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Chapter 1

Introduction and thesis outline



Introduction

Monitoring uterine contractions is an essential part of electronic fetal monitoring and is well
established in high risk pregnancy and childbirth [1-4]. During pregnancy timely and
accurate recognition of pathological preterm uterine contractions allows timely intervention
[5-8]. During labor, frequency, regularity and duration of contractions needs to be closely
monitored in order to establish the correct dosage of uterotonics and prevent
hyperstimulation [9-11]. Furthermore, in order to assess the fetal condition, the temporal
relationship of the fetal heart rate (FHR) pattern with uterine contractions needs to be
reviewed [12, 13]. However, present methods for contraction monitoring leave room for
improvement and new methods are needed. Imminent preterm delivery cannot be
accurately established using current monitoring techniques, leading to both under
treatment and, in particular, overtreatment of women presenting with preterm contractions;
more than half of the patients admitted for preterm labor, deliver at term [14-18].
Monitoring contractions during term labor is challenging as well, and requires a tradeoff
between the safety of the non-invasive external tocodynamometer and the accuracy of the
invasive intrauterine pressure catheter (IUPC) [19-22]. Currently, inadequate tocogram
tracings are accepted in favor of patient safety and comfort [23, 24].

The mechanical contractions of the uterus are preceded and initiated by the electrical
activity of the myometrial cells in the form of intermittent bursts of action potentials [25-
30]. It is well established that the patterns and characteristics of the electrical activity of the
myometrium evolve in the course of pregnancy towards labor [26, 27, 31-34]. The
myometrium changes from being quiescent in the beginning of pregnancy to producing
regular, synchronous, high frequent and high amplitude bioelectrical bursts [27, 33, 35].
Electrohysterography involves the recording of this electrical activity of the myometrium
[36-38]. Similar to the electrocardiogram (ECG), electrohysterography involves the
recording of the propagating electrical activity underlying contractions rather than the
mechanical output [29]. It is hard to imagine cardiology without the ECG. If one were to
draw an analogy to obstetrics, only blood pressure and pulse would be used. Likewise, the
Electrohysterogram (EHG) is a signal with great potential, unveiling information on the
evolution of uterine activity and the onset of labor [27, 31-33, 39, 40], making it a promising
tool for predicting imminent preterm delivery [38, 41-43]. In addition, the signal is relatively
easy to obtain by placing electrodes on the abdomen [25, 44]. Therefore, it is also a
candidate for replacing current methods for monitoring contractions during labor,
combining accuracy and safety [45-48] and possibly providing additional information on
the progress of labor [49, 50].

Electrohysterography is however far from new, the signal was first described in 1931 in
Germany by dr Otto Bode using an electrocardiograph [51]. The author was convinced that
he found a promising technique:



Ich bin Gberzeugt, dap es gelingen wird, durch Verbesserung der Methodik weitere
Feinheiten der physiologischen wie pathologischen Uteruskontraktion zur Darstellung zu
bringen.’

Most probably, progress has been slower than he envisioned at the time. Over 85 years
later, the EHG still has not found widespread use in clinical practice. While obtaining an EHG
is relatively uncomplicated, the interpretation remains very challenging. The signal
propagates through the intermediate tissue layers up to the abdominal surface where it is
recorded. Its passage through multiple layers causes the signal to be diffused and filtered
[52]. Tissue layers can vary in thickness and move mutually as well [42]. Artefacts can be
introduced by either motion [53-55] or other bioelectrical signals [35, 53, 56]. A more
thorough understanding is needed on the link between the action potentials originating in
the myometrium and the resulting signal recorded at the abdominal surface for a better
interpretation of the EHG [57]. Furthermore, algorithms need to be developed and tested in
a clinical setting in order to make the analysis automated, and more importantly objective
and reproducible. Finally, real time analysis is needed to make the final step towards a
clinical application.

11 am convinced that, by improving the methodology, it will be possible to bring forth further
intricacies of physiological and pathological uterine contractions.



Thesis outline

The objective of this thesis, is to contribute to the clinical introduction of the EHG. This
comprises improving and developing automated EHG signal analysis methods, and
exploring clinical applications for detecting preterm labor, monitoring term labor and
detecting uterine rupture. The physiology underlying uterine contractions is no readily
available knowledge for most clinicians and is presented in chapter 1, outlining the
physiology of smooth muscle cells and the differences with striated muscle. An overview of
the literature on the EHG is presented in chapter 2, ending with the current challenges for
the clinical application of the EHG. Part 2 covers preterm labor detection, focusing on
propagation analysis in the EHG. In chapter 3, we describe the results of a study in which a
novel automated method for estimation of the conduction velocity was evaluated for
detecting imminent delivery using a grid of 64 electrodes. Chapter 4 describes the study
protocol of the PoPE study, which aimed to repeat the results of Lucovnik et al [41],
employing a less complex electrode configuration of 4 monopolar electrodes in order to
enable clinical application. Chapter 5 presents the results of the PoPE study, in which the
conduction velocity was estimated in the EHG of pregnant women admitted for threatening
preterm labor. In chapter 6, non-linear analysis as alternative approach for EHG analysis for
preterm labor detection was evaluated in the cohort of patients of the PoPE study. Part 3
continues with term labor monitoring, chapter 7 starts off with a review on the tocogram
changes that are visible in case of uterine rupture during trial of labor after a previous
cesarean section. In chapter 8 propagation analysis in the EHG surrounding the uterine scar
during trial of labor, was explored as novel method for detecting uterine rupture. Chapter 9
concludes with a study in which movement of uterus was continuously tracked by
ultrasound during labor and correlated to an abdominally placed accelerometer, aiming to
reduce movement induced artefacts in the EHG.
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Chapter 2

Background: physiology and the current
state of electrohysterography
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2.1 Introduction

One of the main challenges in obstetrics, is the prevention and optimal management of
preterm labor. It has been estimated that annually a total of 12,9 million babies are born
preterm, before 37 weeks of gestation [1], approximately 75% of which are spontaneous:
related to preterm labor or preterm premature rupture of the membranes [2]. Complications
of preterm birth are the leading cause for neonatal mortality. Preterm birth ranges from 8,6%
for the developed countries and 13,3% for southern Asia [3]. Addressing preterm birth is an
important element for reaching Millennium Development Goal 4, calling for the reduction of
child deaths by two-thirds by 2015 [3]. Prematurity is also associated with significant short
term morbidity [4] as well as chronic conditions, including asthma and a subnormal cognitive
function [5]. One of the key interventions to improve the neonatal outcome, is the antenatal
administration of corticosteroids to the mother to induce fetal stress which provides a
stimulus for fetal lung maturation. Corticosteroid administration is known to reduce both
neonatal mortality and the incidence of the respiratory distress syndrome, intraventricular
hemorrhage, and neonatal sepsis [6]. However, exposure to corticosteroids causes fetal as
well as maternal side effects. Clinical data suggests that infants that are exposed to antenatal
corticosteroids have reduced basal and stress-induced cortisol secretion [7] while maternal
side effects include transient hyperglycemia, which can be severe in case of gestational
diabetes [8]. In case of premature labor, tocolytic drug therapy is often used in order to delay
delivery by at least 48 hours so that corticosteroids can achieve their maximum effect.
Depending on the type of tocolytic agent used, tocolytic drug therapy frequently leads to
maternal side effects such as palpitations, hypotension, headache and pulmonary edema [9-
11]. These side effects can be severe and even lead to myocardial infarction and fetal death
[12,13].

Premature contractions are one of the most common reason for admission to an obstetrical
ward early in pregnancy [14, 15]. Identifying the women who will actually deliver preterm, is
an inexact process and the existing methods used for detecting preterm labor are subjective,
inaccurate, and cannot predict the time to delivery. Intrauterine pressure measurement can
provide quantitative information on contraction strength, but can only be used during labor
and when the membranes have ruptured. External tocodynamometers are extensively used
for pregnancy monitoring, but provide only quantification of the number of contractions per
time unit, and frequently fail to show contractions even in term labor [16, 17]. Moreover, visible
uterine contractions on the external tocogram is a poor predictor of preterm delivery [18-20].
Transvaginal ultrasonic cervical length (TVU CL) measurement is commonly used for
predicting imminent preterm delivery, but sensitivity and specificity are moderate, especially
for intermediate values for cervical length [21]. At present, the biochemical marker fetal
fibronectin (fFN) is being introduced for short term prediction of preterm delivery. This test
has a high negative predictive value, but it cannot be used to predict the time to delivery
[22]. Finally, minor cervical changes can be hard to detect by digital cervical examination [23,
24], while advanced cervical dilatation is a late sign of imminent delivery and reduces the
chance of successfully delaying delivery by 48 hours [25]. Overall, more than 50% of the
patients admitted for imminent preterm labor deliver at term [14, 15, 26-28]. Current methods
of detecting preterm labor are leading to overtreatment as well as undertreatment. Better
methods of predicting preterm delivery are needed to prevent mother and child from being
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unnecessarily exposed to the potential side effects of tocolytics and corticosteroids as well as
to initiate treatment when preterm labor is detected before the changes in uterine
contractility are irreversible and treatment is ineffective. In addition, costs could potentially
be substantially reduced by preventing unnecessary transport of pregnant women to
perinatal centers and the associated treatment costs.

There is room for improvement in monitoring contractions during term labor as well [16].
Monitoring contractions currently only consists of measuring the mechanical output of the
uterus by methods of varying accuracy. Most typically, an external tocodynamometer is used,
which has the advantage of being non-invasive, easy to use, and safe. It provides information
on contraction frequency and duration, but not on contraction strength. The device is a strain
gauge and therefore dependent on the mechanical coupling between the transducer and the
uterine muscle. It can fail to detect uterine contractions in some patients, especially in the
growing obese population [17, 29, 30]. The most reliable approach is intrauterine pressure
measurement, using a catheter to directly measure the pressure inside the uterus. It provides
quantitative information on uterine contractions and is independent of the body habitus. The
application is limited to women in active labor and ruptured membranes. Moreover, the use
of an intrauterine pressure catheter (IUPC) is thought to be associated with a small risk of
infection although more serious complications have been reported, even leading to fetal
death [31-33]. Therefore the obstetrician’s dilemma is to choose between safety and accuracy.
New methods are needed to improve both term labor monitoring and preterm labor
prediction, and one such candidate is electrohysterography.

(Electro)physiology and EHG signals are closely linked. In order to understand the measured
signal and the evolution of electrical activity towards labor, one must have a basic
understanding of uterine electrophysiology. This first chapter of this thesis starts with the
physiology related to uterine contractions, beginning with the anatomy of the myometrium
and individual uterine smooth muscle cells. Subsequently, the activation of uterine myocytes
on a cell level, the propagation of the electrical impulses on the organ level, and finally the
excitation-contraction coupling. The second part of the chapter covers electrohysterography,
starting with a summary of the technical aspects and recording techniques, followed by the
studies on the various EHG parameters that are considered for predicting preterm delivery
and finally EHG based estimation of the intrauterine pressure during term labor.

2.2 Physiology of contractions

2.2.1 The special characteristics of the myometrium

The uterus is an exceptional organ exerting diverse and contrasting functions. It undergoes
dramatic physical and functional changes in the course of pregnancy to be able to nurture,
protect and finally expel the fetus; Pregnancy starts with implantation of the fertilized ovum,
which is mainly facilitated by the endometrium, although uterine contractility also appears to
be of importance for both embryo transport and implantation [34, 35]. During pregnancy the
uterus grows from weighing 60 g in the non-pregnant state, to over 1000 grams at full term
whereby the volume of the uterine cavity increases from 10 ml to about 5000 ml [36, 37].
Fetal growth is supported by extensive adaptation of the uterine blood supply by the process
of angiogenesis, which is necessary for an adequate supply of nutrients [38]. During this
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period the myometrium needs to remain electrically relatively quiescent while the cervix must
remain rigid and closed in order to retain the pregnancy [39, 40]. At term on the other hand,
the myometrium needs to contract forcefully in conjunction with remodeling of the cervix, in
order to allow dilatation of the cervix and finally expulsion of the fetus [40-42]. Immediately
after delivery, hemostasis is maintained by tonic contraction of the myometrium in
combination with the anatomy of the vasculature [35, 43]. Following the immediate reduction
in size, the uterus returns back to the normal non-pregnant size in approximately four to six
weeks [37, 44]. In order to carry out all of these functions, the uterus requires specific
anatomical and physiological properties.

The uterus mostly consists of smooth muscle cells, which differ in some important aspects
from skeletal muscle cells [45]. In contrast to the understanding of skeletal and cardiac
muscle, knowledge on smooth muscle cells is rudimentary. Smooth muscle cells are a
heterogeneous collection of cells, highly plastic, and perform diverse functions. Unlike skeletal
muscle, smooth muscle cells are present in organs which consist of more than only muscle
tissue. The contractile apparatus inside smooth muscle cells has some basic similarities to that
of skeletal muscle [46-48]. The way this contractile apparatus is triggered and contraction is
maintained, is distinctly different though [47, 49-52]. This has important implications for the
kinetics and energetics of uterine smooth muscle and enables slow but prolonged
contraction at low energy expenditure [51]. Moreover, significant variations exist among the
different types of smooth muscle cells with regard to cell activation and signaling principles
[45]. Recent advances in the field of gastric and small intestinal electrophysiology have
uncovered contractions patterns and a pacemaker site [53-55]. In the uterus, no pacemaker
site has been identified to date and in fact many questions remain as regards to the
physiology behind uterine contractions [35, 43, 56-58]; the cellular mechanism behind
pacemaker activity remains unclear [52, 59-63], there is no complete understanding of the
contribution of the various ion channels to cell depolarization and repolarization [35, 56-58,
63, 64], or the role of sarcoplasmic reticulum in cell contraction [52, 59, 60]. In addition,
uncertainties remain with respect to pathways of cell to cell conduction of action potentials
[65-68].

2.2.2 Anatomy of the myometrium

The uterus is a tubular organ originating from the mullerian ducts, which forms a single cavity
(monkeys, humans) or two horns (rats, rabbits, ewes or human malformations) depending on
the extent of the fusion [69]. The uterine wall can be divided into three layers: the inner
endometrium, the myometrium and the outer serosa layer. During the first trimester of
pregnancy, the uterine wall thickness increases from 10 mm to a maximum of 25 mm at the
end of the first trimester, and then decreases to 5-10 mm at the end of pregnancy [70].
Initially, growth involves hyperplasia of the myocytes under the influence of among others
estrogen [71-73]. This is followed by hypertrophic growth of the myocytes accompanied by
angiogenesis and remodeling of the extracellular matrix, which is driven by distention of the
wall by the growing fetus [38, 74-76]. This causes the myocytes to increase in length by a
factor of ten.

The myometrium can be divided in three different layers of muscle cells: the outer stratum
supravasculare, the stratum vasculare and the inner stratum subvasculare, also called the

15



subendometrial myometrium. The cells are arranged in bundles, connected by connective
tissue, running in different directions. The degree of organization and direction of the bundles
in the human uterus remains a subject of debate, as well as the degree to which the different
layers can be distinguished. Traditionally, the structure of the fibers has been described as
two counter rotating networks, as is the case in non-primate species, with the inner stratum
subvasculare consisting of circular fibers running perpendicular to the longitudinal axis, and
the outer stratum supravasculare consisting of muscle fibers running in parallel with the
longitudinal axis [77, 78]. Wetzstein and Renn however, described the same circular
orientation in the stratum subvasculare, yet in the stratum vasculare observed fibers running
in all directions [79, 80]. This was confirmed in a more recent study by magnetic resonance
diffusion tensor imaging in non-pregnant uteri, where directional structures were only found
in the inner layer [81]. This inner layer of the myometrium, the stratum subvasculare or
subendometrial myometrium, is also thought to be of non-Miillerian origin which could
explain the different arrangement [82]. In the pregnant uterus, the different layers appear to
be less distinct [83]. In 3D structural analysis of the term pregnant uterus, bundles of fibers
were identified of 1-2 mm in diameter, referred to as fasciculi [84]. These structures were
found to intertwine and form a sheet like structure, with no prevailing direction, interweaving
with the ample vasculature. It has been suggested that this configuration has an important
hemostatic function in primates in preventing blood loss after delivery of the placenta [35].

In contrast to skeletal muscle cells, smooth muscle cells have a predominance of actin over
myosin by a factor of six [85]. Three types of filaments form a dense network which functions
as a motor: the thin filaments, mainly composed of two isomers actin [86], thick filaments,
made of myosin and finally intermediate filaments. The actin and myosin filaments cause the
cell contraction through a sliding interaction, initiated by phosphorylation of myosin. In this
way the myosin filaments form the motor of the uterine myocytes. The actin filaments are
connected to dense bodies, which in turn are interconnected by intermediate filaments. This
network of filaments is anchored to the cell wall by dense bands. In this way, the force is
transmitted to the outside of the cell and the cell shortens. The actin-myosin bundles are
organized in a unstructured way, and therefore uterine myocytes do not have the
characteristic striated appearance of skeletal muscle . Figure 1shows the contractile apparatus
of uterine myocytes: the network of filaments and a more detailed view of the actin-myosin
complex.
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Figure 1: overview of the contractile apparatus of uterine myocytes. Part A shows the
network of actin/myosin filaments, interconnected by intermediate filaments which are
anchored to dense bodies and bands. Part B shows the complex of actin and myosin
filaments in more detail. Courtesy of [35].

2.2.3 Electrical activation

Cell activation

Similar to skeletal muscle cells and nerve cells, uterine smooth muscle cells are activated by
action potentials [87-92]. The depolarization of the cell membrane triggers a cascade of
intracellular events leading to cell contraction. However, unlike in neurons and skeletal muscle
cells, Ca?* rather than Na2* is the major charge carrier in membrane depolarization [57]. In
addition, Ca?* also serves as intracellular messenger triggering cell contraction. Therefore,
the concentration of intracellular calcium (Ca®*) is a key regulating factor in the contractile
status of uterine myocytes [93, 94].

17



5 Seconds
————
mV
| ‘
60 ' . T

Figure 2: electrical activity of an individual muscle fiber of the rat uterus. The bottom
trace shows the membrane potential showing a train of action potentials, which precedes
the mechanical output (top trace). Redrawn from [95].

