lies in its
possible relationship to uterine atony and the resulting potential PPH. Given the greater
blood loss in women with elective caesarean delivery compared to vaginal deliveries [327]
and the fact that postpartum uterine activity is a key natural mechanism preventing
PPH [273, 328, 329], the work was focused in finding the possible differences in recorded
uterine dynamics. In fact, it has been found that the contraction occurrence is highest
during the pushing phase and decreases progressively up to one hour after delivery,
being lower in case of PPH [323]. Significant EHG-biomarkers pointed to a stronger,
less impulsive and more organised activity in the case of recodings in postpartum after
vaginal delivery, possibly due to the need to coordinate uterine myoelectric activity for
effective expulsion during labour. This knowledge significantly enhances comprehension
pertaining to postpartum uterine dynamics, thereby fostering advancements in patient
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care within the critical context of PPH, even though considerable research remains to be
done in this field.

6.6 Current limitations and prospects for future
research

In spite of the outstanding quality and innovative results, the research presented
above is not without limitations that should be taken into account. First, inter-patient
biological variability introduces a potential bias, thus expanding the sample size of
the cohorts in future studies could help mitigate this effect leading to more robust
and generalisable results. In case of Chapter 3, broadening the range of gestational
ages under study would confirm or refute the hypothesis supported by our work about
distension and its role in accelerating the processes underlying uterine contractile activity.
Regarding Chapter 4, expanding the database seems crucial to enhance the reliability
and generalisability of the EHG-biomarkers results and lead to the development of future
robust IOL success prediction systems based on EHG-biomarkers and obstetric data,
especially due to the lack of inclusion of large parous. As for Chapter 5, the inclusion
of high-risk PPH pregnancies would improve understanding of the occurrence of uterine
atony after delivery and allow the correlation of EHG-biomarkers with PPH indicators
such as haematocrit loss after delivery to be studied.

Second, the lack of an standardised EHG recording protocol is another considerable
source of uncertainty, which makes it difficult to compare results across current investiga-
tions and to build knowledge of clinical relevance [40, 330]. The proposal to use anatomi-
cal landmarks for electrode placement may help to compensate for variations in size and
volume of the uterus during gestation, as discussed in section 6.1. As a result, a single
generalised protocol covering all stages of pregnancy would be established, which would
greatly simplify the electrode placement process and ensure greater consistency and ac-
curacy in the acquisition of electrohysterographic data throughout gestation. Simplicity
of our protocol, with a single bipolar mirrored recording with respect to the midline, has
reported sufficient and high quality information to discern cases of obstetric risk during
regular check-ups such as MG, GS from GF in the case of IOL and VGN from CSR in the
postpartum. However, the optimal number of electrodes without disturbing the patient
remains to be determined, as the simplicity of single bipolar recording does not allow for
the calculation of more complex metrics focused on the estimation of conduction velocity,
propagation patterns, synchronisation levels and coupling of EHG recordings at various
abdominal locations [40]. A question then arises as to whether they are useful for real
clinical practice and diagnosis or whether their purpose is to understand the physiological
processes underlying uterine contraction and preparation for childbirth.

Third, considerable potential remains to improve the methodology by automating
the detection of both contractions and physiological sections, as the current manual

106



CHAPTER 6. GENERAL DISCUSSION

process is cumbersome and expert time-consuming [40, 151]. A double-blind expert
segmentation process was employed in the studies in thesis, which could potentially
introduce an expert subjectivity bias and thus reduce the reproducibility of the results.
Although a growing number of studies in the literature have attempted to identify the
EHG segments of interest automatically [202, 203, 266, 302] reaching sensitivities as high
as 96% for contraction detection [202] and 90.7% for physiological sections [266], further
research is needed to ensure an acceptable performance for clinical practitioners when
running these algorithms in real-time systems [40, 151]. This research is mainly focused
on settings close to the APL, where contractions are highly differentiated from the basal
activity [266, 302]. Next step entails the translation of this knowledge to obstetric settings
where myoelectrical activity is more disorganised, such as antepartum or postpartum.
Ultimately, further efforts will be necessary to ensure the applicability of automatic
segmentation tools irrespective of the gestational stage at the recording time. Once
achieved this goal, biases associated with manual identification will have been completely
eliminated, ensuring the effectiveness and replicability of the procedure and bridging the
technology gap for its widespread use.

Fourth, a vast literature exists on several maternal-foetal factors that are postulated
to modulate uterine contractility. Prominent examples are the previously discussed
overdistention [162, 163] and parity [216, 317]. Furthermore, the impact of the previous
caesarean section scar on postpartum dynamics would be relevant to explore, as this
factor could significantly influence the efficacy of uterine contractions and thus contribute
to the risk of PPH in Chapter 5. Likewise, uterine contractility appears to decrease with
maternal age [331, 332] and elevated BMI due to changes in the structure and function
of uterine muscle tissue [333–335], refer to Appendix C for additional information. Since
many of these studies have assessed the potential impact of factors on uterine activity
employing only TOCO, EHG presents itself as an alternative capable of furnishing more
precise and comprehensive outcomes.

Fifth, a significant gap is currently evident in exploring the relationship between
standard clinical practice techniques and EHG. This gap is manifested in the limited
research devoted to the comprehensive study of biochemical markers such as IL-6 or
PAMG-1 and their relationship with EHG-biomarkers, as well as in the case of the
acclaimed CL. In Chapter 3, the statistical power of CL (79.3%) has been surpassed by
KHE (85.2% 10th percentile) and BubbEn computed at FWH (94.2% 50th percentile
and 87.2% 90th percentile) in discriminating uterine activity of SG and MG during
the third trimester of gestation, although they assess different approaches to uterine
preparation for delivery. Reinforcing therefore that the comparison and integration of
biomarkers of different nature could provide innovative and relevant information on the
physiological processes underlying uterine activity and events associated with childbirth.
Regarding the IOL process, future research should focus on the study of differences
in uterine myoelectric response with other drugs, doses, routes of administration or
induction methods commonly employed in routine clinical practice, such as MIOL, which
is indicated because of its lower risk of hyperstimulation and uterine rupture in cases of
previous caesarean section or MG.
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Chapter 7

Conclusions

This chapter delves into the conclusions drawn and assesses whether they offer a
novel contribution, aligned with the specific objectives outlined in Chapter 2.

Objective 1. To analyse the similarities and differences in
uterine myoelectric activity in routine controls throughout the
third trimester of women with SG and MG.

The characterisation of electrohysterographic patterns in women with SG and MG
during regular third trimester check-ups in Chapter 3 constitutes the first electrophisio-
logical exploration of uterine myoelectric activity in women with MG in vivo. In particu-
lar, a strong correlation between uterine overdistension and myoelectric activity has been
identified in the in vivo system. In comparison to SG, MG showed greater impulsivity
and predictability in myoelectric patterns. Recognition of excessive overdistension as a
risk factor for PTB could lead to increased accuracy in discriminating between real and
false TPL at an early stage.

Objective 2. To identify biomarkers in electrohysterographic
recordings that allow early discrimination between successful
and unsuccessful pharmacological IOL.

Uterine myoelectric response to dinoprostone as IOL drug within the first 5h after
the administration has been characterised. acsGS (APL≤24h) has reported sustained
significant differences with respect to basal activity for NCT, MNF and SpEn, while GF
(APL>24h) has not shown significant evolution. NE and SpEn appear to be promising
EHG-biomarkers for predicting IOL outcome. As for parity influence a significantly
higher rate of progression of IOL amplitude has been found for parous women. The
extended recording time and the new criteria for the definition of GS or GF, which
excludes the bias arising from the protocolised administration of oxytocin, have allowed
the identification of robust and reliable EHG-biomarkers.
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Objective 3. To determine differences in postpartum uterine
myoelectric activity in vaginal deliveries and elective caesarean
sections for the early detection of PPH.