The plasma membrane potential is regulated by controlling ion movements across the cell
membrane. Direction and magnitude of ion flux across the cell membrane is determined by
gradient and ionic permeability. The plasma membrane itself is impermeable and ionic
movements are mainly governed by specific ionic channels which all have different
properties. The conductance of ionic channels may be influenced by numerous factors,
including membrane potential [96-99], hormones [64, 95, 98, 100, 101], and pharmacological
agents [97, 99, 102, 103].

The resting potential (Vrest) is determined by the distribution and conductance of Na*, K* and
Cl~. However, similar to other cells, Viest is mainly established by an outward current of K* and
an electrochemical gradient which is maintained by ion pumps requiring adenosine
triphosphate (ATP) [35, 56]. Furthermore, the efflux of K* repolarizes the membrane potential
after depolarization. The main function of the various K+ channels is to reduce the excitability
by hyperpolarizing and repolarizing the cell membrane. The K* channels therefore contribute
to uterine quiescence during pregnancy [56, 57, 104]. K* channels operate based on the
membrane potential, calcium concentration or ATP. However their relative contribution
remains unclear [56, 104]. The relaxant effect of the ATPase K* pump is currently a target for
pharmacological research [102]. In both animal [95, 101, 105] and human [106-108] /n vitro
experiments, Viest ranged between -35 mV and -65 mV depending on the steroid hormonal
status [95, 101]. However, in pregnant women, Viesthas been recorded as low as -80 mV [109].
Viest is thought to depend on the gestational age (GA), increasing towards term and
approaching the potential required for opening of the voltage operated calcium channels
[52, 56, 57, 64].

In the resting state, Ca®* shows by far the largest electrochemical gradient: the extracellular
Ca?* concentration is approximately 10* greater than the intracellular concentration, allowing
for a rapid influx of Ca®* ions upon opening of the calcium channels [57]. Multiple types of
Ca?* channels are present in human uterine myocytes [52, 63, 96, 97, 99]. The predominant
type is the L type Ca?* channel, which is voltage sensitive and is triggered at approximately -
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40 mV [97-99]. The L-type channels have a slow action, allowing influx over a prolonged time.
T-type Ca?* channels have faster kinetics and are thought to promote opening of the L-type
channels [96, 99]. Ca®* is the main but not only charge carrier in creating action potentials;
Na* channels have been observed in human myometrial cells as well [110] and become more
abundant approaching term [97, 98]. Na* channels allow rapid influx of Na* upon
depolarization and contribute to the discharge frequency of myocytes [97, 98]. Chloride
channels, triggered by Ca?* have been observed in rat myometrium in which they appear to
extend the depolarization [111-114]. However, their role in human myometrium has not been
elucidated yet [43].

Uterine myocytes are able to depolarize without external input (neuronal or hormonal),
referred to as myogenic activation [93, 115]. Measurements of isolated strips of myometrium,
show spontaneous bursts of activity [95, 101, 105, 106, 108]. Although this does not necessarily
imply that myometrial cells exhibit the same level of electrical activity /n vivo, it does show
that uterine myocytes carry the inherent ability of pacemaking. Nevertheless, the ionic
currents underlying pacemaking in uterine myocytes have not been identified and different
theories exist on possible cellular mechanisms behind pacemaking [57, 58]. One model that
has been proposed is the membrane oscillator [45] or pre-potential [91, 95, 116], similar to
cardiac pacemaking [117] or the activation of the smooth muscle cells in the urinary bladder
[118]. This model entails a constant slow depolarization of the membrane potential. When the
threshold is reached, the voltage operated calcium channels are triggered and which leads
to an action potential, followed by repolarizing to a hyperpolarized state after which the cycle
starts over by slow depolarization.

Action potential

a —

Threshold

L~

Figure 3: the membrane oscillator model showing a slow depolarization or pre-potential
towards the threshold and a subsequent action potential. The cell then repolarizes to a
hyperpolarized state after which the cycle repeats.

Alternatively, a pacemaker rhythm in the form of slow waves has been suggested [57, 119],
which was found to be the mechanism that activates the smooth muscle cells of the small
intestine [120] or stomach [121]. Although very low frequencies were observed in early
abdominal measurements, it later appeared that they were caused by motion artefacts and
did not reflect the uterine electrical activity [122, 123]. In the gastrointestinal tract, a
pacemaker rhythm is generated and conducted by an interconnected network of Interstitial
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cells of Cajal [55]. More recently, Cajal like cells have also been observed in the human uterus
[61, 124, 125]. However, their exact function remains unclear as they do not generate slow
waves nor action potentials when depolarized [61]. To date, no specialized pacemaker cells
have been identified in the myometrium [58]. This does not necessarily imply that no specific
pacemaker region exists.

Extensive work has been performed in identifying a pacemaker region in the myometrium
[67, 91, 95, 116, 119, 124-131]. /n vitro experiments using longitudinal strips of rat myometrium,
identified regions of pacemaking 2x4 mm in size [116]. These regions displayed a pre-
potential, consistent with the findings of Marshall et a/. [91, 95]. However, the location of these
zones was not specified [116]. Some authors have reported a predominance of the ovarian
end as source of uterine contractions [126, 130]. By means of simultaneous recording of the
intra uterine pressure in different areas of the uterus in rats during term labor, a
predominance of the ovarian end was observed [130]. Similarly, using laparoscopic video
observations during labor in rats, the (mechanical) contractions appeared to originate in the
ovarian end of the uterus [126]. However, /n vivo experiments involving simultaneous
measurement of the EHG in different sites of the uterus, have not revealed a consistent origin
of the electrical activity [119, 128, 131, 132]. Kao et a/. observed comparable electrical activity
in the vaginal and ovarian end of the uterus utilizing implanted electrodes in rabbits [119].
Wolfs et a/ analyzed human term labor using internal electrodes in the fundus, middle, and
lower part of the uterus. Contractile activity was found to be equally distributed among those
sites [131]. Parkington et a/. found the electrical activity to be mostly independent during labor
in ewes over distances of more than 3 cm and could not find a consistent origin [128]. Most
authors have suggested that also in the whole organ, action potentials can start in any
myometrial cell [119, 128, 129, 131, 132]. In short, it remains uncertain what mechanism and
cells are responsible for pacemaking.

Propagation of electrical activity

The amplitude of uterine contractions depends on the number of myocytes simultaneously
active and the frequency of the action potentials within a burst [91, 95]. Early in pregnancy or
in a prelabor phase, local contractile activity can be measured which does not lead to a rise
in intrauterine pressure [87, 88, 133, 134]. Uterine contractions depend on propagation of the
electrical activity throughout the myometrium [66, 135, 136]. Propagation of action potentials
from cell to cell has clearly been established /n vitro [66, 136] and /n vivo [128, 137].

Uterine myocytes excite neighboring cells by means of gap junctions [65, 66, 138]. Gap
junctions are present in all smooth muscle cells [115] and have an important role in cell to cell
signaling [45]. Gap junctions are specialized intercellular channels connecting the cytoplasm
of two neighboring cells [139]. The main constituent is the connexin43 protein [140-142].
Different connexin proteins have been evidenced in the human myometrium, but they are
not likely involved with delivery [140, 141]. The expression of connexin43 is regulated by
progesterone (downregulation) and estrogen (upregulation) [143-145]. Connexin43 is
scarcely present in early pregnancy, is strongly upregulated before the onset of labor, and
declines quickly after delivery [138, 140, 141]. Six connexin43 proteins are formed into a
channel, which docks to a similar channel of a neighboring cell, see Figure 4. These channels
form low-resistance electrical connections which function to conduct action potentials to
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neighboring cells [65, 146, 147]. At term, electrical resistance is reduced by 33% by the
formation of gap junctions while membrane resistance increases by 46% [147]. This change
was based on a 33% decrease in internal resistance and an 46% increase in membrane
resistance. Additionally, it has been suggested that these channels also form a metabolic
connection by allowing communication of the intracellular calcium concentration [148].
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Figure 4: gap junctions. Hexamers of connexin43 proteins, lined up between cells which
forms a channel allowing electrical and chemical communication between cells. Redrawn
from [149].

Stretch receptors are thought to have an additional role in synchronizing the contractile
activity of the uterus, termed mechanotransduction [43, 67, 150, 151]. In an experiment with
two mechanically coupled but electrically and chemically isolated strips of myometrium,
synchronous bursts of activity were observed [67]. The authors proposed that stretch induces
a prolonged plateau phase of action potentials. On the organ level, synchronization of
contractile activity could be established by communication via the intrauterine pressure [43,
67, 150, 151]. Despite the uncertain role of mechanotransduction, clearly the amount of gap
junctions increases towards the end of pregnancy and this increased cell to cell coupling is
essential for normal myometrial functioning [65, 66, 139, 147, 152-154]. This is evidenced by
mutant mice carrying a mutation in the gene encoding connexin43 [142] or in which the
expression of connexin43 was ablated [155]. The impaired gap junction formation resulted in
reduced responsiveness to oxytocin, less forceful uterine contractions, a prolongation of
pregnancy and suffocation of mouse fetuses [142, 155]. Defining normal patterns of
propagation in the human uterus is challenging since there is no consistent starting point nor
is there a fixed path of conduction [58, 136, 137]. Overall, even in physiological term labor,
conduction patterns appears to be quite variable or even chaotic [128]. However, preterm
propagation is distinctly different from term propagation [66, 136]. Individual spikes within
the burst propagate further and with higher velocity at term compared to preterm, both
spontaneous and when evoked [66]. Spontaneous activity in strips of myometrium of rats,
showed a mean spike propagation velocity of 7,9 cm/s for preterm rats, compared to 13,5
cm/s for term rats during parturition. Evoked activity propagated at a comparable mean
velocity of 9,2 cm/s and 10,5 cm/s for preterm and term rats, while the propagation distance
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was longer for term rats. Contributing to the impaired preterm conduction, is the reduced
number of gap junctions [66, 138, 147, 152, 154, 155]. Yet the scarcity of gap junctions in
preterm myocytes, is probably not the only factor in hampering the electrical communication
among cells. In addition disparities exist in local excitability, manifesting as focal pacemaker
activity as well as conduction blocks [136, 156]. Using high resolution multi-channel recordings
with 240 electrodes, preterm propagation paths have been mapped in pregnant rats [135,
136, 156, 157]. Propagation paths were found to be highly variable, showing abrupt changes
in direction or reversal of direction, both within single bursts and within contractions [136,
156, 157]. Contributing to this variability was either the fusion of multiple wave fronts, local
conduction blocks, new wave fronts by local pacemaker activity or a combination of these
effects [135]. In short, preterm propagation appears to be less organized and at lower
velocities compared to term propagation.
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Figure 5: Left: marked increase in gap junctions preceding delivery in ewes. Right:
accompanying rise in apparent conduction velocity, measured on the myometrial surface
of ewes. The conduction velocity was measured in one direction only and therefore
labeled as apparent conduction velocity. Redrawn from [138]

2.2.4 Excitation-contraction coupling
Skeletal and smooth muscle have different functions which lead to different kinetics and
energetic requirements [49]. Skeletal muscle needs to contract quickly and with high power,
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while for smooth muscle maintaining force at little energy expenditure is more important.
This is reflected in the different ways cell contraction is initiated [158, 159] and maintained
[47, 49, 50].

Uterine myocytes control their contractile state by regulation of the intracellular Ca?*
concentration [52, 158, 160]. This can be divided in three processes: maintenance of basal
concentration, the influx of Ca®* causing cell contraction, and the return to the resting state.
The influx of Ca?* is dependent on the membrane potential by means of the voltage operated
calcium channels as discussed in section 1.2.3. Extracellular Ca* is the main source; release
of the intracellular stores of calcium in the sarcoplasmic reticulum (SER) alone, does not lead
to cell depolarization [59, 100]. Only when opening of the L-type Ca®* channels allows massive
influx of Ca®*, the cascade of intracellular events leading to contraction is initiated [57, 93].
The exact role of the SER in uterine smooth muscle contraction remains subject of debate
[52, 59, 60, 63, 100]. Since inhibition of the calcium release of the SER does not reduce the
amplitude of contractions [100], it has been suggested that the main function of the SER is to
limit contractions via uptake op intracellular Ca®* [52]. However, an alternative role cannot
be ruled out [59].

Excitation-contraction coupling can be divided in four discrete steps (1) formation of the Ca?*-
calmodulin complex, (2) activation of the enzyme myosin light-chain kinase (MLCK), (3)
phosphorylation of the light chain of myosin, (4) and finally binding of the myosin head to
the actin filament and movement along the filament. This route for activation is very specific
and inhibition of MLCK completely impedes smooth muscle cell contraction [161]. The first
two steps, binding of intracellular Ca?* to calmodulin and activation of MLCK, are distinctly
different from the way skeletal and cardiac muscle cells initiate contraction [158]. In addition,
they are thought to be the rate limiting steps in smooth muscle activation and introduce
significant delay between Ca?* influx and the ensuing contraction [52, 162].
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Figure 6: the list of steps involved in smooth (left) and skeletal (right) muscle in
excitation-contraction coupling. Contraction is initiated in both types of muscle cells by a
rise of intracellular Ca®*, however all intermediate steps are different.

Activated MLCK phosphorylates the light chain of myosin, which is known as the regulatory
light chain [159]. Upon activation, myosin interacts with actin filaments in what is known as
the sliding filament model which is present in all muscle cells [48, 163, 164]. Phosphorylation
of the regulatory light chain causes a conformational change of the neck region of myosin
and allows the head to function as motor unit and drag along the actin filament over a
distance of 10 nm. The neck and head of myosin form the cross-bridge which allows binding
to actin filaments. The energy needed for the sliding interaction of myosin and actin filaments,
is derived from degradation of ATP to ADP by the activated head of myosin [35, 50]. This
process can be repeated multiple times and this is known as cross-bridge cycling [35, 50, 52].

Although similarities exist, cross-bridge cycling in smooth muscle cells differs in some very
important aspects from skeletal muscle [47, 50, 51]. One marked difference, is the frequency
of cross-bridge cycling which is much lower in smooth muscle cells [47, 49, 50]. This is
reflected in the much lower amount of ATP consumed during prolonged contraction [51].
Different from skeletal muscle, smooth muscle can maintain contraction strength with little
energy expenditure by means of slowly cycling cross-bridges, termed latch bridges [47].
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Contrary to what the name suggests, latch bridges are not a different type of connection that
lock myosin to actin, but rather the state of delayed release of myosin and actin initiated by
dephosphorylation of the regulatory light chain [47, 49, 50]. The rate of cross-bridge cycling
is therefore regulated by the ratio in activity of MLCK and its counterpart myosin light chain
phosphatase (MLCP). The latch bridge phenomenon is what makes smooth muscle cells
highly economical in sustained contraction, despite consuming more ATP than skeletal
muscle cells for each cross-bridge cycle [51]. Only when all myosin lights chains are
dephosphorylated by MLCP, relaxation ensues.
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Figure 7: schematic drawing of the four steps of cross-bridge cycling. Upon
phosphorylation (not shown) the myosin head binds to the actin filament (step 2). After
release the head of myosin undergoes a conformational change creating tension: the
power stroke (step 3). After binding a new molecule of ATP, myosin releases the actin
filament (step 4). Energy from ATP serves to bring back the myosin head to the original
state (step 1).

In short, contraction is initiated by the slow cascade of the Ca?*-calmodulin complex and
activation of MLCK and subsequent phosphorylation of the myosin light chain. The amount
of phosphorylation determines the speed at which force is generated. However, force
generation depends on phosphorylation to a much lesser extent and high forces can be
generated when only a small fraction of the myosin filaments is phosphorylated [49].
Moreover, this low level of phosphorylation results in the latch state during which cross bridge
cycling is low and force is maintained at low energy expenditure. This contrasts to skeletal
muscle cells in which contraction is initiated by the much faster troponin complex and force
is maintained through constant cross-bridge cycling, fitting the requirement of faster and
high power action of skeletal muscle.
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2.3 The current state of Electrohysterography

2.3.1 Electrohysterography

Considerable effort has been put into characterizing uterine contractions in the EHG. This
chapter will give an overview of the studies reporting on the use of the EHG in clinical
applications.

Electrohysterography, or uterine electromyography, uses a different modality for measuring
uterine contractions than current mechanical based methods. The uterine electrical signal
was first described in 1931 in Germany [78]. The signal is a representation of the changes in
potential of the myometrial muscle cells. The first measurements were performed on the
maternal abdomen targeting very low frequencies [165, 166]. By measuring directly on the
uterine surface during cesarean section, it was later confirmed that the signals indeed
originated from the uterus [166]. At a later stage, the validity of external recordings was
confirmed by performing simultaneous measurements both on the abdominal surface and
directly on the uterus in rats [87, 88], monkeys [134], and humans [131]. Synchronous activity
was observed and the signals showed a good correlation in frequency as well as amplitude,
although the abdominal recording was lower in amplitude, as to be expected. The signal at
the abdominal surface is not only weaker, but the tissue layers between the myometrium and
the abdominal surface (abdominal muscle, fascia, subcutaneous fat and skin) affect the signal
by acting as low pass filter: higher frequencies in the signal are attenuated to a greater extent
than the lower frequencies. This effect is dependent on the thickness of these layers [167,
168].

EHG measurements are not standardized and various recording techniques have been
adopted regarding number, placement, and configuration of electrodes. Bipolar electrodes
have the advantage of increasing the signal to noise ratio (SNR) by suppressing background
common mode noise while monopolar electrodes offer better spatial resolution [169]. A
single electrode pair can record the EHG, yet various multichannel setups have been used
and proposed in the literature, including the use of two [19, 39, 170-172], three [173, 174] or
four electrodes [29]. Also grids of electrodes have been used in order to study the
propagation of electrical activity in more detail, containing 16 [175, 176] or even 64 electrodes
[132, 177]. The electrodes are commonly placed near the median axis of the abdomen.
Analysis of the influence of electrode position on the amplitude and frequency content of the
EHG signal showed that moving away from the midline attenuates the signal, especially at
higher frequencies [167]. Likewise, electrode positioning over the placental insertion results
in a shifting towards lower frequencies.

Before analyzing the signal, it must be processed. A commonly used filter is a bandpass filter
in order to remove noise and artefacts. The power spectrum of the EHG is situated <5Hz
[122], with most energy concentrated <1 Hz in transabdominal recordings [172]. Originally,
quite some attention was spent on the “slow wave” part of the spectrum in abdominal
recordings, which was later attributed to artefacts [123] and not related to the EHG [122].
Typically, the signal is high passed at 0,3 Hz to remove artefacts caused by respiration, skin
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stretching and movement [174, 178]. The cut-off frequency for low passing varies, it can be
set at 1 Hz for eliminating the influence of the maternal ECG [19, 29, 172, 179-181] or higher at
3 Hz to allow analysis of the higher frequency band [170, 182]. Figure 8 shows an example of
EHG signals and their spectral content during term labor, showing the EHG (top graph) in the
form of bursts coinciding with the contractions on the tocogram (bottom graph). Also motion
artefacts are visible as short spikes in the EHG signal, and the influence of the maternal and
even the fetal ECG can be clearly seen in the spectrogram (middle graph). This example shows
the importance of employing various filtering techniques in order to extract the EHG and
improve the SNR.
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Figure 8: the EHG in term labor. The bottom graph shows the tocogram for reference.
The top graph is the EHG signal, consisting of the EHG (bursts) with noise in between
and motion artefacts (black arrows). The middle graph displays the spectrogram,
revealing the contribution to the noise of the maternal ECG (black line) plus harmonics
(dotted lines) and even the fetal ECG at 2,5 Hz (white arrow).
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2.3.3 Preterm labor

The EHG represents the electrical activity triggering the mechanical contractions. The
mechanical outcome of preterm contractions (cervical effacement, dilatation) which are
currently used for establishing imminent preterm delivery are preceded by evolution of the
electrical activity which causes the preterm contractions [39, 66]. Despite an incomplete
understanding of the electrophysiology underlying uterine contractions [58], multiple
parameters in the EHG have been identified which can be used to detect preterm labor.

Amplitude

It has long been established that uterine contractions are the result of the electrical activity
in the uterine smooth muscle cells [91]. The myometrium is active to some extent at all times
during pregnancy [119, 138, 183, 184]. In a human study, isolating electrical activity early in
pregnancy proved challenging, yet electrical bursts could be observed as early as 19 weeks
of GA [185]. In animal /n vivo studies, bursts have been shown to appear with increasing
frequency and amplitude when delivery approaches [64, 88, 89, 119, 138, 186]. Therefore, the
amplitude of bursts has long been considered as predictive of preterm delivery. The
amplitude has been expressed in various ways in clinical studies. The absolute value is
influenced by the recording technique, the electrode type [187] and arrangement [188], and
also patient specific factors [167, 168, 189]. This in part explains the striking differences in the
absolute values found for the amplitude of the EHG in clinical studies [39, 190-192].

Non labor 27 weeks Active labor 39 weeks
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Figure 9: Surface EHG recording on the human uterus in the non-labor state at 27 weeks
of GA (left) and during term labor (right), showing a rise in amplitude of the contractile
bursts. Redrawn from [39].

Buhimshi et a/ aimed at characterizing the electrical activity of both preterm contractions not
leading to delivery and preterm labor [39]. Five preterm patients were included who were not
in labor (GA 27-36 weeks) and compared to 4 patients in active preterm labor (GA 33-36
weeks). Exact inclusion criteria were not mentioned. The EHG was recorded using two bipolar
electrode pairs, approximately 5 cm apart. The signal was bandpass filtered between 0,3 and
50 Hz. The spectral content, expressed as the power spectral density (PSD), was derived using
Fast Fourier Transform (FFT) of at least three contractions bursts per patient. The peak
amplitude of the PSD was compared and proved significantly higher in the preterm labor
group compared to the non-labor group: 62,27 +22,93 pV and 11,36 +4,03 pV.

Thee prospective observation cohort studies, explored the mean root mean square (RMS)
value as predictor of preterm delivery. Verdenik et a/ included 47 patients in a tertiary care
center that were admitted for preterm contractions but were not in active labor [192].
Therefore, cervical dilation of >2 ¢cm was used as exclusion criterion. About 24% of the
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patients had visible contractions on the tocogram, and 36% of the patients delivered before
term. The EHG was recorded using a single bipolar electrode pair and filtered in a relatively
wide frequency band of 0,1 — 4 Hz. The mean RMS value of the entire EHG recording was
derived and compared between the labor (delivery <37 weeks) and non-labor group (delivery
>37 weeks). In addition, patients were screened for risk factors for preterm delivery. The mean
RMS was 17,5 mV for the labor group compared to 12,2 mV for the non-labor group.
Multivariate analysis showed the mean RMS value to be the strongest and independent
predictor of preterm delivery, resulting in a modest sensitivity of 47% and a specificity of 90%.

Similarly, Most et al included 87 women of GA 24 — 34 weeks admitted for preterm
contractions, based on maternal perception [191]. The EHG was recorded using 9 electrodes
and was bandpass filtered in a less common range of 1— 1500 Hz. The average of the peak
RMS value of contractions was derived and proved significantly higher for the labor group,
0,50 mV (delivery <14 days), compared to the non-labor group, 0,34 mV (delivery >14 days).
In addition, an index score was calculated based on peak RMS value, frequency of
contractions, and movement of the calculated center of electrical activity. This EHG index
score was compared to traditional test and performed slightly better scoring a sensitivity of
42% and specificity of 92%, compared to cervical length by ultrasound (sensitivity 40%,
specificity 83%) or fFN (sensitivity 34%, specificity 88%).

Kandill et a/ used the mean amplitude of bursts in the EHG as predictor for preterm delivery
[190]. In total 50 patients, of GA 28-34 weeks, were included admitted for imminent preterm
labor, defined as contractions visible on the tocogram at least 1/10 min, cervical dilation of
<2 cm and a cervical length of <25 mm. The EHG was recorded before initiating tocolytics
therapy and patients were grouped in the labor and non-labor group according to delivery
within two days or after more than two days. No details on the adopted EHG processing were
specified. The mean amplitude of the EHG bursts was significantly higher in the group
delivering within 2 days, 87,8 mV, compared to delivery between 2 — 14 days, 41,1 mV, and
after 14 days, 21,0 mV. In addition, the authors concluded that the EHG could be used to
predict the response to tocolytics as the EHG which was recorded post treatment showed
less reduction in amplitude for the patients delivering within 2 days.

In the most recent study, Aviram et al. employed the Electrical Uterine Monitor, a commercial
device, to measure the EHG amplitude in a population of 45 women admitted for imminent
preterm labor at a mean gestational age of 30 weeks and of which 75% was treated by
tocolytics and steroids [193]. The amplitude proved to be significantly higher in the preterm
labor group and the ROC curve showed a modest AUC of 0,65 for delivery <34 weeks, a
similar performance compared with cervical dilatation and effacement.

Spectral

Spectral parameters of the EHG have been frequently studied [39, 87, 89, 133, 134, 167, 171,
172,179, 182,194, 195]. The spectral content of the EHG is mainly determined by the frequency
of action potentials within bursts [89, 186]. When labor approaches, changes in cell
membrane permeability, which are not fully understood, allow the frequency of cell cycles of
depolarization and repolarization to increase [57, 63]. Moreover, the frequency of the signal
as measured at the abdominal surface, is influenced by the amount of myometrial cells
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simultaneously active underneath the electrode [172]. An upward shift in spectral content has
been observed in both animal [87, 89, 133, 134] and human studies [39, 46, 167, 171, 172, 180,
192, 195] as delivery approaches. In rats, this shift was the earliest observable change in the
EHG during the process leading up to (induced) preterm labor, see Figure 10 [89]. The spectral
content can be expressed as the PSD: the energy content plotted against the frequency.
Buhismhi et a/ showed that this information can be extracted from recording directly on the
uterus as well as on the abdominal surface [87]. Needless to say, in humans only abdominal
recordings are available.

O control —
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Figure 10: evolution of the spectral content (PSDpf) of the EHG in rats towards (induced)
preterm labor and in an control group. A marked increase in the PSDpf is observed 18
hours prior to delivery. Adapted from [89].

Peak frequency

Efforts have mostly been concentrated on the peak frequency of the power density spectrum
(PSDpf) [196]. Buhimshi et a/ analyzed the spectral content of (at least three) contraction
bursts in nine preterm patients, five not in labor and 4 in labor, based on FFT [39]. Among
amplitude and periodic parameters, the PSDpf was compared between the preterm nonlabor
and labor group, which was respectively 0,42 +0,02 Hz and 0,78 0,06 Hz (p<0,05). In
addition, term patients in active labor were included, and the PSDpf was interestingly found
to be similar: 0,72 Hz.
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PSD

Maner et al. included 42 preterm patients who
were not in labor presenting with contractions
[172]. Cervical dilation >2 c¢cm or effacement
>80%, multiple gestation, and rupture of
membranes were all exclusion criteria. Similar to
[39], two bipolar electrode pairs were used and
contractile bursts were analyzed by FFT, the
peak frequency was determined in the 0,3 — 1
Hz band. The PSDpf was analyzed as function
of the measurement to delivery interval. A
marked increase was observed 4 days prior to
preterm delivery. On average, the PSDpf was
found to be 0,39 0,01 Hz >4 days before
delivery and 0,51 £0,03 Hz <4 days within
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delivery. This resulted in a sensitivity of 60%
and a specificity of 96,9%.

Figure 11: spectral content (PSDpf) as function of the
measurement to delivery interval in preterm patients.
The PSDpf was observed to rise 4 days prior to
(preterm) delivery. Redrawn from [173]
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Figure 12: the peak frequency of the
power density spectrum (PSDpf). Energy
density is plotted on the y-axis and
frequency on the x-axis, fP marks the
peak frequency, in this case around 0,3
Hz.
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In a follow up study using a similar approach,
artificial neural networks classified preterm
patients in labor and nonlabor, the best
parameter being the PSDpf next to the standard
deviation of bursts [171]. The PSDpf was 0,40
+0,02 Hz in the nonlabor group (n=38) and 0,47
+0,05 Hz in the labor group (n=13). Noteworthy
is that the reference method used for classifying
labor and nonlabor was based on clinical
evaluation rather than the measurement to
delivery interval, which resulted in mixing of the
two groups as evidenced by the average
measurement to delivery interval of 6,4 +6,8 days
in the preterm labor group. This method resulted
in a sensitivity of 92,3% and specificity 71,1%.

Artificial networks were also used by Marque et
al in order to distinguish patients delivering
preterm (<GA 37 weeks) or at term [167]. 111

Recordings were made in 107 hospitalized patients, inclusion criteria were singleton
pregnancy, GA 18-37 weeks and the presence of uterine contractions. Signals were recorded
in the median axis of the abdomen using a single bipolar electrode pair in a wide range of
0,05 — 16 Hz and the energy in two frequency bands was calculated, see Figure 13. Two
algorithms were used for training the artificial neural networks. One algorithm performed
better but was not able to classify all contractions, the other resulted in a sensitivity of
approximately 80% and a specificity of 88% for predicting preterm delivery.

32



Power Spectral Density

Frequency

Figure 13: power density spectrum of an internally recorded EHG, showing two peaks,
termed Fast Wave Low (FW.) and High (FWw). Redrawn from [167].

Medlian frequency

Verdenik et a/, in addition to the amplitude also analyzed the median frequency, in a
population of 47 patients in a tertiary maternity care center, admitted for preterm
contractions [192]. The whole EHG recording was analyzed, rather than just bursts of activity,
which might render the method less sensitive. The method for deriving the spectral content
was not mentioned. The patients were divided in a preterm and term group based on delivery
before or after 37 weeks. No difference was found in the median frequency: 0,36 and 0,37
Hz. No analysis was made based on the measurement to delivery interval, which is probably
more suitable since changes in spectral content are seen relatively close to delivery [89].

Propagation properties

Prelabor propagations patterns of preterm uterine activity have been found to be mostly
chaotic [128, 135, 136, 157]. This is attributed to local differences in excitability [136] as well as
a scarcity of gap junctions and therefore reduced electrical coupling between cells [66].
Approaching labor, an increase in propagation distance as well as velocity has been observed
[66]. Mostly, propagation properties have been studied in isolated strips of myometrium or
directly on the uterus in rats [66, 135, 136, 157, 183], guinea-pigs [137], rabbits [183] or sheep
[128, 138]. The non-invasive measurement of propagation properties, has enabled its use in
human studies aiming to detect preterm labor [132]. These studies mainly focused on the
amplitude of the (averaged) vector of propagation: the conduction velocity (CV).

Methods of varying complexity have been proposed. In a more straightforward approach,
the propagation in term parturients was characterized by use of three electrodes positioned
in the median axis, analyzing the propagation of whole bursts of uterine activity [173]. The CV
was found to be 1,53 cm/s and 2,15 cm/s depending on the electrode position. Both down-
and up-ward propagation was observed. This is in line with the results from a similar study
on six women in term labor, only using a 4x4 electrode grid allowing for estimation of
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propagation in two directions [197]. The CV was found to be 2,18 cm/s, again using the
migration of whole bursts. The found CV values differ from values observed both in vivo and
In vitro of single spike propagation, which are in the range of 3-15 cm/s [66, 128, 136, 137].
This could be explained by the employed method for analysis of the migration of whole bursts
of activity. In term guinea-pigs, the CV of single spikes was found to be 6,8 cm/s, while
migration of whole bursts occurred at a much lower velocity of 0,6 cm/s [137]. In rabbits,
whole bursts migrated at a estimated velocity of 0,5 -6 cm/s [183].

A very different approach is the use of magnetomyography, a technique which entails
recording the magnetic fields in a magnetically shielded room which are a result of the
currents flowing through the muscle cells [46, 198]. This method allows the non-invasive
recording of very low frequency signals. In a case study, longitudinal measurements were
performed on two pregnant women [199]. Four quadrants were defined and the CV was
determined between burst of activities. The CV was found to be about 5-15 cm/s and a single
measurement at term showed a marked increase as high as 50 cm/s. The influence of the
method on the observed CV amplitudes becomes even more clear in a more recent study in
which magnetomyography was employed as well [198]. Term pregnant women were enrolled
that presented with contractions but who were not necessarily in labor. The conduction
velocity was determined by first computing a “center of gravity” in each of 4 quadrants,
representing the maximal activity on the magnetomyogram. The propagation delays among
these 4 quadrants was determined by cross-correlation, excluding short delays. This method
most closely resembles whole burst propagation and the observed conduction velocities
ranged 1,3-9,5 cm/s. No comparison was made between those in labor and the women not
in labor.

Only a single study has analyzed single spike propagation in the EHG for prediction of
preterm delivery [19]. In this relatively large clinical prospective cohort study, 88 patients were
included that were admitted for imminent preterm labor or preterm prelabor rupture of
membranes (PPROM). The EHG was recorded using two bipolar electrode pairs allowing for
estimating the amplitude of the CV vector in one direction only (vertical). This results in
overestimation of the CV vector amplitude for propagation directions other than vertical
[200]. By visual analysis of the processed EHG signals, peaks were identified and delays were
obtained. Approximately 215 peaks were identified per patient and subsequently the average
CV was compared between the group delivering within (labor) and after 7 days (non-labor).
The CV was found to be significantly higher in the labor group, approximately 53 cm/s
compared to 11 cm/s. These values are higher than what previously has been reported [66,
128, 138, 201] and this is possibly a result of the adopted method. However the accuracy of
the estimation of the CV was not the goal of this study and the sensitivity and specificity of
the method proofed to be excellent: 85% and 94% respectively. Adding the median
frequency of the power density spectrum added little to the predictive value in this study.
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Figure 14: conduction velocity analysis in the EHG based on single spike propagation.
Bottom graph shows the tocogram, coinciding with bursts in the EHG (top graph). The
middle window shows an zoomed in view of the selected segment in which a small delay
among channels is evident. Within these bursts, the conduction velocity can be
estimated.

Recently, a more detailed method has been developed for analyzing propagation properties
using an abdominally-placed electrode grid containing 64 electrodes with a high spatial
resolution [132]. This configuration allows for the analysis of propagation of single spikes in
two directions. In a case report, three consecutive measurements were performed on a
women with a unicornuate uterus, showing an increase from 12 cm/s to 22 cm/s and finally
28 cm/s at a GA of 28+6, 29+3 and 29+6 weeks [177]. She delivered spontaneously at 34
weeks.

Non-linear analysis

All the aforementioned parameters of the EHG that have been discussed, are derived by
linear methods, which entail either univariate (amplitude, spectral) or multivariate cross-
correlation time series analysis. Linear methods build on the condition that the output is a
linear combination of the input values [202]. However, based on physiology, non-linear
behavior can be expected in the preterm myometrium. Preterm propagation patterns have
been proven to be more chaotic and more localized compared to term [66, 128, 135, 136].
The propagation distance of single spike appears to be dependent on the GA [66] and activity
is frequently detected in one electrode only in multichannel preterm recordings [128, 129,
131]. High resolution mapping of propagation patterns in preterm myometrium has revealed

35



chaotic propagation patterns influenced by local variability in cell excitability [135-137]. The
distance between electrodes is probably an important factor and the linear approximation
might more likely be valid for shorter distances. For larger distances the connectivity between
signals can be more complex, requiring nonlinear measures. For this reason non-linear
multivariate analysis has been in use for over 20 years in various fields for analyzing biological
signals [203], including monitoring the depth of anesthesia, sleep-wake research and
detecting epilepsy. Likewise, various non-linear analysis methods have been employed for
predicting (preterm) delivery [174-176, 204, 205].
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Figure 15: the evolution of the non-linear correlation during pregnancy
of 16 low risk singleton pregnancies. The observered rise was not
significant.