As the first comprehensive analysis of EHG-biomarkers in the postpartum period,
Chapter 5 highlights the ability of EHG to detect the subtle postpartum uterine
activity characteristics through a non-invasive manner. Results have shown that vaginal
deliveries exhibit more intense contractions, greater cellular excitability, impulsivity and
organisation. These findings suggest a promising role for EHG in detecting uterine atony
for the prevention of PPH, offering a valuable tool for monitoring uterine activity and
anticipating possible complications in the immediate postpartum period.

Therefore, the present thesis has significantly contributed to the identification of
EHG-biomarkers, which not only broaden the understanding of the electrophysiological
knowledge underlying myoelectrical activity, but also establish the foundation to assist
healthcare professionals in decision-making across multiple obstetric high-risk scenarios.
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Chapter 8

Related publications

This section include those publications related to the content of the thesis addressing
specific aspects, complementary data or related research that enhance the understanding
of the research field. Use this section as an additional resource for those interested in
further research and contributions.
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8.1 Comparative Study of Uterine Myoelectrical
Response to Labour Induction Drugs in Nul-
liparous and Parous Women with Different
EHG Analysis Techniques

Complete reference
Díaz-Martínez, A., Monfort-Ortiz, R., Ye-Lin, Y., Garcia-Casado, J., Nieto-del-Amor,
F., Diago-Almela, V.J., Rey-Ferreira, I., Nieto-Tous, M., Prats-Boluda, G. Comparative
Study of Uterine Myoelectrical Response to Labour Induction Drugs in Nulliparous and
Parous Women with Different EHG Analysis Techniques. IEEE 2021 - 9th Edition,
International Conference on e-Health and Bioengineering. Lassi, Rumania, November
2021.

Abstract
Induction of labour (IOL) is one of the most widespread practices to promote the onset of
labour when maternal-fetal well-being is compromised. Currently, the monitoring of this
procedure in clinical practice is performed with subjective and poorly reproducible tech-
niques such as tocography and cervical assessment, without taking into account other ob-
stetric variables of special relevance as parity. Electrohysterography (EHG) has emerged
as a promising alternative due to its usefulness and non-invasiveness. Traditionally, EHG
has been characterized by analyzing the EHG-bursts (EBA) associated with uterine con-
tractions and computing temporal, spectral and nonlinear parameters. Recent studies
characterize the EHG by considering both EHG-burst and basal activity (WEWA). The
first objective of this study was to discern which analysis technique presented the best
performance for EHG characterization during IOL. Subsequently, differences in uterine
myoelectric response to IOL drugs in nulliparous and parous women were analyzed and
compared. EHG recordings were performed during the first 4 hours of IOL in 15 nul-
liparous and 10 parous women. EBA results showed a greater number of parameters
with significant differences with their corresponding baseline ones than WEWA, as well
as a greater slope in both parity groups. Parous women presented greater amplitude and
more pronounced downward trends for nonlinear parameters than nulliparous, especially
for Sample and Spectral Entropy, which is associated with a greater predisposition to
achieve Active Period of Labour that is corroborated by obstetric variables. Moreover,
future efforts seem necessary to study in depth the differences between parity groups in
order to correctly characterize and interpret their evolution.

Keywords
Induction of labour; EHG-Burst analysis; Whole-EHG Window analysis; Nulliparous;
Parous.
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Introduction

Induction of labour (IOL) is certainly one of the most frequently performed obstetric
procedures in the world. It is carried out in an ever-increasing number of cases due to
the obstetric populations changes, such as increased maternal age or weight, and their
management, as with the inclusion of analgesia [204]. A recent study suggests that IOL
occurs in 42.9% of nulliparous women and 31.8% of parous women. In addition, the
highest prevalence occurs at 41 weeks of pregnancy (63.4% in nulliparous and 50.1% in
parous) [47].

It is generally accepted that IOL is indicated when outcome for the fetus, the mother
or both are expected to be better than waiting for the spontaneous start of labour; but
also to prevent certain outcomes such as cesarean section, prolonged labour, postpartum
haemorrhage or traumatic birth [47]. During this procedure, vaginal delivery is intended
to occur by stimulating uterine contractions before the spontaneous onset of labour. To
facilitate this, pharmacological agents such as Dinoprostone, which softens and thins the
cervix, are often used. The problem is that the procedure can take 24-48 hours and its
success is not guaranteed, so the delivery may end with a cesarean section [166, 207].
A reliable technique to predict its success would be essential to minimize long waits,
maternal-fetal exhaustion and suffering, as well as medical costs.

In clinical practice, the standard methods used to predict the success of IOL is
the Bishop Score Index and monitor uterine dynamics by tocography. However, these
measures are subjective and, especially Bishop Score has low reproducibility [142].
Furthermore, nowadays, there seems to be a general agreement among experts that parity
is an important factor to be considered [135]. Vaharatian et al. found nulliparous women
to be: more likely to have a slower times in both first (dilatation) and second stage
of labour (birth), to deliver at a higher gestational age and to require more probably
oxytocin [336].

Efforts have been made to address the IOL success predictive problem from other
perspectives, such as the use of electrohysterographic techniques in conjunction with
machine learning models [293]. Electrohysterography (EHG) is a non-invasive technique
and has been shown to offer certain advantages to monitor uterine dynamics over
traditional tocodynamometry, such as no need for repositioning and being less affected
by obesity [142]. EHG records contain basal tone, associated with the resting state of
the uterus, and EHG-bursts. The latter are composed by two components: a Slow
Wave [0.014-0.033 Hz] and a Fast Wave, comprising the latter: the Fast Wave Low,
associated with EHG propagation [0.13-0.26 Hz]; and the Fast Wave High (FWH), related
to uterine cell excitability [0.36-1Hz] [19]. The EHG analysis is usually focused on the
FWH to minimize respiratory and cardiac interferences [19]. Although only EHG-Burst
Analysis (EBA) has been evaluated in the setting of IOL, other methods are beginning to
prevail, such as Whole-EHG Window Analysis (WEWA) due to its simplification of the
segmentation process and its ability to include subtle contractions [152]. In the setting
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of threatened preterm labour WEWA has demonstrated superiority in predicting the
outcome [152].

Therefore, the first objective of the present work was to discern which analysis
technique, EBA or WEWA, allows a better characterization of the uterine myoelectric
response during the first hours of IOL with Dinoprostone from EHG recordings. As a
second objective, these EHG recordings were characterized and analyzed according to
parity in search of possible differences.

Database and methods

EHG Database

This study included 25 EHG records performed at the Hospital Universitari i
Politècnic La Fe (Valencia, Spain) in singleton pregnancies (>40 weeks) that achieved
active period of labour in less than 24 hours and whose indication for IOL was
prolongation of pregnancy. There were 15 nulliparous women and 10 that had had at
least one previous delivery. Risk of loss of maternal-fetal well-being cases were excluded.
EHG Recordings comprised 30 minutes of basal activity (before the drug administration)
followed by 4 hours after Dinoprostone administration. This study adhered to the
guidelines of the Declaration of Helsinki and was approved by the Institutional Review
Board of the hospital (register number 2018/0530). Patients were informed about the
nature of the study and gave their written informed consent. The recordings were
conducted and the signals were conditioned as described in [19, 337], resulting in a
bipolar signal filtered in the range 0.1-4 Hz with a sampling frequency of 20 Hz.

Table 8.1 shows the obstetric data collected for both groups: maternal age, body
mass index, parity, pre-IOL and post-IOL Bishop Score, time to achieve active period of
labour (APL) since drug administration and time to birth since APL.

Table 8.1: Obstetric data and outcomes of labour induction of women enrolled in the
study, mean ± standard deviation or number of cases. BS: Bishop score. (*):

significant p-value, lower than 0.05.

Variable Nulliparous Parous P-Valuen=15 n=10
Maternal age (years) µ± σ 33.4±5.0 35.5±3.3 0.240
BMI (kg/m2) µ± σ 25.9±8.8 25.0±4.0 0.509
Parity µ± σ 0.0±0.0 1.3±0.5 <0.001*
Pre-IOL BS µ± σ 3.8±1.8 3.8±1.8 0.968
Post-IOL BS µ± σ 6.4±2.9 9.4±2.3 0.036*
Time admin-APL (h) µ± σ 14.7±6.7 9.8±6.4 0.065
Time APL-birth (h) µ± σ 5.9±5.1 1.0±0.9 0.003*
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Signal characterization

An expert segmentation of the records was performed for WEWA and EBA. In the
case of the former, segments with a significant abrupt increase in amplitude compared
to baseline or contractile activity, not associated with a physiological event, as well as
respiratory interference associated with the appearance of periodic components (0.2-
0.4Hz) were discarded [190]. In the case of the latter, each EHG-burst was related to
substantial amplitude and frequency changes concerning the basal tone with durations
superior than 40 seconds, and without respiratory interference or motion artifacts [152].

As for EBA, a set of temporal, spectral and non-linear parameter was calculated for
each uterine contraction. Specifically it included: Root Mean Square (RMS) [152], Mean
Frequency (MNF) [152], Binary Lempel-Ziv Complexity (BLZ) [19], Sample Entropy [19],
Fuzzy Entropy [230], Spectral Entropy [230] and Higuchi Fractal Dimension (HFD) [230].
All parameters were calculated in the FWH, except for MNF which was calculated at
0.2-1 Hz to minimize the influence of cardiac interference and baseline fluctuation as in
previous EHG works [278]. According to the literature, as the time of delivery approaches,
myoelectric activity tends to become more organized while undergoing a shift of spectral
content toward higher frequencies [19], resulting in contractions of greater amplitude but
shorter duration [19]. Therefore, RMS and MNF are expected to show an upward trend
throughout IOL process; while the non-linear parameters are expected to do the opposite
[4, 19]. For WEWA, the same parameters were calculated in 120 seconds moving windows
with 50% overlap, a combination that had previously been shown to be able to analyze
representative sections of the EHG signal with reasonable computational cost [152]. For
both EBA and WEWA, the median value for each 30-minute time interval was calculated
to obtain a single representative value of each EHG parameter per time interval in each
recording session.

Statistical analysis

Wilcoxon rank sum test (α=0.05) was performed to determine whether there were
significant changes in EHG parameters in the first 4 hours of IOL or not. For this purpose,
parameters associated with the EBA and the WEWA obtained every 30 minutes after
drug administration were compared with baseline ones. A comparison at each temporal
30-minute frame between EBA and EBA parameters was also worked out. The same
procedure was performed to assess possible differences between nulliparous and parous
groups. Differences between obstetric variables for both groups were tested using the
same test (Table 8.1).

Results

Regarding obstetric data, for the parous group, significantly higher values were
obtained for Post-IOL Bishop Score and lower for time to delivery, which is in agreement
with the literature [336]. Although the initial status was comparable, as they had a similar
Pre-IOL Bishop Score (3.75±1.83 vs. 3.83±1.80), it appears that the muscle fibers of
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parous may respond to the drug differently, as they end up reaching APL significantly
faster (9.83±6.43 vs. 14.71±6.72).

As for EHG, initially, a comparison between EBA and WEWA was carried out.
Figure 8.1 shows the trends of the parameters for both EBA and WEWA corresponding
to the nulliparous group, as well as the statistical analysis results. Regarding RMS,
EBA shows a greater slope than WEWA and reaches higher values, as expected, because
WEWA includes basal activity. RMS changes with respect to baseline are not statistically
significant and the differences found between groups are not maintained [19]. With
respect to MNF, both methods show a monotonic upward trend during the IOL process.
Statistically significant differences were found in MNF between baseline and signals at
180 and 240 in both EBA and WEWA, in contrast to other similar studies where women
were not segregated by parity and none was found [19]. For both WEWA and EBA,
nonlinear parameters tend to decrease as IOL progresses (see Figure 8.1), suggesting
that electrical activity becomes more regular and less complex as delivery approaches, in
accordance with the literature [4]. However, in general, for WEWA the values are higher
and the slopes are less negative than in EBA, especially in Spectral Entropy. Sample
and Fuzzy Entropy showed statistically significant differences against baseline at 180
and 240 time intervals. Spectral Entropy presented statistically significant differences
between methods at almost all time intervals except at 180, perhaps a larger sample
would attenuate biological variability effect reducing the dispersion. The higher slopes
found in EBA together with the higher number of statistically significant differences
seem to indicate a higher information content on the electrophysiological evolution of the
uterus.

Figure 8.1: Temporal median values parameters evolution for the nulliparous group in
30-minute segments representation for both EBA and WEWA. Basal activity is plotted
at time zero. Statistical differences (α<0.05) between methods are indicated by blue
triangles. Similarly, statistical differences (α<0.05) with respect to basal activity

correspond to red (EBA) and green (WEWA) triangles.
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Secondly, a comparison of the response of uterine activity to Dinoprostone between
nulliparous and parous pregnant women during IOL was performed for the first time
in this obstetric context. Results of EBA and WEWA for both parity groups are quite
similar, so only the comparison using EBA has been presented in Figure 8.2. The parous
group exhibits greater RMS values throughout the record with differences from baseline
at 150 and 210. The MNF is slightly higher at the beginning for the parous group, but
without differences between groups. Benalcazar et al. [19] did not find them either. By
contrast, the lower values of the nonlinearity parameters as well as their higher slope,
especially in the Sample Entropy, seem to indicate a higher degree of signal ordering
and a greater predisposition to achieve APL in parous women. This effect may be
due to increased cell connectivity generated in the previous birth or to the massive
exposure to endogenous prostaglandins that the previous birth entailed. However, no
significant differences were obtained between the evolutions of the characteristics of
uterine myoelectric activity between groups in any of the analysis sections. Increasing
the database would allow to more robustly confirm the existence of differences in the
uterine myoelectric response to Dinoprostone labour induction drug, between nulliparous
and parous groups, promoting the development of group-specific IOL success prediction
systems.

Figure 8.2: Temporal median values parameters evolution for EBA in 30-minute
segments representation for both nulliparous (N) and parous (P) groups. Basal activity
is plotted at time zero. Statistical differences (α<0.05) with respect to basal activity

correspond to red (N) and black (P) triangles.

Conclusions

The EBA seems to provide more information on the evolution of the IOL process
in both nulliparous and parous women than WEWA EHG analysis. In addition,
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segregation by parity has allowed us to find differences in uterine myoelectric response
to Dinoprostone induction drug: higher amplitude and steeper descending slopes for
nonlinear parameters, especially for Sample and Spectral Entropy from minute 180
onwards were found, indicating a greater predisposition to achieve APL by parous
women, which are corroborated by obstetric variables. Therefore, the differences
found are considered relevant to be taken into account in future work related to both
characterization and prediction of IOL success.

Acknowledgements The collaboration of the HUP La Fe has been fundamental
for the development of this work. In addition, the Ministry of Economy and Competi-
tiveness, the European Regional Development Fund (MCIU/AEI/FEDER, EU RTI2018-
094449-A-I00-AR) and the Generalitat Valenciana (AICO/2019/220) have supported it.

118



CHAPTER 8. RELATED PUBLICATIONS

8.2 Comparison of the Electrophysiological Myo-
electrical Activity Evolution in Induction of
Labour with Pharmacological and Mechanical
Methods

Complete reference
Diaz-Martinez, A., Ye-Lin, Y., Monfort-Ortiz, R., Garcia-Casado, J., Rey-Ferreira,
I.,Nieto-Del-Amor, F., Diago-Almela, V., Luis Martinez-De-Juan, J., & Prats-Boluda,
G. (2023). Comparison of the Electrophysiological Myoelectrical Activity Evolution in
Induction of Labor with Pharmacological and Mechanical Methods. BIOSIGNALS 2023
- 16th International Conference on Bio-Inspired Systems and Signal Processing, 66-73.