Fele-Zorz et al. tested a large number of parameters of the EHG in addition to different
preprocessing filters on a large set of EHG records [174]. The patients, 300 in total, consisted
of both normal uncomplicated pregnancies and patients admitted for premature
contractions; their numbers were not specified. The EHG was recorded using four electrodes,
combined into three bipolar pairs. Records were grouped based on the GA of recording
(before or after 26 weeks) and preterm (262 records) or term delivery (38 records). Different
bandpass filters were tested: 0,08-4 Hz, 0,3-4 Hz, and 0,3-3 Hz. Next to linear parameters,
the amplitude and spectral analysis, various non-linear methods were applied: estimation of
the maximal Lyapunov exponent, correlation dimension and sample entropy. All six possible
combinations of the four groups of records were compared. In addition the analysis was
performed separately on the three bipolar pairs. Of the linear parameters, the median
frequency performed best and showed a significant difference between all preterm and all
term deliveries. However, this difference was only found in one of the three signals and
inconsistent with previous studies, a higher value was observed for patients delivering at term
[39, 46, 87, 89, 167, 171, 172, 180, 192, 195]. Of the non-linear techniques, sample entropy was
the most promising parameter and showed significant results in predicting preterm delivery
for the majority of combinations of the three signals and bandpass filters. The other non-
linear methods were less consistent. In general, differences among early and late recordings
were more pronounced than between recordings of preterm and term deliveries. Similar to
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[192], the entire recording was analyzed rather than the bursts of uterine activity, which could
reduce the sensitivity of the analysis, especially in preterm patients with relatively scarce
uterine activity [64, 88, 89, 119, 186].

Muszynski et al. studied non-linear correlation among channels in 12 channel recordings
[175]. The authors tested the hypothesis that synchronization of electrical activity increases in
the course of pregnancy, evidenced by an increase in non-linear correlation (h?). This was
tested in an observational clinical study. 16 low risk singleton pregnancies were included,
seven of which were followed longitudinally from 24 weeks of gestation up until delivery. Two
EHG recordings were made each month, using 16 electrodes formed into 12 bipolar pairs in
order to reduce noise and filtered between 0,1 and 3 Hz, see Figure 16. The method for
selecting the contraction segments in the EHG recordings was not specified. A non-significant
rise in h? was observed in the course of pregnancy, see Figure 15. This could in part be
explained by the small study group, which consisted of seven patients and in addition some
data points were missing.

Hassan et al. focused on distinguishing contractions during uncomplicated pregnancy (36
patients), e.g. not leading to delivery, from contractions during term labor (13 patients) [176,
205, 206]. Similar to [175], a 4x4 grid of electrodes was used out of which 12 bipolar pairs
were formed. Contractions were selected based on the external tocodynamometer. In the
selected segments, the non-linear correlation coefficient h? was calculated among all possible
combinations of channels and subsequently averaged. The performance of non-linear
correlation was compared to two commonly employed spectral parameters, the peak and

median frequency of the PSD.
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Figure 16: the evolution of the non-linear correlation coefficient (h?) in the course of
pregnancy in a single patient, from 33 wks (a) to 35 wks (b) and 37 wks (c). The maxtrix
reprents the correlation between all combinations of the 12 channels of the EHG.
Adapted from [177].

An increase in h? values was found from pregnancy to labor. Figure 16 shows the evolution
of h? in a single patient at three gestational ages. Non-linear correlation had a sensitivity of
86% for distinguishing physiological from labor contractions at a specificity of 76%. This
resulted in an area under the curve (AUC) of the receiver operating characteristics (ROC) of
0,66 for the peak frequency, 0,76 for the median frequency and 0,85 for non-linear
correlation.
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2.3.4 Term labor

Intra uterine pressure estimation

The close relation between electrical activation and the resulting mechanical output has long
been established by simultaneous recording of the EHG and intrauterine pressure, using
internal [88, 89, 131, 133, 134, 138, 186] or abdominal electrodes [39, 134, 166, 178, 207, 208].
In these studies, the contractions in the tocogram, have been observed to coincide with bursts
of electrical activity. However, bursts can also be detected without leading to an appreciable
rise in intra uterine pressure. This is frequently seen during pregnancy [87, 88, 133, 134] but
also in the pre-labor phase [131, 138, 184]. Figure 17 shows an example of the pre-labor phase
during mechanically induced labor. Frequent bursts were seen without close relation to the
mechanical output (the IUP) [131]. When the same patient entered the first stage of labor, the
electrical activity in between the (mechanical) contractions disappeared, see Figure 17.
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Figure 17: pre-labor contractions. Bursts of uterine activity appear frequently (lower trace)
without clear correspondence to the mechanical acitivity (upper trace).

There is considerable time delay between the start of the electrical burst and the onset of the
(mechanical) contraction, see Figure 18. This might be explained by the relatively slow
excitation-contraction coupling of uterine myocytes [52, 162], previously discussed in section
1.2.4. In addition, the bursts disappear before the pressure has returned to the baseline, which
could possibly be explained by the slow rate of cross-bridge cycling or latch bridges [47, 50].
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Figure 18: term labor contractions. The mechanical output (upper trace), i.e. the increase
of intra uterine pressure, is preceded by a burst of electrical activity (lower trace).

Although the temporal relation is evident, the correlation in amplitude is more complicated.
The amplitude of the EHG signal is dependent on the number of myocytes simultaneously
active underneath the electrode [172]. This in turn relates to the magnitude of the mechanical
contraction [91, 95]. However, the amplitude of the EHG as measured on the abdominal
surface, can be influenced by multiple factors, including the electrode type [187] and
arrangement [188], the impedance of the skin-electrode contact [189], and the thickness of
the subcutaneous tissue [167]. Therefore, one must be cautious to interpret the amplitude of
the (abdominal) EHG in an absolute way.

In order to be useful to the obstetrician, the EHG signal needs to be transformed into a
recognizable tocogram signal. To this end, different processing methods have been
developed [208-210]. Using the external tocogram as reference, Jezewski et a/. used the RMS
of the EHG after bandpass filtering [209]. This was combined with automatic detection of the
baseline level by averaging the lowest 10% of the values. The EHG and external
tocodynamometer were quite consistent in detecting contractions (91%), including their
duration. In the study by Skowronski et a/, the EHG was recorded simultaneously with the
IUPC in laboring women [210]. The EHG signal was normalized, lowpassed at 2 Hz, and
rectified. A Wiener filter, using the IUPC as reference, was used to reduce noise and shape
the processed EHG signal in order to mimic the intra uterine pressure. Another approach was
developed by Rabotti ef a/, aimed at a more precise estimation of the intra uterine pressure,
again using the IUPC as reference [208]. The EHG was recorded using two bipolar electrode
pairs and the signal was lowpass filtered at 5 Hz. A median filter was used to remove
movement artefacts. The EHG was analyzed in the time frequency domain by a spectrogram.
This method builds on the change in spectral content of the EHG caused by activated
myocytes, and this can be depicted in a spectrogram. The IUP was estimated by using both
the increase in EHG frequency and amplitude, therefore accounting for number of active
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myocytes (amplitude) and their connectivity (frequency). This estimation was further
improved by adjusting the gain, offset, and time delay using the IUPC as a reference. This
method was compared to the previously discussed methods [209] and [210].

— estimated |IUP
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Figure 19: Example of estimation of the IUP based on the EHG during term labor. The
dashed line represents the intra uterine pressure (IUP) as recorded by an IUPC. The
uninterupted line shows the estimated IUP based on the EHG.

The method by Rabotti et a/ showed the highest correlation to the IUPC (r=0.79), evidencing
the ability to correctly identify the number of contractions. The method by Skowronski et a/.
had the lowest RMS error, meaning the closest relationship in amplitude. Recently, a new
frequency-weighed energy estimator method was proposed for IUP estimation which is
comparable to [208] in both the method and the accuracy of the estimation, but at much
lower computational cost [211].

Electrohysterogram compared to current methods

Estimation of the IUP based on the EHG has enabled use of the EHG for monitoring
contractions during term labor. The accuracy of EHG-based IUP estimation has been
compared in clinical studies to the external tocodynamometer [212], the IUPC [213] or both
[29], see Table 1. Reinhard et a/. compared the EHG to the simultaneously recorded external
tocodynamometer in 135 term laboring women in both the first and second stage of labor
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[212]. The EHG was recorded using a single bipolar electrode pair and was processed by a
commercial EHG recorder. Processing consisted of bandpass filtering in the range of 0,2 to
0,9 Hz and deriving the envelope of the energy of the signal. Analysis was performed offline
in a blinded fashion by four observers who assessed the number of contractions, the ease of
assessment, and the adequacy of the tracings, defined as a recognizable patterns of
contractions. The EHG performed better in all three measures. The EHG tracings were all
marked as adequate and more contractions were observed. They were found easier to assess,
and had a lower intra-observer variability. The higher number of contractions that were
detected by the EHG was attributed to an higher sensitivity of EHG based contraction
monitoring. However, no IUPC recordings were available to confirm this.

In the study of Haran et a/, the EHG was compared to the IUPC in 47 parturients [213]. Patients
were included if an IUPC was necessary for obstetrical reasons and without technical
problems. The electrode configuration consisted of nine electrodes in a square around the
umbilicus in combination with a commercial EHG recorder. The processing used by this
recorder was not specified. Patients included both preterm and term and in “various” stages
of labor, although the average GA was 39 weeks and the initial cervical dilatation amounted
4,7 cm. The EHG and the IUPC demonstrated a high agreement in start, end, and peak of
contraction. Overall the Pearson correlation coefficient of the contraction length was 0,90.
Moreover, the correlation in area under the curve of both modalities was also high (r=0,80).

In the most recent study, the EHG was compared to the external tocodynamometer using an
IUPC as golden standard [29]. 73 patients in active labor were included with singleton
pregnancy and cephalic presentation. 14 patients were excluded for various reasons, mostly
technical failures. Although not mentioned as inclusion criterion, the study population had a
mean body mass index (BMI) of 34,3 (range 23,1 — 61,4). The EHG was recorded by 4
monopolar electrodes, which were bandpass filtered between 0,2 and 1 Hz and combined
based on their signal to noise ratio. The method to derive the estimated intrauterine pressure
was not mentioned, other than that the combined signal was normalized to a 0 — 100 scale.
To describe the performance of the EHG and external tocodynamometer with respect to the
IUPC, the contractions consistency index (CCl) was used in addition to other descriptive
statistics. This index is 1 if both modalities report the same number of contractions, but lower
in case of false positives or negatives. The EHG outperformed the external tocodynamometer
in most quality measures, with a CCl of 0,88 compared to 0,69 for the external
tocodynamometer. The proportion of inadequate tocogram tracing (CCl <0,75) was also
lower for the EHG, 16,7%, compared to 46,1% for the external tocodynamometer. This
translated into a sensitivity of 0,89 for detecting contractions by the EHG and 0,62 of the
external tocodynamometer. Interestingly, the performance of both modalities was also
compared in relation to the BMI of the test subjects. The external tocodynamometer showed
a negative correlation between sensitivity and maternal BMI of -0,26. The EHG showed a
slight performance degradation as well in the obese group, but this difference was not
significant. It should be noted that in this study, IUPC placement was based on obstetrical
indications rather than purely for study reasons. A common indication for the use of an IUPC,
as pointed out by the authors, was an inadequate (external) tocogram tracing. This could
entail some selection bias. Moreover, the protocol states that the output of the external
tocodynamometer (and the EHG as well) was blinded to the attending nurses. This means
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that there was no visual feedback on the quality of the tracing based on which the transducer
could be repositioned or the belt fastened. These factors have possibly impaired the
performance of the external tocodynamometer in this study to some extent, although the
mediocre performance of the external tocodynamometer has also been established in several
previous reports [16, 30].

Table 1: Overview of the clinical studies comparing the EHG to the external tocodynamometer, the IUPC
or both.

Study n Inclusion Electrode Processing Comparison Outcome
configuration
Reinhard | 144 All stages | 1bipolar pair | Bandpass External EHG detected more
20M of labor, filter 0,2 — | tocodynamo | contractions, easier to
singleton, 09 Hz meter asses, lower intra-
GA 35 - observer variability
42wks
Haran 47 GA 9 electrodes Not IUPC Duration r=0,94,
2012 >24wks, specified amplitude r=0,80,
all stages overall r=0,81
of labor
Euliano 73 Active 4 monopolar | Bandpass External car external
2013 labor, electrodes filter 0,2 — 1 | tocodynamo | tocodynamometer 0,69
singleton, Hz, meter and | vs EHG 0,88
cephalic normalized | IUPC
presentati
on

1= Contractions consistency index, defined as the number of consistent contractions divided by the mean of the number
of contractions detected by the IUPC and EHG.

42




2.4 Conclusions and challenges

There are several EHG parameters that can potentially be used for predicting imminent
preterm delivery. The parameters relating to the amplitude of the EHG signal do not
significantly ~ differ from quantifying preterm contractions wusing an external
tocodynamometer, although the EHG appears to be more sensitive in detecting contractile
bursts than is possible using the tocogram [87, 88, 133, 134]. Amplitude parameters of the
EHG have been shown to be moderately predictive of preterm delivery [191-193]. Patients
specific factors affect the strength of the signal and complicate the use of amplitude related
parameters of the EHG for preterm labor prediction [168, 171, 189]. The main focus of clinical
research has been on spectral parameters [39, 87, 89, 133, 134, 167, 171, 172, 179, 182, 194,
195]. Evolution of spectral content has clearly been established preceding (preterm) labor,
although changes occur relatively close to delivery [89]. This is reflected in the clinical studies
and its ability to predict delivery appears to be restricted to only a few days before the event.
In the end, analysis of the spectral content alone might not suffice to accurately distinguish
physiological contractions from imminent preterm delivery.

Analysis of propagation patterns has only recently been considered for preterm labor
prediction [19, 132, 177, 199]. Although physiological knowledge on propagation is far from
complete, estimation of the velocity of single spike propagation in the EHG might be a
powerful tool to quantify the increased cell to cell coupling in preparation to labor. However,
this analysis is technically challenging and a variety of techniques has been adopted. These
methods range from using a two channel setup [19] to 64 channels [132, 177], and from
analyzing single spike propagation [19, 132, 177] to propagation of whole bursts [173, 197].
This has resulted in widely varying values for the conduction velocity. Moreover, to date visual
review of signals has been necessary in the analysis of the EHG, hampering the objectivity
and repeatability. For clinical applications, the use of validated automated methods is a
prerequisite. This comprises two steps: automatic selection of contractile bursts in the EHG
and automatic analysis of the conduction velocity.

The first step, the isolation of the EHG from noise and artefacts, is conditional to most EHG
parameters which rely on analysis of the clean EHG rather than noise. However, it is also one
of the most challenging steps in preterm EHG analysis as conventional methods cannot be
used as golden standard. The relationship between EHG contractile bursts and mechanical
output measured by an external tocodynamometer or IUPC is certain in one way only:
contractions established in the tocogram are always accompanied by a contractile burst in
the EHG, but not vice versa. Therefore preterm detection of contractile bursts will need to
build on the established high correlation of the invasively measured and the abdominally
derived EHG, in combination with well-developed detection of motion artefacts and rejection
of other bioelectrical signals.

43



The second step, estimation of the conduction velocity, is not trivial either, as preterm
propagation patterns appear to be highly variable [136, 156, 157]. Estimation of conduction
velocity builds on the assumption of linear propagation. and this linear relation needs to be
tested for, in order to get the most accurate estimate. Overall, a method needs to be
developed which is objective and repeatable, and that is sensitive enough to distinguish high
from low conduction velocities in order to timely predict imminent preterm delivery. The
diagnostic accuracy of this method needs to be tested in a clinical setting.

Clinical application of the EHG in term labor is one step closer. Clinical studies have confirmed
the limited accuracy and reliability of the external tocodynamometer on one hand [16, 17]
and the potential of the EHG on the other hand [29, 208, 213, 214]. An important step towards
clinical application as standard method will be the development of real time EHG processing
to derive the estimate of the IUP. In addition, caution must be exercised in the use of EHG
based monitoring during pregnancy and in the pre-labor phase as monitoring electrical
activity will result in other information than measuring the mechanical output. This can also
be seen as an opportunity, as this might disclose additional information on the evolution of
the contractile activity during pregnancy and induction of labor, towards delivery.
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Abstract

Background: analysis of the electrohysterogram (EHG) is a promising diagnostic tool for
preterm delivery. For the introduction in the clinical practice, analysis of the EHG should be
reliable and automated to guarantee reproducibility.

Study goal: investigating the feasibility of automated analysis of the EHG conduction velocity
(CV) for detecting imminent delivery.

Materials and methods: twenty-two patients presenting with uterine contractions (7 preterm)
were included. An EHG was obtained non-invasively using a 64-channel high-density
electrode grid. Contractions were selected based on the estimated intrauterine pressure
derived from the EHG, the tocodynamometer and maternal perception. Within the selected
contractions, the CV vector was identified in two dimensions.

Results: nine patients delivered within 24 hours and were classified as labor group. 64
contractions were analyzed; the average amplitude of the CV vector was significantly higher
for the labor group, 8.65cm/s +1.90, compared to the non-labor group, 5.30cm/s +1.47
(p<0,01).

Conclusion: the amplitude of the CV is a promising parameter for predicting imminent
(preterm) delivery. Automated estimation of this parameter from the EHG signal is feasible
and should be regarded as an important prerequisite for future clinical studies and
applications.
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Introduction

Preterm delivery, defined as delivery before 37 weeks of gestation, constitutes a major
problem in terms of neonatal mortality, morbidity, and healthcare costs [1-3]. Timely
intervention and treatment with tocolytics and corticosteroids improves neonatal outcome
[4]. However, the diagnostics currently used lack both sensitivity and specificity leading to
both under- as well as over-treatment [5, 6]. A potential new diagnostic tool is the
electrohysterogram (EHG), which is a noninvasive abdominal measurement of the electrical
activity underlying uterine contractions.

The sequence of contraction and relaxation of the uterus results from a cyclic depolarization and
re-polarization of its smooth muscle cells in the form of action potentials (AP). APs occur in bursts;
they arise in cells that act as pacemakers and propagate from cell to cell through gap junctions [7-
9]. Labor and delivery are preceded by two physiological phenomena: increased excitability
and increased connectivity among the cells resulting in increased propagation of APs and
more synchronized firing [10]. These changes are reflected in the recorded EHG.

Previous literature demonstrated that the EHG has great potential for monitoring labor,
predicting labor time and discriminating between physiological uterine activity and
contractions leading to (preterm) delivery. Therefore, analysis of the EHG can support timely
treatment of preterm labor [11-16]. To this end, several studies have focused on analyzing the
spectral content of the EHG using either the peak frequency of the power density spectrum
[15, 17-19] or the ratio between a high and low frequency band [11]. Another parameter from
the EHG that has been proposed for predicting imminent preterm labor, is the non-linear
correlation among channels in a multichannel recording [16].

Prior to delivery, the increased connectivity among cells also increases propagation, which
can be assessed by estimating the conduction velocity (CV) from the EHG [20-22]. Differently
from skeletal muscles, which are striated and present an anatomical direction of propagation
parallel to the fiber orientation, the direction of propagation of the uterine APs is a priori unknown
[23, 24]. Due to lack of evidence [25], many authors also concluded that no classical linear
propagation of single APs could be assumed for the uterus, and that only global propagation of the
whole burst envelop could be measured [23, 25]. However, more recently, measurements of the
electrical activity of the guinea pig uterus using a grid of extracellular electrodes clearly
demonstrated that also for the uterus, similarly to the myocardium, a linear propagation of single
APs can be measured [26]. However, direction and speed of AP propagation can change even within
the same bursts.

Previous research mainly focused on the methods for measuring the CV [27-31]. Recently, the
prognostic value of the CV for predicting imminent preterm delivery was investigated by
visual inspection of the EHG signal [15]. Despite the very promising results presented in this
clinical study, the employed visual approach has the disadvantage of not being reproducible.
For use as a clinical tool, it would be desirable to rely on a fully automated CV analysis.

However, automated CV analysis entails a number of scientific challenges, namely, automatic
detection of contractions, estimation of amplitude and direction of the CV vector, and
exclusion of signals that are not related to propagating APs.
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This study investigates the feasibility of a new automated approach for the analysis of the
EHG CV for detecting imminent delivery. Our approach integrates previously validated EHG-
based methods for contraction detection and automated analysis of the CV in two
dimensions using a high density electrode grid.

Materials and Methods
Study protocol

A prospective observational cohort study was performed at the Maxima Medical Center
Veldhoven, the Netherlands. Approval from the local medical ethical board was obtained and
all the included women, provided written informed consent for study participation. Patients
with singleton pregnancies were enrolled, presenting with at least 3 contractions in 30
minutes, which were either perceived by the patient or visible on the external tocogram. Both
term patients (Gestational age 37+0 — 41+6) and preterm patients (Gestational age 24+0 —
36+6) were included. Exclusion criteria were oxytocin or prostaglandin administration prior
to or during the measurement, induction of labor within 24 hours after the measurement,
and known uterine malformation.

Measurements from all enrolled patients were obtained using a measurement setup as shown
in Figure 1. A 64 channel high-density (HD) electrode grid with external reference electrode
on the hip was used in conjunction with a bipolar electrode pair (1 cm diameter, variable
inter-electrode distance) to record the EHG. Due to the a priori unknown AP direction of
propagation, the bi-dimensional arrangement of the electrodes on the grid (8x8) permits to
estimate all the possible CV directions along the abdominal plane parallel to the abdominal
surface. The bipolar signal initially used to allow recording other signals (such as the fetal
ECG) was eventually employed to derive the contraction timing and trigger the CV vector
estimation. The HD electrode grid could also be suitable, but the larger surface of the bipolar
sensors offered better results for this specific purpose.

Recording of these signals was performed using a Refa multichannel amplifier (TMS
International, Enschede, The Netherlands), with a patient ground on the hip. Simultaneously,
a tocodynamometer was used as reference for contraction detection. For the same reason,
the time instants at which the patient felt a contraction were annotated.
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Signal analysis
Here, a synthetic overview of the methodology used for the analysis is given. For further
details we refer to [32] and [31].

The CV vector was identified during the contraction periods. Differently from previous studies,
where contractions were annotated manually, we automatically derived an initial estimation
of onset and duration of contractions. To this end, an estimate of the internal uterine pressure
(IUP) was derived from the bipolar EHG signal. Based on a validated method [32], indicated
by n and 7the discrete time and frequency variables, respectively, the unnormalized first
statistical moment ¥(n) of the bipolar EHG Spectrogram, p(n, f) was calculated in a selected
frequency band, [finin, fmax] . i-€.

fmax

W(n) = z fo(n ), )

f=fmin

with fiin = 0,3 Hz and f,45- = 0,8 Hz. An adaptive threshold was then used to detect onset and
duration of each contraction in 60 s overlapping windows [33]. Differently from our previous work
[3], no modeling was used to improve the estimation accuracy of the IUP amplitude. A more
accurate estimation of the IUP, which was out of the scope of the present work, would not
significantly improve the accuracy of the thresholding procedure used to assess onset and
duration of contractions.

Of the contractions selected by EHG signal analysis, only those that were visible on the
external tocogram or concurred with annotations of contractions as felt by the patient were
eventually selected for further analysis.

In the signal segments selected as contractions, the CV vector was identified in two dimensions
from the 8x8 HD electrode grid in overlapping segments (5 s overlap). Following the schematic
representation of Figure 2, we describe the EHG propagation by a CV vector v. The vector has an
amplitude and an incidence angle 8 (6 € [—m m]) with respect to the vertical axis of the electrode
grid. The signal is detected by N,- rows and N, columns of electrodes. Assuming that the same signal
shape s(n) is measured at each channel, the signal x,. ceasured at the channel (r, c¢) in the r' row
and cth column of the electrode grid can be modeled as

Xrc (n) =S (Tl - (T' - 1)Tr - (C - 1)Tc) (2)
+wy e (),

where n indicates the time sample (n = [1,2...N]) and w,.. (n), is the white Gaussian noise
which is present at the channel (r, ¢). As from (2), we assume linear propagation of the AP, i.e., in
each channel (7, ¢) the reference signal shape s(n) is delayed by 7, and 7, time samples relative
to the previous row and column, respectively. Identification of the vector v requires estimation of
(t,,7.), which we obtain using a maximum likelihood approach, i.e., by maximization of the
probability density function p((‘rr, Tc)|xrc(n), s(n)). In the frequency domain, where 7, and 7.can
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be estimated without resolution limits. Under the assumption of white Gaussian noise, the
maximum likelihood approach is equivalent to the minimization of the cost function E? defined as

N
Ny N¢ 7_1

2 ;
E? (t,,7,) = NZ Z Z [X,e (f) = S(fei2nf[r-Drr—(c-Dcl) 3)

r=1c¢=1 f=0

indicated by f the discrete frequency, X,.( f ) and S( f ) are the Fourier transforms of the signal
recorded at the channel (r, ¢) and of the reference shape, respectively. Following the description
in Figure 2, for an inter-electrode distance equal to d it follows that 7, and T, are related to the
CV amplitude and to the incidence angle 6 by

_dcosH
=T
_dsinH “)
T, = v

The use of different weighting strategies of the derived cost function was introduced in [31] to deal
with poor interchannel signal similarity due to the presence of noise. The weights are inversely
proportional to the estimated channel noise. Of the different weighting strategies proposed in [31],
we chose the weighted cost function with the best estimation accuracy.

Segments with a calculated CV value above 30 cm/s, which are significantly higher than the
physiological values reported in the literature [23, 26], were considered as outliers and
excluded.

Statistical analysis

Patients delivering within 24 hours after the measurement were classified as labor group and
those delivering outside this time window, as non-labor group. CV and propagation path
were compared between these groups. In order to be independent of the number of
analyzed segments and contractions per patient, an average CV vector was identified for
each analyzed contraction and subsequently the average CV vector for each patient was
determined. The Shapiro-Wilk test was used to test for a normal distribution of the estimated
values of CV vector amplitude. Levene's test was applied to test for equal variances in the
labor and non-labor group. Finally an independent samples t-test was used to test for a
significant difference in amplitude of the CV between both groups. The alpha was set to 0.05
for all statistical tests.
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Results

Twenty-two patients were included in the study, of which 7 were preterm. Nine patients
delivered within 24 hours and were classified as labor group. Table 1 shows the baseline
characteristics of the labor and non-labor group. An example of a downward propagating
wave of uterine activity during a contraction visualized by the adopted high-density grid of
64 electrodes, can be seen in Figure 3.

Table 1: patient characteristics

Labor Non labor

Number of patients 9 13

Gestational age (weeks+days)!

314+1-40+4 (37+2)

26+2 —41+3 (36+1)

Preterm 2 5
Nulliparous 4 8

Age' 17 - 36 (27.9) 16 - 36 (27.8)
BMI! 22-42(28.2) 24 - 34 (26.8)
Hours to delivery' 1-10 (6) 27 — 1488 (255)

1. Mean value in parentheses

Figure 3: Next to the HD electrode grid, the EHG signals of eight electrodes (one column)

are shown during a contraction. The five images at the bottom show an interpolated 2D
representation of a single EHG pulse propagating from top to bottom.
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In total, 64 contractions were analyzed. Figure 4 shows the boxplot of the mean CV for the
patients in the labor and the non-labor group; the median values of the CV of the groups as
a whole are indicated as a horizontal line. The Shapiro-Wilk test was insignificant, supporting
the nul hypothesis that the data is derived from a normally distributed population. Similarly
Levene's test showed an insignificant result, supporting equal variances in the labor and non-
labor group. The average amplitude of the CV vector was significantly higher for the labor
group, 8.65cm/s £1.90, compared to the non-labor group, 5.30cm/s +1.47 (p<0,07). The angle
of propagation showed a high variability among patients in both the labor as non-labor
group, even within the same contraction.
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Figure 1: on the left a boxplot showing the average amplitude of the CV vector for the labor and non-labor
group. The median value is displayed with a horizontal line. On the right a scatter plot showing the individual
average amplitudes of the CV vector for both groups. The horizontal lines represent the average value for
the labor and non-labor group.
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Discussion

This study investigates the feasibility of a new automated approach for the analysis of the
EHG CV for detecting imminent delivery. Our approach integrates validated EHG-based
methods for contraction detection and automated analysis of the CV in two dimensions using
a high density electrode grid [31]. The patients in this study presented with uterine
contractions and were classified as labor group or non-labor group based on delivery within
or after 24 hours, respectively. The results show a significantly higher amplitude of the CV
vector in the labor group.

The measurements were performed in a diverse group of patients featuring both term and
preterm patients admitted for varying reasons. The common denominator was that all
patients had palpable and measurable contractions. The emphasis was placed on
investigating the feasibility of automated CV analysis and open the way to future clinical
studies and applications based on this parameter as diagnostic tool for imminent (preterm)
birth. The assumption here is that comparable changes in conduction properties can be
observed in contractions leading to preterm and term delivery. In follow-up studies it will be
important to have a consistent group of patients presenting with premature contractions and
who are considered for treatment with tocolytics based on gestational age and clinical
parameters.

In this study additional data other than the EHG signal was used for detecting contractions,
namely, an external tocodynamometer and annotations of subjectively perceptible
contractions by the patient. This was chosen to achieve a more robust distinction between
uterine activity and measurement artifacts. In future work a fully automated selection of
contraction segments and analysis of CV should be pursued. However, while an automated
method ensures reproducibility and should therefore be preferred for everyday clinical use,
visual inspection might be required in a preliminary phase for discriminating uterine activity
from noise and excluding from the analysis artifacts and signals that do not propagate
linearly.

Noteworthy, identification of the EHG CV vector using the present methods implies the
assumption that the signal does propagate and that propagation is linear. While it is
reasonable to hypothesize that the linearity of the propagation could be a discriminative
parameter for predicting imminent delivery in itself, several aspects related to the evolution
from pregnancy to labor are not yet fully understood and need further dedicated research
[34]. Therefore, we excluded spikes propagating non linearly from the analysis as we expected
those cases to be outliers, i.e., to have a CV outside the physiological range reported by
previous literature [26, 35]. Only [15] reported values higher than 30 cm/s; these values cannot
be considered as a physiological reference due to the specific measurement setup, which
allows for information on only a projection of the CV vector [36].
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Finally, another novelty of this study is the use of a 64 channel high-density electrode grid
for recording the EHG. Due to the a priori unknown AP direction of propagation, the bi-
dimensional arrangement of the electrodes on the grid permits to estimate all the possible
CV directions along the abdominal plane parallel to the abdominal surface. Furthermore, due
to the grid dimensions, planar wave propagation could be assumed and the small inter
electrode distance enables following the same spike (action potential) from one electrode to
the other [29]. In the present study we intended to use the conduction velocity as an
independent predictor of imminent delivery reflecting the increased propagation of action
potentials between myometrial cells. Therefore we chose a high density grid with relatively
small dimension. However uterine activity throughout the whole uterus might provide
additional information on imminent delivery and for that purpose we would consider a larger
grid preferable. Ideally, a combination of local propagation and global synchronicity should
be pursued, and this will be possibly considered in our future studies. Moreover, in order to
improve user friendliness and simplify signal analysis, a reduced number of electrodes could
be used, and depending on the chosen electrode configuration, different hypothesis (e.g.,
point source) may be considered for propagation.

Conclusion

In agreement with previous studies, our results show that the CV vector amplitude is a
promising parameter for predicting imminent (preterm) delivery. Automated estimation of
this parameter from the EHG signal is feasible and should be regarded as an important
prerequisite for future clinical studies and applications in this context. Therefore, these results
open the way to future studies on the accuracy of EHG parameters, such as the CV, for timely
and accurate diagnosis of imminent preterm delivery.
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Abstract

Background: Traditional methods used for prediction of preterm delivery are subjective and
inaccurate. The Electrohysterogram (EHG) and in particular the estimation of the EHG
conduction velocity, is a relatively new promising method for detecting imminent preterm
delivery. To date the analysis of the conduction velocity has relied on visual inspection of the
signals. As a next step towards the introduction of EHG analysis as a clinical tool, we propose
an automated method for EHG conduction velocity estimation for both the speed and
direction of single spike propagation.

Methods / design: The study design will be an observational cohort study. 100 pregnant
women, gestational age between 23+5 and 34 weeks, admitted for threatening preterm labor
or preterm prelabor rupture of membranes, will be included. The length of the cervical canal
will be measured by transvaginal ultrasound. The EHG will be recorded using 4 electrodes in
a fixed configuration. Contractions will be detected by analysis of the EHG and using an
estimation of the intra uterine pressure. In the selected contractions, the delays between
channels will be estimated by cross-correlation, and subsequently, the average EHG
conduction velocity will be derived. Patients will be classified as labor group and non-labor
group based on the time between measurement and delivery. The average conduction
velocity and cervical length will be compared between the groups. The main study endpoints
will be sensitivity, specificity, and area under the ROC curve for delivery within 1,2,4,7, and 14
days from the measurement.

Discussion: In this study, the diagnostic accuracy of EHG conduction velocity analysis will be
evaluated for detecting preterm labor. Visual and automatic detection of contractions will be
compared. Planar wave propagation will be assumed for the calculation of the CV vector.
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1. Background

Traditional methods for detecting preterm labor

Preterm labor and subsequent preterm birth occur in about 10% of all pregnant patients in
developed countries and are the leading cause of neonatal mortality and morbidity [1-3].
Antenatal treatment with tocolytics and corticosteroids can be used to improve the neonatal
outcome of preterm birth [4]. However, traditional methods used for predicting preterm
delivery are subjective and cannot accurately predict when labor will occur. Intrauterine
pressure measurement is invasive and cannot be used for pregnancy monitoring. External
tocography, being noninvasive, is extensively used for pregnancy monitoring, but provides
only quantification of the number of contractions per time unit [5]. Transvaginal ultrasonic
cervical length (TVU CL) measurement is widely used in patients presenting with preterm
contractions, but it has only a moderate sensitivity and specificity, especially for intermediate
values for cervical length [6]. A relatively new biochemical marker, fetal fibronectin, is
currently being introduced for short term prediction of preterm delivery. Its strength lies in
ruling out imminent preterm delivery, but it cannot be used to predict when labor will occur
[7]. Cervical dilatation is a late sign of imminent delivery and the change of successfully
delaying delivery using tocolytics is inversely related to the cervical dilatation [8]. Overall more
than 50% of the patients admitted for threatening preterm labor, deliver at term [9-11].

The electrohysterogram and preterm labor

Labor and delivery are preceded by two physiological phenomena: increased excitability and
increased connectivity among the myometrial cells resulting in increased propagation of the
action potentials that underlie uterine contractions [12-14]. These changes are reflected in the
electrohysterogram (EHG), which is a noninvasive abdominal measurement of the uterine
electrical activity. As a relatively new diagnostic tool, the EHG has been shown to have
potential for monitoring contractions during labor [15-19], as well as detecting pathological
contractions leading to preterm delivery [5, 20-28]. Various ways of characterizing the EHG
have been proposed, including the spectral content using either the peak frequency [5, 22-
24] or median frequency [28, 29] of the power density spectrum, or the ratio between a high
and low frequency band [30]. Alternatively, the non-linear correlation among signals in
multichannel EHG recordings has been proposed to predict (preterm) delivery [31, 32]. The
propagation speed of the electrical activity, referred to as conduction velocity (CV), has been
quantified by analyzing either the propagation of whole bursts of uterine electrical activity
[33, 34], or single spikes within a burst [5, 21, 35, 36] Different physiological phenomena could
possibly underlie changes in these types of propagation [37, 38]. Recently, the estimated CV
based on single spike propagation, has been suggested to be a discriminative parameter of
imminent preterm delivery [5].

Towards automated analysis of the CV

To date, analysis of the CV in preterm patients has relied on visual selection of uterine
contractile bursts and spikes within these bursts. Despite the promising results that have been
presented using this approach, it would be desirable to rely on an automatic approach in
order to make the method reproducible and suitable for clinical use. However, automated
estimation of the CV entails a number of challenges, namely, automatic detection of uterine
contractile bursts, exclusion of signals that are not related to propagating action potentials,
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and finally calculation of the amplitude and direction of the CV vector. In previous work, we
showed automatic calculation of the CV vector within the selected contractile bursts to be
feasible [21]. As a next step towards fully automated analysis of the CV in the EHG, we propose
an automated method for selecting contractile bursts based on the estimated intrauterine
pressure (elUP) which is derived from the EHG signal [18, 21]. Since invasive methods are not
available in preterm patients, visual review of the signals will be adopted to refine the
automatic burst selection. Furthermore, in order to reduce the complexity and standardize
the measurement for use as a clinical tool, a patch with a fixed configuration of five electrodes
will be used. This configuration will allow estimating both the speed and direction of the CV
amplitude.

In this study protocol we propose an observational study evaluating EHG CV analysis as
clinical tool for diagnosing imminent preterm labor using an automated analysis.