Abstract
Induction of labour (IOL) refers to triggering the contractions onset, either by pharma-
cological (PIOL) or mechanical methods (MIOL), and is indicated when maternal and
foetal well-being is compromised. There is great uncertainty regarding the success of IOL
regardless of the method. In current clinical practice, it is based on assessment of cervical
status by Bishop’s score and degree of uterine activity by tocography. However, Bishop’s
score has been shown to be subjective and poorly reproducible and tocography requires
constant repositioning and is severely affected by obesity. Meanwhile, electrohysterog-
raphy (EHG) has surpassed traditional clinical measures in monitoring PIOL progress
and predicting its outcome. Although there is no evidence of uterine myoelectric activity
response of MIOL. Therefore, this work aimed to identify EHG-biomarkers to help to
determine possible differences in myoelectric response between PIOL and MIOL success.
For this purpose, the uterine response during the first 5h after Dinoprostone (PIOL)
administration and Foley catheter (MIOL) insertion was compared by EHG. For PIOL,
a significantly lower time to achieve active phase of labour and delivery, together with
faster myoelectric response was found: slightly higher contraction force, significantly
higher Mean Frequency and lower Spectral Entropy after 2.5h. Between-group differ-
ences were especially marked in Spectral Entropy (90-150 and 210-300min). Overall,
this pioneering work has demonstrated the feasibility of EHG for the characterisation
of evolution also in MIOL. Furthermore, the results suggest that EHG biomarkers may
be useful in the IOL method comparison, although they should be cross-checked with
expanded databases and further investigations.

Keywords
Electrohysterography, Induction of Labour, Foley, Dinoprostone, EHG-Biomarker.
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Introduction

Induction of labour (IOL) refers to the process of artificially stimulating the uterus
to initiate labour by pharmacological or mechanical agents when continuation of ges-
tation compromises maternal-fetal well-being [338]. Indications for IOL include elective
induction at 40 weeks, prolonged pregnancy, pregnancy-induced hypertension or diabetes,
oligohydramnios, intrauterine growth restriction and Rh isoimmunisation [338, 339].

The global incidence of IOL tripled between 1990 and 2019, going from 9.5% in 1990
to 29.4% in 2019 in the United States [340], while the worldwide prevalence is estimated
by the WHO at 25% [46]. Out of the three and a half million newborn registered in 2021
only in the USA, between twenty thousand and forty thousand will end the IOL process
as failed, which in the broadest sense is defined as the non-achievement of vaginal delivery
[32, 57]. This entails an elevated risk of maternal and perinatal complications, including
higher rates of obstetric intervention, cesarean delivery, chorioamnionitis, admission to
the neonatal intensive care unit, and increased blood loss [57]. If the IOL is unsuccessful,
the protocol is to perform a cesarean section which can cost up to $7,595 (1.3 times a
standard cesarean section) in the USA [213]. Not only does it have a major impact on
maternal and neonatal health, but IOL also overburdens delivery rooms and affects health
care costs, costing more than $2 billion annually in the USA [214]. Given the volume of
IOLs performed each year, the development of a robust and reliable system to aid in
procedural decision making would be a key factor in enabling clinicians to better plan
and manage deliveries, prevent maternal and fetal complications, and optimize hospital
resources.

IOL methods can be broadly divided into pharmacological (PIOL) and mechanical
(MIOL) [339]. The former involve the administration of prostaglandins, orally or vagi-
nally, to stimulate the onset of contractions. Among the most commonly employed
options, the use of E2 (PGE2-Dinoprostone) is distinguished by its slow-release vaginal
application, which allows clinicians to respond quickly in case a complication arises [71,
338]. Whereas the latter consist of the use of balloon devices and hygroscopic dilators
that, applying pressure to the internal face of the cervix so as to increase endogenous
prostaglandin secretion. Of these, the Foley catheter stands out for its low cost, sim-
plicity, reversibility and lack of serious side effects. In comparison with PIOL, IOL with
amniotic balloons requires a subsequent oxytocin augmentation procedure in many cases,
which is associated with a significant rate of dysfunctional deliveries and caesarean sec-
tions [72, 214]. Despite of this, the literature suggests that mechanical methods have
similar efficacy, incur fewer adverse events (such as uterine tachycardia) and have lower
costs compared to pharmacological agents [341].

On the other hand, in order to assess IOL evolution in current clinical practice,
the most commonly used method consists of the assessment of cervical status and
uterine dynamics, as measured by Bishop Score (BS) and tocography respectively [144,
214]. Despite being widely employed, BS has been shown to be subjective and has
poor reproducibility, making it a poor predictor of IOL outcome [135]. In terms of
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contraction detection, it should be noted that electrohysterography (EHG) is a promising
research technique that has been shown to outperform tocography in both pregnancy
and childbirth [151, 154, 202], especially in the growing population of obese patients
[154, 205]. EHG consists of recording uterine myoelectric activity generated by billions
of myometrial cells on the abdominal surface. Its energy is distributed over a bandwidth
ranging from 0.1 to 4 Hz [9]. EHG-bursts are composed by the slow wave (SW) -which
has a period equal to the duration of the contraction and whose bandwidth overlaps with
the baseline being difficult to analyse and extract reliable information from it [190]- and
by the fast wave (FW), which can be further divided into two components [9, 148]: the
Fast Wave Low (FWL) which ranges from 0.13 to 0.26 Hz and is associated with the
propagation of the contraction, and the Fast Wave High (FWH) which ranges from 0.26
to 0.88 Hz and is related to the excitability of the uterine cells [19, 154]. Although the
frequency content of FWH is thought to extend up to 3-4 Hz [150], a high proportion
of studies focus down to 1Hz perhaps as a consequence of maternal cardiac interference
(1.38-1.5 Hz) [151].

Considering the aforementioned, the aim of the present work is therefore to char-
acterize and compare the uterine electrophysiological response to IOL by Dinoprostone
and by Foley catheter during the first 5 hours of induction by electrohysterography and
its associated EHG-Biomarkers of women who achieve Active Period of Labour (APL).
Given the large increase in the rate of inductions in recent years, improving the under-
standing of the myoelectric response to pharmacological and mechanical inductions is
becoming increasingly relevant to clinical practice. Not only to guide clinical practices,
but also to delve deeper into the underlying physiological mechanism and thus promote
a better understanding of the optimal methods for IOL in each case.

Materials and methods

Study design

A prospective observational cohort study was conducted in pregnant women admitted
for cervical ripening at the Hospital Universitario y Politécnico La Fe (Valencia, Spain).
Either they were candidates for pharmacological induction with Dinoprostone (10mg,
Propess, Ferring SAU) or mechanical induction with a Foley catheter (Folysil, Coloplast).
Both methods were withdrawn after 12 hours. In case the catheter fell out on its own
during the MIOL procedure it ended earlier. In this study only IOLs that reached
the active period of labour were considered. Fetal macrosomia, multiple pregnancies,
advanced maternal age (>45 years), severe preeclampsia, placenta previa, premature
rupture of membranes, vaginal bleeding during pregnancy and active cardiac, renal,
pulmonary or hepatic disease; were exclusion factors for this study due to bias. This
work adhered to the guidelines of the Declaration of Helsinki and was approved by the
hospital’s Institutional Review Board (Registration Number 2018/0530). Patients were
informed of the nature of the study and gave written informed consent.
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The following clinical information was included: maternal age, body mass index
(BMI), number of previous pregnancies, parity, gestational age at delivery, initial BS,
increase in BS during IOL (12 h after insertion), time to achieve APL, time to delivery
and completion of vaginal delivery. The chi-square test was used to detect statistically
significant differences in nominal variables between groups. Ordinal variables were
compared using the Wilcoxon rank sum test. Continuous variables were compared
with Student’s t-test or the Wilcoxon rank sum test, depending on whether they were
considered normal or not by the Shapiro-Wilk test.

Signal acquisition

For EHG recording, the abdominal surface was exfoliated using abrasive gel (Nuprep,
Weaver and Company, Aurora, CO, USA) and cleaned with isopropyl alcohol to reduce
skin-electrode impedance. Four single-use Ag/AgCl electrodes (Red Dot 2660-5, 3M, St.
Paul, MN, USA) were then placed as shown in Figure 8.3. Two electrodes (M1 and M2)
were placed symmetrically with respect to the mid-axis at a distance of 6 cm from each
other. The other two electrodes were placed on each hip to provide reference and ground
biopotentials.