2. Methods and design
Study population

The population will consist of patients admitted to the obstetrical ward of the Maxima Medical
Center Veldhoven and the Jeroen Bosch hospital for threatening preterm labor or preterm
prelabor rupture of membranes and who are eligible for treatment with tocolytics and
corticosteroids. The decision on treatment will be based on the standard diagnostic tests and
local protocol. Administration of tocolytics will be registered: type and dosage, time of
administration.

Ethics
The study has been approved by the research ethics committee of the Maxima Medical
Center and is registered under ISRCTNO7603227 in the current controlled trial register.

Inclusion criteria
*  Gestational age between 23+5 and 34+0 weeks.

e Clinically evaluated symptoms of preterm labor: at least 6 contractions in 60
minutes based on the external tocogram and/or maternal perception.
*  Both singleton and multiple gestations will be included.

Exclusion criteria
*  Patients in active labor: cervical dilatation >3cm

*  Signs of infection: baseline fetal heart rate >160 and/or maternal temperature
>38,0
»  Signs of fetal distress: the following cardiotocogram (CTG) characteristics [39]
o Baseline heart frequency <100 or >170
o  Reduced variability: <5bpm during >60min
o Complicated variable decelerations, duration >60sec
o  Repeated late uniform decelerations
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Inclusion and measurement

After written informed consent is acquired, patients will be enrolled in the study. In
accordance with local protocol, a CTG registration of at least 30 minutes will be performed
and maternal temperature will be measured for all patients. In case of intact membranes a
TVU CL measurement will be performed as standard diagnostic test. The length of the cervical
canal will be measured in a straight line, the shortest of three measurements will be recorded.
Simultaneous with the CTG, the EHG will be recorded using a patch containing 4 monopolar
electrodes in a diamond shaped pattern and a ground electrode (Nemo Healthcare B.V.). This
patch is placed on the middle of the abdomen, just below the umbilicus. A reference
electrode is placed on the left anterior superior iliac spine, see Figure 1. Minimal recording
length is 30 minutes. The signals will be amplified and stored on the Porti amplifier (Twente
Medical Systems International B.V.). The Porti amplifier will be used in a configuration that
does not provide any visible reading of the measurement and the data will be stored directly
on its flash memory. All diagnostic tests will be performed within 24 hours after admission.
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Figure 1: schematic drawing of the patch containing four electrodes in a diamond shaped
pattern plus a ground electrode. The patch is placed just underneath the umbilicus in the
midline of the maternal abdomen. A reference electrode is placed on the left anterior
superior iliac spine.

EHG signal analysis

All signal processing and analysis will be performed afterwards offline without knowledge of
the pregnancy outcome. Identifying the CV vector will consist of three steps: selection of the
contraction segments, estimating the time delays between the channels and calculating the
CV vector, see Figure 2. The automatic selection of contractions will be based on the estimate
of the internal uterine pressure (elUP) which is derived from the EHG signal [18]. The algorithm
used for the elUP, as well as the algorithm used for detection of onset and duration of
contractions, will be adapted to be suitable for the unpredictable nature of premature and
non-labor contractions. Prior to the CV analysis, visual review of the signals will be used to
optimize the automatic burst selection.
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Figure 2: the method for analyzing the EHG CV. The EHG is recorded using a fixed configuration of four electrodes
plus ground and reference electrodes. The elUP is derived from the EHG signal and is used for selecting contraction
segments. Finally, the delays are estimated in overlapping windows using cross-correlation.




In the signal segments selected as contractions, the CV will be determined in overlapping
windows. The length of these windows will be fixed to a value to allow single spikes to be
included. Cross-correlation will be used for estimation of the time delay between channels.
We will describe the EHG propagation by a CV vector. This CV vector has an amplitude and
an incidence angle with respect to the vertical axis. Based on statistical analysis, a threshold
value will be determined for the CV vector amplitude. Values above this threshold will be
considered to be artefacts and discarded.

Study parameters/endpoints

Patients will be classified as labor group and non-labor group based on the interval between
measurement and delivery. The cutoff points will be delivery within 1, 2, 7, and 14 days of the
measurement. As primary outcome the EHG parameters will be compared between these
groups in terms of amplitude and angle of the CV. In order to be independent of the number
of analyzed segments and contractions per patient, the average CV vector will be identified
for each analyzed contraction and subsequently the average CV vector for each patient will
be determined. As secondary analysis the TVU CL will be compared between the labor and
non-labor group. The sensitivity and specificity will be calculated for the EHG parameters and
TVU CL for predicting preterm delivery within 1, 2, 7, and 14 days. In order to be independent
on arbitrarily chosen cutoff points, the area under the curve of the receiver operating
characteristics will be determined.

Sample size

During the year 2010, a total of 150 patients were admitted to the obstetrical ward of the
Maxima Medical Center for threatening preterm labor which met the inclusion criteria.
Approximately 40% of these patients delivered within 7 days. A sample size can be calculated
based on an observed difference in test characteristics between the standard diagnostics and
the EHG analysis using a fixed allocation ratio of 40 — 60% for the positive and negative group
respectively. In the study by Lucovnik et al an area under the curve of the receiver operating
characteristics (ROC) of 0,96 was observed for the EHG analysis and 0,72 for the Bishop score
(the best performing test among the standard diagnostics) [5].

A sample of 7 from the positive group and 11 from the negative group achieve 82% power,
assuming an area under the ROC curve of 0,95 for EHG CV analysis and 0,70 for the standard
diagnostics and using a two-sided z-test at a significance level of 0.05. This means a minimal
number of 20 patients will need to be included. However, this observed difference is based
on a single study. In order to increase the likelihood of detecting a difference in case of a
lower observed difference or different allocation ratio, we propose to include a total of 100
patients.

Statistical analysis

Baseline characteristics will be determined for the labor and non-labor group. Differences will
be tested for statistical significance using a fisher exact test for dichotomized variables and a
non-paired t-test for continuous variables. We will evaluate the influence of significant
differences in background variables on the outcome using a multivariate logistical regression
model.
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The Shapiro-Wilk test will be applied to test for a normal distribution of the estimated values
of the CV vector amplitude. Levene's test will be applied to test for equal variances in the
labor and non-labor group. An independent samples t-test will be used to test for a
significant difference in amplitude of the CV between both groups. The alpha will be set to
0.05 for all statistical tests. Using contingency tables, the sensitivity and specificity of the EHG
and standard diagnostics will be determined.

Discussion

The study aims to evaluate CV analysis of the EHG as clinical tool for the diagnosis of
imminent preterm delivery. In an observational cohort study the EHG will be recorded in
patients admitted for threatened preterm labor. The CV will be estimated in the EHG using a
fully automated analysis. This automated approach entails a novel automatic selection of
contractions based on the elUP and automatic delay estimation. The diagnostic accuracy will
be expressed in terms of sensitivity, specificity and area under the ROC curve for delivery
within 1,2,7, and 14 days from the measurement.

Similar to [5], part of the patients will already be treated with tocolytics at the time of the
measurement. This could influence the amount of contractions and possibly the CV as well.
Using logistic regression, the administration of tocolytics will be tested as possible
confounding factor. The EHG CV analysis will be evaluated as diagnostic tool for predicting
imminent spontaneous preterm delivery. Although it is not a common scenario in patients
admitted for threatened preterm labor, patients within the labor group in which labor is
induced will not be included in the final analysis.

Perhaps the biggest challenge and also an essential step in accurate estimation of the CV is
recognizing contractions amongst noise and artifacts in the EHG. Different from term patients
in labor, preterm patients admitted for threatened preterm labor have mostly an irregular
pattern of uterine contractions of a varying frequency as well as duration. Therefore, the
detection algorithm cannot assume a regular pattern and fixed duration. Furthermore an
external tocodynamometer can fail to show contractions in some patients [40, 41]. Therefore,
for use as independent clinical tool, the EHG CV analysis cannot rely on the external
tocodynamometer as reference. Hence the analysis will be mainly based on the electrical
signal recorded on the skin.

Our methods will entail filtering in a narrow frequency band (0,3 — 0,8 Hz) in order to suppress
signals other than uterine activity, including (abdominal) striated muscle activity and the
maternal electrocardiogram. The elUP will be used in order to distinguish uterine activity from
the background noise. Visual review of the data is envisaged to evaluate the performance of
the automatic algorithm.

Unlike in our previous work, the time delays between channels will be estimated using cross-
correlation. The maximum likelihood method previously proposed, will not be used for this
study since it is more suitable when more electrodes are used. Furthermore, given the need
for a short time window, no frequency based method can be applied on account of loss of
resolution. In addition, it would also increase the complexity and therefore computing time
of the algorithm, impeding the use as clinical tool. Using cross-correlation, the resolution in
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time is dictated by the sampling frequency of the recording and therefore we will use a
relatively high sampling frequency of 1000Hz.

The four electrodes of the patch enable the CV vector to be estimated in all the possible
directions along the abdominal plane. By using different triangles of electrodes depending
on the direction of propagation, the problem of action potentials originating from within the
electrodes is mostly solved. Since the dimensions of the electrodes patch are relatively small
compared to the whole uterine surface, planar wave propagation will be assumed for the
calculation of the CV vector. To explore uterine propagation patterns in detail, an electrode
grid containing more electrodes and of a relatively big size would be needed. However this
falls beyond the scope of this project, which has the objective to test a clinical application for
distinguishing low from high CVs in order to timely recognize imminent preterm labor.

To summarize, in this study the diagnostic accuracy of EHG CV analysis will be evaluated for
detecting preterm labor. By employing a fully automated analysis of the EHG without the use
of external reference signals, this project aims to make the next step towards introducing the
EHG CV analysis as clinical tool.
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Abstract

Background: Various parameters of the electrohysterogram have been explored for
predicting imminent preterm delivery. Estimation of the velocity of electrical propagation, the
conduction velocity, has shown promising results.

Objective: Validation of conduction velocity for detecting preterm labor based on automated
estimation of the conduction velocity in 4 channel recordings.

Study design: Patients admitted for threatening preterm labor or preterm prelabor rupture of
membranes, gestational age between 23+5 and 34+0 weeks, were included in this study. The
electrohysterogram was recorded with a patch using 4 monopolar channels in a fixed pattern.
All recordings were independently reviewed and manually segmented by two experts in
contractions and noise, using a predefined set of visual criteria. The algorithm for conduction
velocity estimation included cross correlation for obtaining the delays among channels. A
plane wave propagation front was assumed.

Results: 81 patients were included for the analysis, 16 patients delivered within 7 days and
were allocated to the labor group. The mean conduction velocity was 10.22 cm/s in the non-
labor group and 12.21 cm/s in the labor group (p=0.27). Propagation was predominantly
vertical for both the labor and non-labor group. The observed differences found in
conduction velocity amplitude and angle were not significant.

Conclusion: The results could not confirm conduction velocity analysis as diagnostic tool for
imminent preterm delivery. As future perspective, a smaller inter-electrode distance or more
complex propagation models could be considered.
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Introduction

Prevention and management of preterm labor is one of the main challenges is obstetrics,
with an estimated 1 million neonatal deaths each year related to preterm delivery [1, 2].
Premature contractions are among the most common reasons for admission to an obstetrical
ward early in pregnancy [3, 4]. Identifying those women who will actually deliver preterm,
however, is challenging and traditional methods used for detecting preterm labor are
inaccurate and cannot predict the time to delivery. This is reflected in the fact that overall
more than 50% of the patients admitted for imminent preterm labor ultimately deliver at
term [3-7]. More accurate methods of predicting preterm delivery are needed to reduce
overtreatment with tocolytics and corticosteroids [8-14], as well as to initiate treatment before
the changes in uterine contractility are irreversible and treatment becomes ineffective [15].

The physical result of preterm contractions (cervical effacement, dilatation) is preceded by
evolution of the electrical activity underlying the preterm contractions [16, 17]; the increasing
excitability and connectivity among the myometrial cells lead to increased propagation of the
action potentials through the myometrium, both in distance as well as velocity [17-19]. These
changes are reflected in the electrohysterogram (EHG), which is the noninvasive abdominal
measurement of the uterine electrical activity. EHG based contraction monitoring is finding
its way into clinical practice for term labor [20-22], and has also shown great potential for
detecting imminent preterm delivery [16, 23-31]. Considerable effort has been invested in
characterizing the EHG of contractions leading to preterm delivery. Various parameters of
the EHG have been considered, including signal amplitude [16, 29-31], spectral parameters
[16, 26-28, 32-39] and more recently non-linear parameters in multichannel EHG recordings
have been proposed [40, 41]. These parameters have been shown to be moderately predictive
of imminent delivery; however, alone they do not suffice to accurately and timely distinguish
physiological contractions from imminent preterm delivery.

Estimation of the conduction velocity of propagating electrical activity by multichannel EHG
recordings has recently been considered for preterm labor detection [24, 42-44]; however,
accurate estimation of the conduction velocity in the EHG is technically challenging and a
variety of approaches have been adopted, ranging from a two channel setup [24] to 64
channels [42, 43], and from analyzing single spike propagation [24, 42, 43, 45] to propagation
of whole bursts [46, 47]. This has resulted in a wide range of values found for the conduction
velocity [24, 45-47]. Very promising results were found in a relatively large clinical study using
only two channels [24]. The resulting reduced complexity of the measurement and related
computations fulfills the needs for clinical use of conduction velocity estimation for preterm
labor detection.

In this study, the use of 4 monopolar channels rather than 2 bipolar pairs allows reproducing
the method in [24] and it enables a more accurate 2-dimensional estimation of the
conduction velocity vector in two dimensions [48]. Moreover, the EHG was analyzed by visual
review of the recorded signals, limiting repeatability of the study. For clinical applications, the
use of validated automated methods is a prerequisite. This comprises both an algorithm for
selection of contractile bursts in the EHG and automated estimation of the conduction
velocity. Nevertheless, manual annotation of contractile bursts is still required as a reference
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method since the relationship between EHG contractile bursts and mechanical output
measured by an external tocodynamometer or an internal uterine pressure catheter (IUPC) is
certain in one direction only: contractions established in the tocogram are always
accompanied by a contractile burst in the EHG, but not vice versa [49, 50].

The primary goal of this study was to validate conduction velocity analysis for detecting
imminent preterm labor based on automated estimation of the conduction velocity vector in
4 channel recordings. As a first step, manual annotation of contractile bursts was used as
reference.

Materials and Methods
Study protocol

The study protocol has been previously described in full detail [51]. An observational cohort
study was performed at the Maxima Medical Center Veldhoven and the Jeroen Bosch
Hospital, the Netherlands. Approval from the local medical ethical board was obtained and
all the included women provided written informed consent for study participation. Patients
were enrolled that were admitted to the obstetrical ward for threatening preterm labor or
preterm prelabor rupture of membranes (PPROM) and who were eligible for treatment with
tocolytics and corticosteroids: gestational age between 23+5 and 34+0 weeks and clinically
evaluated symptoms of preterm labor: at least 6 contractions in 60 minutes based on the
external tocogram and/or maternal perception. Decision on treatment was based on a local
protocol. Both singleton and multiple gestations were included. Patients in active labor, or
with signs of intra uterine infection or fetal distress, were excluded.

In case of intact membranes, the cervical length was measured by ultrasound as the standard
diagnostic test. The EHG recordings from all enrolled patients were obtained using a fixed
patch containing 4 electrodes in a diamond shaped pattern plus a ground electrode (Nemo
Healthcare B.V.), having an center-to-center interelectrode distance ranging from 4.5 cm to
7.5 cm. The patch was positioned in the midline of the abdomen, just below the umbilicus. A
reference electrode was placed on the left anterior superior iliac spine. Following the results
of previous work [52], an 3D accelerometer was added to the study protocol in the course of
the study. Minimal recording length was 30 minutes. All signals were stored on the Porti
amplifier (Twente Medical Systems International B.V) without providing any visible reading of
the measurement. All diagnostic tests were performed within 24 hours after admission.

Contraction selection

Based on a two-step procedure, a protocol was developed for manual contraction selection.
In the first step, the signal-to-noise ratio was optimized by optimizing the signal processing
settings for the EHG using a high quality external tocogram signal as reference. All
combinations of band-pass filters with different bandwidth, electrode configurations, and
algorithms for removal of the maternal ECG were tested for the best fit between the power
of the EHG signal and the simultaneously recorded tocogram. Removal of the maternal ECG
was realized by an linear prediction algorithm [53], which allowed the use of a wider
frequency band. Although the majority of the energy of the EHG is situated beneath 1Hz, a
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wider frequency band retains better visibility of the EHG signal in the presence of low-
frequency noise. The optimal fit was found for the frequency range of 0,3 - 5 Hz after removal
of the maternal ECG and using a bipolar electrode configuration of two vertical and two
horizontal pairs. Secondly, a set of visual criteria for selection of contractions and artefacts
were formulated based on recordings of term and preterm contractions as well as self-
induced artefacts; contractions were defined as a rise in the estimated intra uterine pressure
[54] (elUP) above twice the baseline at a minimum duration of 20 seconds, without visible
movement in the accelerometer or high-frequency content in the EHG signal. These criteria
served as a guideline for manual contraction selection by the observers.

All recordings were independently reviewed and manually segmented by two experts without
knowledge of the pregnancy outcome. Low concordance between observers necessitated a
consensus meeting for 39 cases, in order to reduce dissimilarity in segmentation. Segments
selected by the two observers were used for the analysis.

Signal analysis

To exclude interference from breathing and the maternal heart rate, the EHG signal was
band-pass filtered in the range of 0.35 - 0.8 Hz. Since the overall pattern of propagation is
unpredictable, it is important to detect the propagation vector over a two dimensional surface
without prior assumptions on the direction of propagation. Moreover, analysis of
propagation direction requires the phase of the propagating EHG signal to be unaffected.
Since the direction of propagation is a priori unknown, this requires the use of a monopolar
electrode configuration. To this end, 4 monopolar signals were derived by subtracting the
external reference channel. The time difference between every electrode pair was determined
by maximizing the normalized cross-correlation between the two corresponding signals. By
using interpolation, discrete time offsets were mitigated, therefore increasing the temporal
resolution. The cross correlation was calculated on running time window. A window size of 3
seconds was chosen to cover one wavelength at the lowest frequency in the passband: 0.35
Hz [25]. The range of offsets was chosen based on the distance between the electrode pair
and on the assumption of a minimum velocity of 3 cm/s. Also due to the periodicity of the
signal, incorrect cross correlation peaks can be identified in the presence of noise. Therefore,
weighting was applied to the cross correlation favoring the peak closest to an offset of zero.

An apparent-velocity vector was calculated for each pair of electrodes from their time
difference and positions. This vector is a projection of the actual conduction velocity on the
line connecting the respective electrode pair. The accuracy decreases as the projection
approaches a perpendicular angle. Therefore, the delays were limited to a range
corresponding to a velocity between 3 cm/s and 30 cm/s for propagation within an arc of
120° around the direction of all possible electrode pairs. The resulting 6 vectors provide
redundant information for the calculation of the conduction velocity; this is used to improve
the accuracy in the presence of noise.
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For calculation of the conduction velocity, planar wave front propagation was assumed. Based
on this assumption, a propagation front was fitted through the individual vectors estimated
from the estimated apparent velocities, as shown in Figure 1. The fitting error of the individual
vectors to the optimal wave front was used as a measure of the error in the conduction
velocity estimation. Individual vectors were considered as outliers if the error exceeded 2
standard deviations and therefore discarded. The average fitting error is equivalent to the
variance in the observed velocity due to the presence of noise affecting the result of the delay
estimation by cross correlation. High variance in the observed velocity is more likely caused
by noise rather than a propagating wave front. Fits based on less than 3 vectors were
discarded as well. As an additional analysis, a bimodal curve fit was applied to the observed
distribution of conduction velocity values in order to improve the robustness to noise.
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Figure 1: summary of the method for estimation of the conduction velocity. Firstly, uterine contractile bursts were selected in
the EHG signal by two observers. Secondly, the delays among the 4 EHG channels were estimated by cross-correlation.
Finally, a planar wavefront was fitted to the individual vectors of all possible electrode pairs.




Statistical analysis

Differences in baseline characteristics between the labor and non-labor group were tested
for statistical significance using a fisher exact test for dichotomized variables and an
independent samples t-test for continuous variables. Levene's test was applied to test for
equal variances in the labor and non-labor group. An independent samples t-test was used
to test for a significant difference in amplitude of the conduction velocity between both
groups, using an alpha of 0.05 for all statistical tests. The area under the curve (AUC) of the
receiver operating characteristics (ROC) of the EHG and standard diagnostics were
determined.

Results

120 patients met the inclusion criteria of which 39 patients were excluded because of technical
failure (27 cases of cable faults in at least 1 channel and 12 corrupt files). As a result, 81 patients
were included for the analysis, of which 9 patients were admitted for PPROM. In total, 16
patients delivered within 7 days and were allocated to the labor group. The patients
characteristics are outlined in Table 1.

Table 1: patient characteristics

Non-Labor Labor (<7days) p
(>=7days)
N 65 (80%) 16 (20%)
PPROM 3 6 <0,0011
Gestational age 208 (169 - 280) | 208 (176 - 237) 0.962
Parity 0.67 (0-3) 05(0-2) 0.452
Fetal cephalic presentation 82% 78% 0.801
Previous preterm delivery 15% 19% 0.741
BMI 242 (1648 - | 24.7 (18.0-32.7) 0.712
39.8)
Caucasian 86% 93% 0.451
Tocolytics 57% 87% 0.0231
Contractions (EHG) 15 (1- 85) 17 (3 -122) 0.662
Interval to delivery 48 (7,5 - 102) 2 (0.05 - 4,5) <0.0012
Vaginal delivery 84% 87% 0.781

1 = Pearson chi square
2 = t-test for independent samples
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In total, 1259 contraction segments were analyzed, on average 15 in the non-labor group and
17 in the labor group. The mean overlap between observers in contraction segmentation was
59%. The mean cervical length was 26 mm in the non-labor group compared to 8 mm in the
labor group (p=0,001). As shown in Table 2 and Figure 2, the mean conduction velocity was
10.22 ¢cm/s in the non-labor group and 12.21 cm/s in the labor group (p=0.27). Levene's test
showed a significant outcome and therefore equal variance could not be assumed in both
groups. The observed difference in mean conduction velocity was not significant (p=0.27),
also after exclusion of the erroneous low conduction-velocity values caused by noise, 16.14
cm/s vs. 18.97 cm/s (p=0.12). The AUC of the ROC curve was 0.86 for cervical length
measurement by vaginal ultrasound, compared to 0.58 for the conduction velocity. When a
smaller measurement-to-delivery interval of 2 days was considered, the observed mean
conduction velocity was 10.25 cm/s for the non-labor group and 13.93 cm/s for the labor
group (p=0.27). Figure 3 shows a scatter plot of the conduction velocity as function of the
time-to-delivery interval. Table 2 shows all results for the conduction velocity.
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Figure 2: boxplot of the conduction velocity in the labor group (delivery <7days) and
non-labor group (delivery >7 days). The boxes represent the 1st to 3rd quartile of the
data, while the line marks the median value. Outliers are shown as dots and asterix. The
mean conduction velocity (not shown) was 12.21 cm/s in the labor group and 10.22 cm/s
in the non-labor group (p=0.27).

The distribution of conduction velocity angles was predominantly vertical for both the labor
and non-labor group, 61.4% compared to 62.5% (p=0.70). Upward propagation was slightly
more common in the non-labor group, while downward propagation was more frequent in
the labor group. All observed differences were not significant. See table 3 for all results on
conduction velocity angles.
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Figure 3: the conduction velocity as function of the measurement-to-delivery interval.
The x-axis shows the time between the measurement and delivery, while the y-axis
shows the mean conduction velocity per patient. The women delivering within 7 days
were allocated to the labor group and are shown in red. The observed conduction
velocities show a similar distribution for the labor and non-labor group.

Table 2: results on conduction velocity

Non-labor (>=7days) Labor (<7days) P AUC ROC
Cervical length 26 (0 - 54) 8(0-33) 0.001 | 0.86
Mean conduction velocity 10.22 cm/s 12.21cm/s 0.27 0.58
Mean conduction velocity high | 16.14 cm/s 18.97 cm/s 0.12 0.62
Vertical propagation 62.5% 61.4% 0.70 na

Non-labor (>=2days) Labor (<2days) P AUC ROC
Cervical length 24.8 (0 - 54) 5(0-24) 0.01 0.88
Mean conduction velocity 10.25 cm/s 13.93 cm/s 0.27 0.62
Mean conduction velocity high | 16.31cm/s 20.28 cm/s 0.24 0.62
Vertical propagation 62.3% 62.9% 0.88 na
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Table 3: results on conduction velocity angle

Propagation direction Non-labor (>=7days) Labor (<7days) p

Upward 33.1% 27.4% 0.46
Downward 29.5% 34.0% 0.22
Left 18.4% 211% 0.47
Right 19.0% 17.7% 0.74
Propagation direction Non-labor (>=2days) Labor (<2days) P

Upward 32.4% 28.4% 0.45
Downward 30.0% 34.5% 0.35
Left 18.8% 19.6% 0.87
Right 18.8% 17.8% 0.83
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Comment

In this study, the conduction velocity analysis in the EHG was evaluated for the diagnosis of
imminent preterm labor. In pregnant women admitted for threatened preterm labor, the EHG
was recorded using 4 monopolar electrodes. Within the manually annotated contraction
segments, the conduction velocity was estimated in a sliding window using a cross-
correlation method. The mean conduction velocity amplitude and angle were compared
between the labor and non-labor group, defined as delivery within or after 7 days
respectively. The mean conduction velocity was 10.22 cm/s in the non-labor group and 12.21
c¢m/s in the labor group (p=0.27). Propagation was predominantly vertical for both the labor
and non-labor group. The differences observed in conduction velocity amplitude and
direction were not significant.

The current method proved susceptible to noise. Considerable effort was made to reduce the
influence of signals other than the EHG. To this end, the signal was bandpass filtered and the
maternal ECG was removed. Time differences were limited to a range corresponding to a
velocity between 3 ¢cm/s and 30 cm/s for propagation within an arc of 120° around the
direction of each electrode pair. Furthermore, the agreement between the velocity vectors
from all possible electrode pairs with respect to the optimal (planar) wave front, expressed as
the mean fitting error, was used to reject erroneous values. However, in simulated EHG signals
the presence of uncorrelated noise clearly resulted in an underestimation of the conduction
velocity amplitude. This was further evidenced by a bimodal distribution of the observed
conduction velocity amplitudes. On the contrary, the presence of common noise among the
channels results in an overestimation of the conduction velocity amplitude. The net influence
of these opposing effects possibly varied from patient to patient and might have reduced the
observed difference in conduction velocity.

Although the conduction velocity vector was estimated by an automated algorithm,
segmentation of contraction segments still required manual annotation. This is also one of
the most challenging steps in preterm EHG analysis as conventional methods cannot be used
as golden standard. Contractile bursts visible in the EHG have been shown to be more
frequent than concomitant mechanical output as measured by an external tocodynamometer
or IUPC just prior to labor [49, 50]. A possible explanation is that depolarization can be local
and therefore does not lead to measurable contractions. The actual golden standard, invasive
measurement of the EHG, was deemed unethical. Moreover, preterm contractions lack the
periodicity of term contractions and generally have a smaller amplitude [16, 55].
Differentiating EHG from background noise requires high quality recordings. The difficulty in
the annotation of contraction segments was further evidenced by the low concordance
between the two observers.

The outcome of this study disagrees with some published results [24]. Both this study and
the study performed by Lucovnik et al were of comparable size and both were performed in
an obstetric high care unit in a mixed population of patients with and without tocolytics. A
similar four electrode setup was employed. Noteworthy was the use of two bipolar pairs by
Lucovnik et al, allowing for estimation of the conduction velocity (its projection) in one
direction only. It is conceivable that the observed increase in conduction velocity amplitude
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by Lucovnik et al might have been related to a change in propagation direction resulting in
an apparent rise in conduction velocity amplitude [48]. However, the results of our study
show a predominance of vertical propagation in both the labor and non-labor group, and no
significant shift in propagation angle was observed. We have followed the method of
Lucovnik et al [24] as closely as possible while we have also elaborated the method aiming
for future clinical application. Nevertheless, using this approach, we could not confirm
conduction velocity analysis as diagnostic tool for imminent preterm delivery.

In the present study, the aim was to detect a rise in conduction velocity as a predictor of
imminent preterm delivery, rather than producing the most accurate estimation of the
conduction velocity amplitude. In order to be suitable for clinical use, the number of
electrodes was reduced. The inter-electrode distance was chosen to be comparable with the
configuration used by Lucovnik et al [24]. Although the propagation distance of single spikes
is not precisely known for the human myometrium, both a reduced propagation distance [17]
and incoherent electrical activity during non-labor contractions have been reported [49, 50].
The present method implies the assumption of a linear propagation with a planar wave front.
When the inter-electrode distance exceeds the propagation distance, non-propagating
signals might be incorrectly be identified as propagating signals, confounding the result. A
smaller inter-electrode distance might be required in order to meet the criterion of linear
propagation in the case of preterm propagation. Moreover, a smaller electrode grid may
result in a more reliable planar wave-front approximation. Alternatively, nonlinear measures
should also be considered to interpret the connectivity between EHG signals measured at
different locations.

In conclusion, no significant change in conduction velocity amplitude or angle was observed
approaching preterm delivery. These results cannot validate the estimation of the conduction
velocity for prediction of preterm delivery using a reduced number of electrodes. In future
studies, a smaller inter-electrode distance and electrode grid, or alternatively nonlinear
analysis, should be considered for more accurate estimation of preterm propagation.
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Abstract

Objective: Preterm birth is a large-scale clinical problem involving over 10% infants. Diagnostic
means for timely risk assessment are lacking and the underlying physiological mechanisms
unclear. To improve the evaluation of pregnancy before term, we introduce dedicated
entropy measures derived from a single-channel electrohysterogram (EHG).

Methods: The estimation of Approximate Entropy (ApEn) and Sample Entropy (SampEn) is
adjusted to monitor variations in the regularity of single-channel EHG recordings, reflecting
myoelectrical changes due to pregnancy progression. In particular, modifications in the
tolerance metrics are introduced for improving robustness to EHG amplitude fluctuations. An
extensive database of 58 EHG recordings with 4 monopolar channels in women presenting
with preterm contractions was manually annotated and used for validation. The methods
were tested for their ability to recognize the onset of labor and the risk of preterm birth.
Comparison with the best single-channel methods according to the literature was performed.

Results: The reference methods were outperformed. SampEn and ApEn produced the best
prediction of delivery, although only one channel showed a significant difference (p < 0.04)
between labor and non labor. The modified ApEn produced the best prediction of preterm
delivery, showing statistical significance (p < 0.02) in 3 channels. These results were also
confirmed by the area under the receiver operating characteristic curve and 5-fold cross-
validation. Conclusion: The use of dedicated entropy estimators improves the diagnostic
value of EHG analysis earlier in pregnancy.

Significance: Our results suggest that changes in the EHG might manifest early in pregnancy,
providing relevant prognostic opportunities for pregnancy monitoring by a practical single-
channel solution.
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Introduction

Birth occurring before completing the 37th week of gestation (preterm), accounts for 75% of
perinatal mortality and more than half of birth-related long-term morbidity [1]. With the
exception of births induced for medical reasons before the 37th week, preterm birth is
spontaneous and the most common precursor is uterine activity in the form of painful
contractions. Timely administration of tocolytics can be used to delay preterm birth, often in
combination with corticosteroids in order to improve the respiratory function after birth [2].

Unfortunately, timely intervention is hindered by the lack of diagnostic tools. In fact, there is
no method able to discriminate, at the onset of the first symptoms, between contractions
that represent a real threat of imminent preterm birth and physiological uterine activity
triggered e.g. by environmental causes. Accurate distinction between these two types of
uterine activity is crucial because, while threatening contractions need to be promptly
suppressed by medical intervention, rest is often sufficient to sedate physiological, harmless
uterine activity [3]. Eventually, about half of the women hospitalized due to premature
contractions deliver at term, even without treatment [4]; this evidences the limits of the
available diagnostic tools, often causing overdiagnosis and overtreatment.

Only few options are nowadays available for characterizing the uterine activity. Among these
options, intrauterine pressure measurement is the most reliable; however, due to the need
for catheterization, it cannot be used for pregnancy monitoring before labor [5]. External
tocography, being non-invasive, is extensively used, but it provides only quantification of
contraction frequency and duration. Furthermore, tocography has been demonstrated not to
be able to predict delivery. Even cervical changes may not be an accurate indicator of labor
alone, as a large percentage of women with established cervical changes do not deliver
preterm, even without treatment [4].

Impending preterm delivery is likely associated with a change in uterine cell excitability,
favoring conduction of electrical activity across the uterine muscles, the myometrium.
Analysis of the electrohysterogram (EHG), which is the non- invasive measurement of the
uterine electrical activity, has therefore been investigated as a potential method for
pregnancy monitoring and early diagnosis of preterm birth [6-22].

Previous research on EHG-signal analysis has mainly addressed the diagnosis of preterm
birth, with focus on either one of two distinct objectives. The first objective is to predict the
delivery time irrespective of its occurrence before (preterm) or after (at term) the 37th week
of gestation (prediction of delivery). This translates into the recognition of contractions
related to imminent delivery [18], e.g., by evaluating the correlation between the evaluated
features and the measurement- to-delivery interval. The second objective focuses on early
differentiation between those pregnancies that will eventually reach the 37th week of
gestation and those that will end with a preterm delivery, irrespective of the measurement-
to-delivery time interval (diagnosis of preterm birth).

While the first objective allows inclusion of measurements at any gestational age, the latter
necessarily requires the availability of EHG measurements early in pregnancy, i.e., from
patients with preterm contractions. The challenge here is that not only are these patients
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more difficult to recruit, but preterm measurements are also difficult to annotate and process,
due to the poor signal-to-noise ratio (SNR) and the lack of a golden standard for contraction
assessment. Furthermore, extending the results obtained in term patients for the prediction
of the delivery time to the diagnosis of preterm birth underlies the hypothesis that the
pathogenesis of preterm delivery coincides with an earlier evolution of the physiological
process leading to a delivery at term. Despite its viability, this hypothesis has not been proven
yet.

Motivated by the lack of insight into the physiology underlying the onset of labor and the
exact mechanism underpinning spontaneous preterm birth, a number of different features
extracted from the EHG have been proposed for (preterm) delivery prediction, both on
single- and multi-channel signals. Promising single-channel features are related to the
frequency content of the EHG signal. In particular, an increase in the peak frequency extracted
from the signal power spectral density (PSD) seems to be an indicator of approaching labor
both at term and preterm, when measured within 1-7 days to delivery [8], [10], [23-29]. A
significant distinction between term and preterm EHG measurements has been shown in [10]
by estimation of the median frequency.

Studies on parameters related to EHG signal amplitude and energy show more controversial
results [10], [17], [28], [30]. A number of studies report an increase in the power spectrum
amplitude just prior to delivery both by analyzing the whole signal as well as each individual
burst separately, and a significant difference in root mean squares between recordings
performed before and after the 26th week of gestation [10], [24]. However, a number of
studies failed to show a significant correlation of amplitude-related parameters with
gestational age or with the measurement-to-delivery time [18], [28], [30]. The use of nonlinear
features such as entropy, time reversibility, and maximal Lyapunov exponent [10], [16], has
also been tested for prediction of labor. Among the methods evaluated for the estimation of
EHG nonlinear features, the use of time reversibility accurately separated pregnancy and
labor contractions on a dataset of 12 women, processing manually selected contraction
segments [17]. Time reversibility can therefore be considered as a potential method for the
prediction of delivery [17].

The initiation of labor is likely related to altered levels of myometrial cell connectivity that
induce changes in the regularity of the measured EHG signal [31]. In line with this hypothesis,
Sample Entropy (SampEn) measured early in pregnancy provided the best separation
between term and preterm delivery in a large cohort of preterm women when compared to
a number of other linear and nonlinear features [10]. Noteworthy, these results have been
obtained by analyzing the whole EHG recording without distinction between contractile and
quiescent segments. While very advantageous for the clinical implementation of the method,
this approach does not discriminate between the contribution of quiescent and contractile
signal segments to the final results.