Figure 8.3: Electrodes positioning for uterine myoelectrical recording. M1: monopolar
electrode 1. M2: monopolar electrode 2. REF: Reference electrode. GND: Ground

electrode.

Both monopolar signals were conditioned with a custom-made wireless recording
module, which provided a gain of 2059 V/V in the 0.1-150 Hz bandwidth and digitized
with a 24-bit analog-to-digital converter at 500 Hz [242]. The recording starts 30 minutes
before the start of the IOL and ends 5 hours later. Unlike other research settings where
up to 16 electrodes are placed [203, 342], this simplified protocol was chosen because it
does not compromise routine clinical practice or add additional complexity to the highly
stressful situation faced by women due to the imminence of labour [19].
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Digitalized monopolar EHG signals were filtered between 0.1-4 Hz (5th order zero-
phase Butterworth bandpass filter) and then downsampled to 20 Hz to maintain a balance
between temporal resolution and computational cost [154, 243]. A bipolar signal was then
computed as its difference (M2-M1) to reduce common-mode interference and increase
signal quality [151, 154]. Finally, two experts identified the onset and end of the EHG
bursts, which were related to uterine contractions. They were associated with substantial
changes in amplitude and frequency with respect to the reference tone with durations
longer than 40 seconds and without respiratory interference or motion artefacts [151, 154,
243].

EHG parametrisation

In order to characterize uterine contractions, a set of temporal, spectral and nonlinear
parameters were calculated from the EHG-Bursts. The Root Mean Square (RMS)
calculated at 0.1-4 Hz was included as a measure of amplitude related to uterine
contraction intensity [154, 243]. As labour progresses, contractions are more frequent
and of greater intensity, which is equivalent to a higher signal amplitude [151, 243].
The RMS is therefore expected to show an upward trend throughout the IOL. In
addition, the Mean Frequency (MNF) was calculated in order to characterise the expected
shift in spectral content towards higher frequencies due to enhanced cell excitability as
parturition approaches. It was calculated at 0.2-1 Hz [154, 222] to minimise the influence
of cardiac interference and baseline fluctuation [151]. Successful IOL is associated with an
increase in MNF [243]. Finally, Spectral Entropy (SpEn) [151, 243] and Higuchi Fractal
Dimension (HFD) [243, 246] were computed as non-linearity parameters. It was done in
the FWH bandwidth to provide a robust characterisation of the EHG [151, 154]. It is due
to the fact that as delivery approaches, myoelectric activity also tends to become more
organised and predictable, resulting in a downward trend of non-linearity parameters [19,
243].

EHG parameters were calculated for each section identified as contraction during the
first five hours of induction. Then, in order to reduce the effect of intrinsic variability
of uterine contractility, uterine contractility was analysed at 30-minute time (from now
on, analysis window) [19, 243]. There were 11 windows per recording: 1 in the baseline
condition (before drug administration or probe placement) and 10 to assess the response
during the first five hours of IOL. Median values of the EHG-burst parameters were
calculated for each 30-minute window in order to obtain a single representative value per
analysis window for each recording session. Then, the mean of each parameter in each
30-minute window was calculated for each group (MIOL and PIOL).

Finally, statistically significant differences in uterine myoelectric response between
MIOLs and PIOLs were analysed. For this purpose, significant changes from baseline
activity of EHG parameters throughout the recording session were determined for each
window of analysis and for each induction method using the Wilcoxon signed-rank test
(α=0.05). The same statistical test was employed to evaluate the differences between
induction methods, comparing each parameter in each window of analysis between the
methods.
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Results

A total of 73 patients were recruited, of which 52 were induced by pharmacological
methods and the remaining 21 by mechanical methods. Their obstetric and delivery
variables are summarised in Table 8.2. Significant differences have been found for parity,
gestational age at delivery, time to reach the active period of labour and time to delivery
between MIOL and PIOL.

Table 8.2: Obstetric data and outcomes of labour induction of women enrolled in the
study, mean ± standard deviation or number of cases. BMI: Body Mass Index. GAD:

Gestational Age at Delivery in weeks. BS: Bishop Score. APL: Active Period of
Labour. p: Wilcoxon Rank-sum or t-student test p-value (in bold: statistically

significant difference, p<0.05).

Variable MIOL PIOL P-value
Maternal age (years) µ± σ 32.2±5.5 34.0±5.6 0.241
BMI (kg/m2) µ± σ 24.6±4.2 26.05±7.5 0.124
Gestations µ± σ 2.1±0.7 2.0±1.4 0.212
Parity µ± σ 0.1±0.4 0.6±0.7 0.009
GAD (weeks) µ± σ 39.4±1.5 40.7±0.5 <0.005
Initial BS µ± σ 3.1±1.2 2.6±2.6 0.427
∆BS µ± σ 2.1±1.8 3.3±4.6 0.967
Time to APL (h) µ± σ 25.9±6.9 16.4±9.1 <0.005
Time to Del. (h) µ± σ 29.2±6.0 20.8±12.1 <0.005
Vaginal ending N 19/21 46/52 0.806

The uterine myoelectric activity parameters in response to the IOL is represented in
Figure 8.4 for the MIOL (blue) and PIOL (red) groups. An increasing trend is described
for the RMS in both groups, although it is slightly more accentuated for PIOL. No
differences were found with respect to baseline or between IOL methods.

The MNF shows a more pronounced upward trend again for the PIOL group, in
which case differences with respect to baseline are identified at 150 and maintained from
210 to 300. By contrast, the MIOL shows no significant evolution. Differences between
groups are found at 150 and 210-300.

As for the non-linearity parameters, the trends are also more noticeable for PIOL.
For both parameters, difference with respect to baseline were identified for PIOL from
210 and for MIOL only at 180 and 300. By contrast, MIOL did not show any trend during
the first 5 hours. When comparing MIOL and PIOL groups, significant differences were
found for SpEn from 90 except for 180, and for HFD from 150.
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Figure 8.4: Temporal evolution of temporal, spectral and non-linear parameters for
mechanical (MIOL) and Pharmacological Induction of Labour (PIOL) groups. Statistical
differences between groups are indicated by black downward-pointing triangles and with
respect to basal activity by blue leftward (MIOL) and red rightward (PIOL) triangles.

Discussion

In this work we have analysed and compared the difference in uterine myoelectric
response between the induction methods of Dinoprostone and Foley catheter. As far as
we are concerned, this is the first study to report this type of EHG-biomarker in the
comparison between IOL methods. These initial results in this line of research will need
to be corroborated with expanded databases and future studies, such as the comparison of
MIOL successes and failures. We believe that the EHG-biomarker information proposed
could lead to the design of robust and generalizable systems for predicting the success of
labour induction.

Regarding obstetric variables, differences were found in parity and gestational age
at delivery. This can be explained because after a previous caesarean section, IOL is
associated with a higher risk of uterine dehiscence, uterine rupture and repeat caesarean
section compared to women with spontaneous onset of labour. Mechanical methods are
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suggested to this group because they are associated to lower risk of hyperstimulation and
uterine rupture [343]. Thus, at equal gestations, there are fewer vaginal deliveries in the
MIOL group. Despite this, we believe that the differences found in myoelectric activity
are not due to the difference in gestational age, as it is considered that in both groups
the uterus are sufficiently mature, in addition to the fact that no significant differences
are found at the basal analysis window. We therefore attribute the differences found to
the IOL method.

It should be added that previous studies in the PIOL field have suggested that the
differences that might be due to the number of previous deliveries are minimal, especially
in RMS, MNF, SpEn and HFD [243]. On the other hand, the lower gestational age in
the MIOL group is again due to protocol indications, as the use of the Foley catheter
was used in case of the fetal growth restrictions, which requires induction at 37 weeks,
with a favourable safety profile compared to Dinoprostone [344].

Finally, the time from the induction onset to the active period of labour was
significantly shorter for PIOL. Our results are consistent with Wang’s meta-analysis
[345] of up to 731 women induced with controlled-release Dinoprostone and 722 with
Foley, which suggests that PIOL results in a reduction in time to delivery and oxytocin
use. Lastly, our results seem consistent with other studies in terms of BS modification,
as in Pennell’s study [346], we found no significant changes between induction methods.

Of note, while the uterine electrophysiological response to PIOL has been researched
previously [19, 243], studies on myoelectric uterine response to MIOL are limited and
primarily focused on obstetric output. MIOL is known to be associated with a decreased
risk of uterine hyperstimulation. This could be consistent with the lower contraction
strength obtained in the present work, although no differences were found in the first 5
hours of IOL. In addition, MIOL has been associated with a higher oxytocin requirement
than PIOL [338, 345], suggesting that cells are less excitable after this procedure. This
is consistent with our results, as MIOL MNF shows no difference from baseline, while
PIOL MNF does.

On the other hand, non-linearity results obtained suggest lower complexity in the
case of PIOL uterine activity, a trait associated with shorter time to delivery. The
literature points out that the use of prostaglandins is associated with an acceleration of
gap junction formation, which in turn leads to more coordinated uterine contractions
[347]. In addition, Pennell [346] described by Kaplan-Meier curves a higher proportion of
deliveries in PIOL compared to MIOL before 10 hours from the start of the IOL process,
which is consistent with our results.

Conclusions

In this work, the EHG technique and its associated EHG-biomarkers have demon-
strated their feasibility to characterise the evolution of uterine dynamics also during the
MIOL process. They have been shown to provide new relevant information on cellular
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excitability and the coordination of contractile activity that could not be perceived with
the traditional tocography technique. Our results suggest that PIOL triggers a faster
uterine myoelectric response than MIOL, with contractions of higher amplitude, a sig-
nificantly higher MNF after 2.5h of IOL onset and a higher degree of regularity and less
complexity, with also statistically significant differences for both groups also after about
2.5h from the start of induction.

Therefore, this accurate and quantitative assessment of the IOL process based
on EHG could lead to more reliable IOL success prediction systems and help to
improve maternal-fetal wellbeing. In addition to helping to better understand the
electrophysiological response in the IOL environment.
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Appendix A

Parameters for electrohysterographic
signal characterization

Once the physiological sections of interest have been segmented, signal characterisa-
tion is performed using a set of parameters that may be of a temporal, spectral or non-
linear nature. In this way, the natural evolution of uterine contractile activity throughout
pregnancy or even the response to uterotonic or tocolytic agents can be revealed.

A.1 Temporal parametrization

Given the familiarity of obstetricians with the monitoring and management of
myoelectric activity based on counting, duration and intensity of contractions, its
inclusion is becoming increasingly common to facilitate the adoption of the technique in
clinical praxis and the application of prior knowledge. The Duration of Contractions
is given by the difference in seconds between the start and end of the contraction, thus this
metric and the Number of Contractions (NCT) can only be reported by using EBA.
Standard deviation of EHG-burst duration was found significantly lower for term labour
records than for term nonlabour ones, the same trend but without differences was found in
the comparison of preterm versus non preterm [157]. In terms of amplitude, as gestation
progresses, the rate of cell recruitment and hence contractile intensity is expected to
increase [284]. Typically, it is characterised by the Peak-to-Peak to Amplitude (App)
[40, 284] or Root Mean Square (RMS) [40, 284, 348] computed in the WBW as
described in Equations A.1 and A.2 respectively, where x represents a physiological EHG
time series and N represents its sample size.

APP (x[n]) = max(x[n])−min(x[n]) (A.1)
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RMS(x[n]) =

√
1

N

∑N

k=1
x[k]2 (A.2)

The kurtosis of a signal is defined as the ratio of the fourth central moment to
the squared second central moment of the signal [349], and is considered a measure
of the impulsivity of the signal since it describes the distribution of the input signal
[285]. Since the contractions are presented as transient pulses that occur cyclically in the
EHG signal, the kurtosis calculation may present peaks in these areas of instantaneous
energy fluctuations. The impulsivity of the signal at these locations can be improved
by taking the signal Kurtosis of the Hilbert Envelope (KHE) [285, 350], providing
localised peaks at the locations of contractile events. Given a modulated time series
x[n] = sin (ωt) sin (Ωt), with ω > Ω, the Hilbert envelope can be constructed from the
absolute value of the analytic function x̃h[n] = x[n]+jxh[n] [350, 351], where jxh[n] is the
Hilbert transformation of the signal x[n]. Standing E(·) for the expectation operation,
the kurtosis of the zero-mean signal envelope is given by A.3. To capture the transient
impulse around the location of the uterine contraction, the short-term kurtosis of the
signal is normally calculated by taking a rectangular window [285].

KHE(x[n]) =
E(|x̃h[n]|)4

[E(|x̃h[n]|)2]2
(A.3)

A.2 Spectral parametrization

Unlike amplitude-related parameters, spectral features are expected to be less sensi-
tive to sensor placement and more comparable between subjects [156]. Increased myome-
trial excitability along the physiological continuum of pregnancy is reflected in a shift of
spectral content towards higher frequencies at the end of the gestation [9]. Prior studies
have shown spectral content to shift towards higher frequencies 24 hours before delivery
in term patients and 4 days before in preterm patients [303], with the evolution being
non-linear when longer time horizons are considered [152, 303].

The characterisation of the distribution of the spectral content is broadly given from
the Mean Frequency (MNF) and Median Frequency (MDF). The former is
defined as the centroid frequency of the power spectrum, and the latter as the frequency
that divides the total energy of the spectrum into equal parts [150, 352], determined
respectively as in Equations A.4 and A.5 where PSD corresponds to the power spectral
density distribution, f to each of the frequencies in the range in which it has been
computed and fm to the sample frequency. Relevant information about the recruitment
dynamics of muscle fibers can be extracted from these parameters [9, 150], although
median calculations are more robust to the presence of random noise than the mean
[353].
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MNF(x[n]) =

∑fH
k=fL

PSD[k] · f [k]∑fH
k=fL

PSD[k]
(A.4)

∑MDF

k=0
PSD[k] =

∑N

k=MDF
PSD[k] =

1

2

∑fm/2

k=0
PSD[k] (A.5)

Other estimations can be given from theDominant Frequency (DF), theNormal-
ized Energy per sub-band (NE), or the High/Low Ratio (H/L Ratio). Firstly,
DF refers to the frequency at which PSD peaks and can be calculated at WBW and
FWH. The shift of the peak frequency from lower to higher frequencies as labour ap-
proaches can be intuitively explained by a more frequent cell-to-cell propagation of action
potentials at the myometrial level [150, 154, 156]. Secondly, the NE computes the energy
ratio between a given frequency range and the total (0.2-1Hz), as shown in Equation A.6,
where fL and fH represents the lower and higher frequencies of the bandwidth of inter-
est. Traditionally, NE1 (fL1=0.2Hz, fH1=0.34Hz), NE2 (fL2=0.34Hz, fH2=0.6Hz), and
NE3 (fL3=0.6Hz, fH3=1Hz) have been defined [286]. Thirdly, the H/L Ratio is nothing
more than the dimensionless ratio between the high frequency energy (0.34-1Hz) and the
low frequency energy (0.2-0.34Hz) computed as in Equation A.7.

NE(x[n]) =

∑fH
k=fL

PSD[k]∑1Hz
k=0.2Hz PSD[k]

(A.6)

H/L Ratio(x[n]) =
NE2(x[n]) +NE3(x[n])

NE1(x[n])
(A.7)

TheUterine Activity Index (UAI) is a relatively recent parameter that has gained
some presence in the signal characterization field as it is able to enhance the pattern of
myoelectrical activity as the time of delivery approaches based on the upward trends of
App and H/L Ratio together with the downward trend of contraction duration [19], as
stated in Equation A.8.

UAI(x[n]) =
APP (x[n]) ·H/L Ratio(x[n])

Duration(x[n])
(A.8)

A.3 Non-linear parametrization

Perhaps the most widely used measure of non-linearity is the Sample Entropy
(SampEn) due to its independence to recording length [149, 225, 354]. Formally, given
a time series x[n] of length N , a pattern vector aj = xj , xj+1, ..., xj+m−1 of length
m is defined. Um(r) in Equation A.9 expresses the probability that the time series
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matches the pattern within a threshold r determined by the Chebyshev distance function
d[|xm(j)− xm(i)|] (i 6= j).

Um(r) =
1

N −m− 1
· 1

N −m

N−m∑
i=1

N−m∑
j=1
j 6=i

[num. of times d[|xm[j]− xm[i]|] < r] (A.9)

Then, SampEn is defined in Equation A.10 as the negative natural logarithm of the
conditional probability that two sequences within a given numerical series of length N
that are similar in m samples (m < N) remain similar in m + 1 samples, according
to a tolerance and ignoring self-matches [150, 247]. Therefore, this metric represents the
probability that similar patterns (lag vectors) in a time series remain similar once pattern
lengths (extended lag vectors) are increased, thus providing a natural measure of time
series regularity [247, 248], whereby higher values are associated with a higher rate of
information production [248] and therefore longer time to delivery [19, 154].

SampEn(m, r,N) =

{
− ln

(
Um+1(r)/Um(r)

)
, if Um+1 6= 0 ∧ Um 6= 0

− ln (N −m+ 1/N −m) , otherwise
(A.10)

Another widely spread approach is the measurement of the time series regularity
variance from the Binary Lempel-Ziv (BLZ) [19, 154]. Initially, the time series of the
signal x[n] is converted into a finite binary sequence by left-to-right comparison with
a threshold Td [251, 252].The resulting binary sequence S(i) is sequentially scanned for
distinctive structures or patterns, building a dictionary that summarises all the sequences
found so far [251]. Let S = S(i), ∀i = 1, ..., n represent a symbolic sequence; S(i, j) be a
subsequence of S starting at position i and ending at j; and V (S) denotes the set of all
subsequences S(i, j), i = 1, 2, . . . , n; j ≥ i. Starting with i = 1 and j = 1, a substring
S(i, j) is compared with V (S). If S(i, j) can be found in V (S), then j increases by 1
and then the process repeats. Otherwise, the complexity counter c(n) is incremented one
unit, as a new consecutive characters subsequence is encountered, and updates i = j+ 1,
while the process continues until the entire symbolic sequence is scanned. Physically, as
labour progresses, uterine contractions becomes more regular, which should be reflected
by lower BLZ complexity by a small number of patterns [19, 154].

Due to the non-linear nature of biological systems, the use of different entropy
measures to characterise EHG signals has been proposed [154, 186]. By definition,
Fuzzy Entropy (FuzzyEn) does not count on the absolute probability of similar
vectors according to the hard thresholding criterion as applied in SampEn or BLZ.
Instead, it estimates the probability that two vectors are similar based on the fuzzy
membership criterion [355]. Considering a time series of N points u(i), 1 ≤ i ≤ N , first
step is to state space reconstruction. This is done by forming (N − mτ) vectors X(i)
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by X(i) = u(i), u(i+ τ), ..., u(i+ (m− 1)τ), 1 ≤ i ≤ N − mτ , where m indicates the
embedding dimension and τ the time delay. In the next step, the similar vectors are
ranked. For this purpose, the distance between X(i) and X(j) (1 ≤ i, j ≤ N−mτ, i 6= j)
is defined by di,j = max(|u(i + k) − u(j + k)|, 0 ≤ k ≤ m − 1) and then calculate
the average probability that the vectors X(j), j = 1, 2, ..., N −mτ, i 6= j are similar to
X(i) in terms of degree of membership degree following with A.11, being r the threshold
parameter.

Ami (r) =
1

N −mτ

N−mτ∑
j=1,j 6=i

e−ln(2)(
di,j
r

)2 (A.11)

Finally, the FuzzyEn value of the time series u(i) is then calculated as in A.12 [355].
A downward evolution of BLZ values during labour induction has been described in the
literature [243], as well as a good separability at fast wave high discerning real cases of
PTB among threats [356].

FuzzyEn(m, τ, r) = −ln
∑N−mτ

i=1 Am+1
i (r)∑N−mτ

i=1 Ami (r)
(A.12)

A critical aspect of any definition of entropy revolves around the selection of the fitting
parameters used to obtain a practical estimate. Bubble Entropy (BubbEn) arises
with the aim of reducing the importance of this selection, since small variations in these
parameters can drastically change the results. Not only does this method investigate the
rank of the elements within the vectors, but it also evaluates the reallocation performed
to order these elements [357]. With the BubbEn, the necessity to define r is eliminated
as well as the importance of the second parameter m is minimised, suggesting in fact a
parameter-free definition of entropy [186, 357].

BubbEn is based on the application of a metric on the effort required during the
permutation procedure. Depending on the ni swaps required, each vector Xi of m
elements is ordered in ascending order. Vectors requiring the same sorting effort are
then grouped by generating the histogram of ni values and normalised by dividing by
N −m+ 1 to obtain the probabilities pi, describing how likely a given number of swaps
ni is. It is then computed for each pi the Rényi entropy according with A.13. By
this procedure the number of possible unique states is reduced and a coarser-grained
distribution based on inherent correlations is created.

Hm
swaps(X) = −log

n∑
i=1

p− i2 (A.13)

For each of the vectors withm+1 elements, this process is repeated. Finally, BubbEn
is calculated according to the equation A.14 [357]. BubbEn has been found to outperform
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SampEn or FuzzyEn in discriminating patients with preterm and term deliveries by some
authors [186].

BubbEn(x[n]) =
Hm+1
swaps −Hm

swaps

log(m+ 1/m− 1)
(A.14)

Spectral Entropy (SpEn) is a measure of the uncertainty associated with the
occurrence of a particular event at a given frequency [249, 250]. It is computed as shown
in A.16 by applying the Shannon entropy formula to the normalised PSD of a time series
x[n] A.15, so that the normalised energy of each of the frequency points is considered as
a probability [250].M is the number of frequency points for which the power spectrum of
the signal has been estimated and fm is the sampling frequency. As delivery approaches,
ordering in the frequency spectrum sharpens the frequency distribution and decreases
the parameter value [169].

PSDnorm(x[n]) =
PSD(x[n])∑ fm

2
k=0 PSD[k]

(A.15)

SpEn(x[n]) = −
∑ fm

2
k=0 PSDnorm[k] · log2(PSDnorm [k])

log2(M)
(A.16)

Fractal dimension analysis, as an index of complexity and fragmentation of the EHG
signal, has been shown to provide relevant information in the prediction of PTB [224]
and discern successful IOL [189, 243]. It is based on comparing changes in the details of
the pattern of a signal when measured at different scales [224, 246], thus quantifying the
increasing organisation of myometrial activity until it peaks just before the process of
labour reflected by a decreasing value [189, 243].

One of the most accurate and consistent fractal dimension estimation algorithms for
non-periodic and irregular physiological time series signals is the Higuchi’s Fractal
Dimension (HFD) [224, 246, 358]. Given a time series x(n), consisting of N points
and a parameter kmax ≥ 2, for each k ∈ 1, . . . , kmax, m ∈ 1, . . . , k, the length Lm(k) is
defined in Equation A.17 [358].

Lm(k) =
N − 1

N−m
k · k2

N−m/k∑
i=1

|x[m+ i · k]− x[m+ (i− 1) · k]| (A.17)

The average length Lm(k) is then calculated and the average length of the curve L(k)
for each k is obtained as in Equation A.18.

L(k) =

∑k
m=1 Lm(k)

k
(A.18)

Last, the HFD is calculated as the slope of the best linear least squares fit of the plot
of ln(L(k)) versus ln(1/k) [246, 358].
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However, the selection of fractal dimension estimation measures in electrophysiolog-
ical signals is paramount. Thus, an alternative to HFD may be the Katz’s Fractal
Dimension (KFD), which has been shown to be a more consistent and less noise-
sensitive method in certain encephalographic scenarios [312]. In the classical definition of
the fractal dimension calculation FD = log10(L)/log10(d), where L stands for the total
length of the curve (or sum of distances between successive points) and d represents the
diameter estimation based on the distance between the first point in the sequence and the
point in the sequence providing the furthest distance, the result depends on the units of
measurement used. The KFD approach solves this problem by normalising the time series
from the average distance between successive points a as FD = log10(L/a)/log10(d/a).
Therefore, by defining n as the number of steps in the curve (n = L/a), the KFD can be
writen as in A.19 [288].

KFD =
log10(n)

log10(d/L) + log10(n)
(A.19)
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Appendix B

EHG-biomarkers significance in dif-
ferent high-risk obstetric settings

The parametrization findings for the obstetrical scenarios explored in the present
thesis are presented in tabular form in Table B.1, accompanied by additional unpublished
results. A color-coded system has been utilized to emphasize the statistical significance
of these results: cells are shaded red and labeled "N" if no significant differences were
detected between the compared groups, and green with a "Y" if significant distinctions
were identified. For the labour induction scenario, significance was considered when
for three or more consecutive 30-minute time intervals after the administration of the
induction drug the parameter showed statistical significance with respect to baseline
activity. Instances in which three or more 30-minute time intervals exhibited a significant
difference from baseline, but only two were consecutive, were considered scattered and
were shaded in yellow with an "S". In addition, ∆ stands for the parameter progression
ratio.

The EHG signal analysis in the regular check-ups and PPH scenarios was conducted
using WEWA based on the impracticality of precisely identifying the onset and cessation
of contractions, as well as having previously demonstrated its superiority to EBA in
similar contexts scenarios [152]. On the other hand, the IOL setting was assessed by EBA,
as previous studies suggest that the technique is able to extract more information from
the signal and therefore offer a higher discriminatory capacity regarding the outcome of
the induction [243]. Of note, these techniques have shown a similar trend for each family
of parameters, suggesting a comparable performance, see Subsection 1.4.2 and Appendix
A.
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Table B.1: EHG parametrization results during the third trimester of gestation, the
induction of labor, and the postpartum.

Parameters Regular check-up APL≤24h PPH
10th
perc

50th
perc

90th
perc GS GF GS

vs GF
∆

Temporal

NCT - - - Y N N N -
App N N N N N S Y Y
RMS N N N N N S Y -
KHE Y Y Y N N N N Y

Spectral

MNF N N N Y N N N -
MDF N N N Y N N Y N
DF N N N Y N N N N
NE Y N N Y N N N Y

H/L Ratio Y N N Y N N N -

Non-linear
WBW

SampEn Y N N N N S N N
BubbEn N Y N S N S N -
SpEn N N N N N N N Y
BLZ N N N N N N N N

FuzzyEn Y Y N N N N N -
HFD Y N N Y N S N -
KFD N N N N N S N Y

Non-linear
FWH

SampEn Y Y N S N Y Y -
BubbEn Y Y Y N N N N -
SpEn N N N Y N Y Y -
BLZ N N N S N Y Y -

FuzzyEn Y Y N S N Y Y -
HFD Y N N S N Y Y -
KFD N N N S N S Y -
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Appendix C

Obstetric factors affecting myometrial
contractility

The identification of reliable predictors that can influence the obstetric decision-
making is a crucial area of research that can transform women’s childbirth experience
in a near future. Although significant advances in understanding the physiology and
clinical pathophysiology of myometrial contractile function have been described [6, 7, 9],
the identification of EHG-biomarkers has been in many cases truncated or slowed due
to heterogeneity of criteria in defining groups under study and neglect of confounding
variables. For this reason, the potential effect of a growing number of maternal, foetal,
ultrasound and biochemical factors on uterine contractility is currently of increasing
interest to explore [28]. The approach to the development and generalisation of EHG-
biomarkers aims to bridge the existing gaps in the knowledge of the electrophysiological
processes underlying contraction and the prediction of obstetrically significant outputs,
providing valuable information to advance maternal-foetal health care.

C.1 Interplay of previous pregnancies with uterine
contractility

By exploring the impact of previous pregnancies on current uterine contractility, a
key dimension to our understanding of the underlying physiological processes is added. In
the delivery context, parous women have reported shorter durations in the first [216] and
second stages of labour [216, 317]. Possibly related to the fact that dysfunctional uterine
contractility has been observed in up to 30% of nulliparous women [318, 319], frequently
leading to failure of labour progression and increased medical interventions and caesarean
deliveries [319, 359]. However, in vitro studies have revealed that there are no intrinsic
differences in the functional parameters of human uterine contractions in relation to
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parity, except for the frequency of occurrence and a trend of increasing contractile force
with parity, albeit not significant [259]. Consideration must be given to the possibility of
bias in the study, as the biopsied myometrial strip may not behave identically to when it is
part of a complete organ [165]. Despite the major advances achieved in the understanding
of the mechanisms underlying labour [360], the maternal-foetal physiological connections
between the efficiency of uterine contraction, cervical dilatation and the descent of the
foetal head remain incompletely understood [259, 361]. It has been postulated that the
faster rate of cervical dilatation in nulliparous compared to multiparous women may
be related to the fact that dilatation in nulliparous is preceded by cervical thinning,
whereas in multiparous both occur simultaneously [171]. Furthermore, nulliparous are
associated with a higher risk of IOL failure [171, 207], which according to the literature
could be influenced by cervical stiffness [171]. In fact, only 50% of nulliparas included in
the Chapter 4 study achieved an APL≤24h, compared with 83% of nulliparas. Likewise,
scarring from a previous caesarean section may also weaken the uterine wall and reduce
its ability to contract [362].

C.2 Influence of maternal age and weight on uter-
ine contractility

A myriad of maternal-foetal factors, encompassing demographic parameters to the
gravid woman’s health status, have been discerned as conceivable modulators influencing
uterine contraction dynamics throughout gestation. Firstly, maternal ageing has been
associated in the non-pregnant uterus with significant decreases in contractility for both
spontaneous and depolarisation-induced contractions [259, 331], being muscle atrophy
and down-regulation of calcium channels the proposed main culprits [363, 364]. However,
contractile capacity in the pregnant uterus greatly differs from woman to woman [331]
and only the response to oxytocin is affected by tissue ageing [331, 332], possibly in
relation to changes in membrane lipids [365, 366], such as the increase in cholesterol with
age. The marked differences between the age-related decline in strength beyond the age of
30 years in the non-pregnant uterus, and the absence of differences in the pregnant state
during this period, demonstrates that the uterus retains its responsiveness to gestational
hormones and that the growth of the pregnant uterus, and the increased myofibrillar
protein content may abolish any previous age-related strength deficit [331].

Obesity increases the risk of maternal and perinatal complications [367, 368] such
as gestational diabetes, pre-eclampsia, preterm delivery, congenital anomalies and foetal
macrosomia [334, 369]. In terms of uterine contractility, obese women are reported to
be at increased risk of experiencing prolonged and difficult childbirth. Dysfunctional
labour and ineffective uterine contractility are leading causes of unplanned caesarean
sections in obese women [370–372]. In addition, obese women who give birth vaginally
have been found to experience greater blood loss compared to women of normal weight
[371], suggesting impaired uterine contractility. At the molecular level, some mechanisms
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by which obesity may affect labour have been researched. Dyslipidaemia, inflammation,
and pro-inflammatory cytokines, as well as alterations in adipokine levels, may influence
uterine contractility [334]. Studies on isolated human myometrium have demonstrated
that Corticotropin-Releasing Hormone can potentiate the contractile activity of oxytocin
[333, 334] and prostaglandin-F2α [334, 335]. In addition, decreased levels of corticotropin-
releasing hormone associated with obesity may affect the expression of KATP channels 1

and therefore the uterine contractility [334, 373].

1Ionic channels present in the cell membrane that regulate the flow of potassium ions (K+)
across the cell membrane in response to changes in adenosine triphosphate (ATP) levels.
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