More recently, estimation of the EHG conduction velocity has been proposed to predict
(preterm) delivery [14], [32]. Physiologically, this approach hypothesizes a relation between
the increased amount of gap-junctions observed with approaching delivery and changes in
the conduction properties of the myometrial cells, which can be reflected in variations of the
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EHG conduction velocity [14], [31], [33], [34]. To this end, multichannel EHG recordings have
been used and a number of algorithms proposed for the analysis. Promising results have
been shown by visual analysis and selection of EHG signal collected in a large population with
preterm contractions [18]

Beyond the approximation of the EHG as resulting from propagating plane waves, additional
connectivity measures, such as nonlinear correlation, have been tested and evaluated for
their ability to reflect the underlying uterine activity [16]. The use of graph theory is also being
investigated as method to assess connectivity (spatial dependency) and detect labor [35].

In this paper, we propose new dedicated methods for preterm birth diagnosis from single-
channel EHG signals that are based on entropy features. The use of a single channel facilitates
the clinical uptake of the methods, requiring the application of two or three (reference plus
ground) electrodes only. With the aim of detecting variations in signal regularity, the
proposed methods are based on a modification of the traditional calculation of Approximate
Entropy (ApEn) and Sample Entropy (SampEn).

ApEn [36] and SampEn [37] are signal features derived from information theory. They reflect
the regularity of a time series and, therefore, have been extensively used for analysis and
characterization of physiological signals. The available methods for entropy estimation are
more accurate for time series with moderate fluctuations of their mean and standard
deviation [36], [38]. Due to the occurrence of uterine action potentials in bursts and to the
progressive recruitment often observed at the beginning and at the end of each burst [39],
the EHG signal typically shows large amplitude fluctuations that may weaken the hypothesis
of stationarity. This may explain the poor results reported for the use of ApEn in order to
estimate labor in a small cohort of 7 patients [17].

Here we revisited and adjusted the derivation of ApEn and SampEn in order to propose
dedicated methods for EHG signal analysis that aim at suppressing the influence of amplitude
fluctuations on the estimation of the signal entropy. A dataset containing EHG measurements
on 81 patients with preterm contractions was available for validation. These patients were
recruited at the Maxima Medical Center (MMC) in Veldhoven (the Netherlands) and included
in a clinical study referred to as PoPE [40]. Based on this dataset, the proposed methods were
evaluated on both the possible objectives: 1) the ability of classifying each patient as in labor
or not and 2) the accuracy in the diagnosis of preterm birth. Only contraction periods were
considered for the analysis. For comparison, previously proposed statistical methods based
on single channel EHG analysis were also tested on our dataset. In particular, we selected
those two methods that have shown, according to the literature, the best classification
performance in each of the two classification objectives; these are Time Reversibility and
SampEn, respectively.
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Materials and methods

Data acquisition

Data were collected at the MMC within the PoPE study, approved by the ethical medical
committee of the hospital. After signing an informed consent, 120 women admitted to the
hospital for preterm contractions underwent multichannel EHG recording. An electrode patch
containing five sensors (Nemo Healthcare, Veldhoven, the Netherlands), including a ground
electrode, was placed in the middle line of the abdomen [41], as shown Fig. 1. An additional
reference electrode was placed on the right hip to obtain monopolar derivations. A
multichannel Porti system (Twente Medical Systems Inter national, Enschede, the
Netherlands) was used to amplify and digitize the data at a sampling frequency of 500 Hz.
Out of the 120 included women, 39 were originally excluded from the PoPE study because of
technical failure with the acquisition. The duration of the remaining recordings ranged from
20 minutes to 60 minutes. Of the included 81 patients, 18 had a synchronized registration
with a tocodynamometer.

Reference

Ground

Fig. 1. Electrode patch: electrode numbering and positioning on the abdomen.
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Fig. 2. EHG signal reflecting two contractions (red segments according to the experts’
annotations) before (upper plot) and after (lower plot) bandpass filtering between 0.3
and 0.8 Hz. A clear improvement in the SNR with enhancement of the contraction
segments can be noticed. For visualization purposes, the upper signal is detrended by
highpass filtering at 0.1 Hz.

Two independent clinical experts annotated manually the contraction periods on the full
dataset after training on six patients with synchronized tocodynamometer measurement. The
contraction periods were identified as bursts of uterine electrical spikes with the additional
support of the contraction estimates by the method described in [11] and [20]. In order to
reinforce our choice to limit the analysis to contractile activity, only contraction segments
recognized by all experts, and confirmed by the automatic selection method, were retained
for further analysis. Of the remaining dataset, to ensure sufficient data for the following
analysis, only recordings with at least 5 min of annotated contraction time were considered,
resulting in a final validation dataset comprising the recordings of 58 patients.
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Pre-processing

For each recording, the contraction segments were concatenated to form a new sequence.
Similar to previous studies [14] [20] [25], the recorded signals were bandpass filtered within
the frequency range from 0.3 to 0.8 Hz in order to suppress the main noise components due
to respiration, motion artifacts, and maternal ECG. After filtering, downsampling to 20 Hz was
applied.

The literature on the choice of unipolar or bipolar derivations for EHG signal analysis is rather
controversial. Although bipolar derivations offer a better SNR due to the suppression of
common mode components, unipolar derivations should be preferred when the spatial
properties of the signal in terms of origin and direction of propagation are a priory unknown
and may impact bipolarization in an unpredictable way [39]. Therefore, we performed our
analysis independently on the 4 unipolar signals of the electrode patch.

Entropy features

Approximate Entropy

ApEn, originally formalized in [36], is a family of statistics that provides a measure of
regularity, closely related to the Kolmogorov entropy; it can be applied to typically short and
noisy clinical data [36] [43] [44]. When this statistic is used to compare time series for similar
epochs, more frequent and more similar epochs lead to lower values of ApEn [37]. Therefore,
we consider ApEn to be particularly suitable for revealing EHG changes in relation to
pregnancy progression and labor.

For a description of ApEn, we refer to a time series, u(j), with /=17 ..., N.In order to estimate
its ApEn, we subdivide u( /) in epochs of length m, forming N = (m + 7)r vectors xp(7), with
Xm() = {uli + k). 0 k< m -7} il /i< N —t(m - 7)) and T an integer time delay. A tolerance,
r, is defined for accepting matches among the epochs. This tolerance is typically defined
based on the vectors’ Euclidean distance or on the maximum difference of their scalar
components, namely, KXn() — Xm( )12 < ror maxk Juli + kt) — u(j + kt)/ < 1, respectively [41].
In this work, as the signals are already pre-filtered and down-sampled based on the EHG
bandwidth, no additional downsampling is applied for the definition of the epochs, i.e., T = 7
Moreover, due to the large amplitude fluctuations of the EHG, the Euclidian’s distance is used
to define the tolerance r. This results in a definition of tolerance that is less sensitive to the
presence of spikes and large fluctuations in EHG recordings. Given tolerance 7, let B/ be the
number of vectors x,( /) within rof x,(7). The empirical probability Cm(r) that a vector x»( jis
within rof x,(7) can be estimated by
Ch () = ——— (1)

(N-m+1)

After introducing ¢ (r) given as

S | )|

Pl (r) = H= Il (5

ApEn can be defined [38] as

103



ApEn (m,r) = 11%[‘1’#1(7') - ¢71¥1+1(T)] 3)
which, for a finite time series, is estimated as

ApEn (m,7,N) = ¢ (r) — ¢,1¥1+1(r) 4)

This estimated ApEn(m, r, N), for fixed parameters m, N, and r, provides a measure of
regularity and complexity [36]. Theoretically, a perfectly regular time series would show ApEn
close to 0, while a perfectly irregular time series would show ApEn close to 2 [42].

Sample Entropy

SampEn is a family of statistics that has been specifically proposed to reduce the bias caused
by self-matching counts introduced in the calculation of ApEn by the occurrence of /n().
Based on the same definitions used for ApEn, and making the same choices for tand 7, C[*(r)
is defined as the template wise probability that x»( ) is located within the tolerance rof xx(J),
with j# / to exclude self-matches in the epoch comparison. The average of C[™(r), given as

CP() = ——ZNm e (), (5)

N-m+1
is then used as the overall probability to approximate the entropy as

()
Ca'(r)

SampEn(m,r,N) = —In J,C,;"(r), C™1(r) # 0 (6)
Notice that, although the definitions of ApEn and SampEn look similar, Eq. 6 represents a
conditional entropy, different from the entropy rate represented by Eq. 4.

Modified distance metrics

In general, more accurate entropy estimation is obtained when the mean and standard
deviation of the analyzed signal shows limited variation over time. Therefore, the presence of
large amplitude fluctuations and spikes, typical of EHG signals [39], may affect the estimated
ApEn and SampEn more than signal regularity. This makes direct application of entropy
measures unsuitable for most EHG applications, hampering the possibility to perform
accurate classification [17], [36], [43]. To overcame this problem, we propose a modification
of the original distance metrics aiming at limiting the tolerance dependency on large
amplitude fluctuations and spikes.

In particular, we modify the tolerance and define it by angular metrics, i.e., the tolerance p, -
1< p < 1,is defined based on the angle between the vectors X% and Xm( ) @ (m(i)Xm( j))
expressed by:

. . _ Xm (@ xm (J)
cos (9 (xm(l),xm(]))) = OO =>p, @

where - denotes the inner product of two vectors. We can then use the estimated entropy
measures (ApEn and SampEn) based on this new tolerance to compare epochs that are scaled
in amplitude. We can observe that the proposed entropy analysis with modified tolerance is
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equivalent to the analysis of the original entropy applied to normalized data. In fact, for the

’ A Xm (1) ’ - Xm () : . .
vectors x'p, (i) = RGP and X', (§) = (PRI with a unit length, it holds that

[Xm @ = x'm(D13 = 2(1 - cos(O(x'm (D). X'm()))) - (8)
Therefore, defining B; for this normalized data, we obtain
=#:[Xn@® - xXm(Dl <7
= #j: X — XI5 <72
= #j:2(1 = cos(O(X'm (D). X'm(}))) < 1?2
= #jicos(O(Xm(D.Xm())) =1 -1%/22 p,

where # denotes number of elements. Because of the similarity in their definition, SampEn
and ApEn are often interchanged and compared for analysis of physiological signals [42],
[43]. Therefore, the proposed modified tolerance metrics based on angular distance was
applied to both entropy features.

Validation strategy

Classification objectives

All the features, namely, ApEn, SampEn, Modified ApEn,and Modified SampEn, were
evaluated for their classification ability in the two identified, relevant scenarios.

1)  Prediction of delivery within 1 week from the measurement, irrespectively of being
at term or preterm. For preterm cases, 1 week is a common cut-off to separate
pregnancy from labor.

2) Diagnosis of preterm birth, i.e., for distinguishing between real and false threat
among women who were prospectively classified at risk of preterm delivery.

According to the literature, SampEn provides the best results for the prediction of labor (first
scenario) [10]. However, the best results for the second scenario are provided by the
assessment of Time Reversibility [17]. Therefore, for completeness, this method was also
implemented and compared.

Time Reversibility

A stochastic process is defined as time-reversible if it is invariant under the reversal of the
time scale [44]. An example of time-reversible process is a linear Gaussian random process.
Since Time Reversibility can be a strong signature of nonlinearity, in [22] it has been proposed
as feature to distinguish between pregnancy and labor contractions. A common measure of
Time Reversibility is the third-order quantity

Tr(t) = == 3N 41(Sn = S =13 (9)
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where S is a signal with N samples, and t = 1 [44], [45]. According to the original study, 99
surrogate data are created by iterative amplitude-adjusted Fourier transform in order to
match the same PSD of the original signal [45]. The value of Time Reversibility Tr(t) of the
original time series is tested in order assess whether it is likely to be drawn, within a
confidence level, from the distribution of values of the surrogates. Comparatively different
values for the original series lead to the rejection of the null hypothesis and the original series
is considered to be nonlinear. To this end, the Rank test is adopted, and the discriminative
statistics of the original signal is used as feature for classification.

To accurately reproduce the original study, different from ApEn and Sample Entropy,
assessment of Time Reversibility was based on separate contractions rather than on sliding
windows. Since decimation to 20 Hz has been demonstrated not to degrade the performance
of Time Reversibility for EHG signal analysis, 20 Hz sampling frequency was used also in this
study [46]. Although all features were estimated on monopolar derivations, for the estimation
of Time Reversibility only, some additional tests on bipolar derivations were also performed
to fully reproduce the original study [17].

Statistics

The classification ability of each feature was assessed on the average values extracted from
each woman data sequence in each electrode. The average of the results for the 4 electrodes
was also considered.

The Wilcoxon rank sum test was adopted to evaluate the discrimination ability of the selected
features in both scenarios. This statistic was chosen to account for the non-Gaussian
distribution of the data and unbalanced classes [47]. The feature ability to provide correct
classification was also assessed by the area under the receiver operating characteristic (ROC)
curve, derived over the full dataset of 58 patients.

In addition, 5-fold cross-validation was performed in order to evaluate sensitivity, specificity,
and accuracy of all the features for classification in both scenarios. To this end, the data were
subdivided in 5 patient groups. The optimal threshold was then determined by ROC curve
analysis (point closest to the upper-left corner) on 4 groups and applied to the remaining
group to evaluate the classification performance, rounding in a way that all groups would
undergo classification. This procedure was repeated for 50 random subdivisions in 5 groups.

Adopted parametrization

Prior to the proposed statistical analysis, the parametrization for the implemented methods
was determined. In line with the literature, ApEn and SampEn were estimated using m = 3
and r equal to 0.15 the standard deviation of the signal [10], [36], [42], [43]. For the modified
metrics, these parameters were chosen to optimize the classification performance on the
subset of annotated EHG signals for which the external tocogram was also available.
Classification aimed at differentiating between contraction and quiescent periods as
annotated by the experts with the support of the tocogram and additional automatic
detection algorithms [11], [20]. The estimation of modified ApEn and SampEn was therefore
performed with m = 3and p = cos(/78)"" 0.98.
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Based on the same optimization, all entropy features were estimated employing an 80-s
sliding windows with 40-s overlap. For each patient, the average over all windows was
considered in our statistical analysis. All signals were analyzed after preprocessing, including
the concatenation of the contraction segments. For completeness, SampEn was also
calculated on the whole signal, without contraction selection, in line with the original study
described in [10]. All the analysis was implemented in Matlabr (The MathWorks, Natick, MA)
running on a windows system with Intel(R) Core(TM) i7-4710MQ and 8 GB RAM. With this
implementation, the computational time for the measurement of entropy using the Euclidian
distance metrics was 10-s per window, and 16-s per window using the modified distance
metrics.

Results

In total, 58 women with preterm contractions were analyzed, of which 34 delivered preterm.
Nine of the women who delivered preterm were measured at less than one week to delivery
(labour). The gestational age at delivery versus the measurement-to-delivery interval is shown
in Fig. 3. We analyzed a total number of 804 contractions which were distributed across the
included 58 subjects as shown in Fig. 4.
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Fig. 3. Measurement-to-delivery time interval vs. gestational age at delivery in the study
population.
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Fig. 4. Distribution of the measured contractions over the population included in the
study.
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Fig. 6. Diagnosis of preterm birth: ROC curve obtained for each of the evaluated features
based on all the electrodes.

Prediction of delivery

Focussing on the classification of each women as being in labor or not, the left side of Table
| shows the average values of all the features together with the statistical significance (p-
value) of the difference between non-labor and labor condition. The results are reported for
each monopolar electrode and for the average values of all the electrodes, estimated for
each woman. The best results are obtained by SampEn and ApEn, with minor differences
between the two; women in labor showed lower values (average SampEn=0.312 and average
ApEn=0.364) compared to those who were not in labor (average SampEn=0.403 and average
ApEn=0.442). Significant differences, however, are obtained only with electrode 1 (E1 in Fig.
1). These results are also confirmed by the ROC curve areas, also reported in Table I. The full
ROC curves are shown in Fig. 5, where all the electrodes are considered independently to
derive an average value of each feature per woman.
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Table 1 Feature difference between preterm/term and between non-labour/labor groups

Non-labor/Labor Preterm/Term

Method Electrode Non-labor Labor p-value ROC area Preterm Term p-value ROC area

1 0.451£0.097 0.353#0.150  0.039 0.710 0.438+0.106 0.4292#0.125  0.641 0.537

2 0.437£0.105 0.345+0.157  0.086 0.675 0.422+0.112  0.42120.131 0.543 0.599

ApEn 3 0.437£0.100 0.37320.147  0.198 0.631 0.423+0.108 0.430£0.116  0.482 0.573

4 0.441+0.093 0.385#0.122  0.093 0.671 0.42120.091  0.44720.112 0.087 0.652

average  0.442+0.092 0.364+0.139  0.054 0.696 0.426+0.098 0.43120.115 0.372 0.593

1 0.250+0.008 0.259£0.006  0.943 0.508 0.249+0.008 0.251+0.005  0.193 0.602

Modified 2 0.250+0.007 0.570#0.006  0.339 0.598 0.247+0.006 0.25220.005  0.001 0.754

ApEn 3 0.250+0.008 0.249+0.004  0.198 0.631 0.248+0.007 0.25220.007  0.009 0.705

4 0.250+0.008 0.247£0.006  0.141 0.650 0.248+0.008 0.25220.005  0.015 0.690

average  0.25020.007 0.248+0.005  0.237 0.621 0.248+0.007 0.251#0.005  0.004 0.728

1 0.413£0.120 0.301£0.156  0.023 0.731 0.391£0.121  0.39820.151 0.453 0.559

SampEn 2 0.397£0.127 0.294+0.168  0.072 0.683 037420126 0.38720.159  0.435 0.561

3 0.397£0.127 031520162 0.153 0.646 0.37620.129  0.39220.147  0.502 0.553

4 0.405+0.121 0.340£0.146  0.191 0.633 0.37720.115  0.41720.142 0.120 0.621

average  0.40320.117 0.31220.150  0.054 0.696 0.380£0.115 0.39820.143  0.356 0.572

1 0.244+0.009 0.24120.006  0.371 0.592 0.242+0.010 0.246+0.005  0.026 0.674

Modified 2 0.245+0.009 0.24120.008  0.299 0.606 0.242+0.009 0.247+0.007  0.015 0.689

SampEn 3 0.245+0.010 0.243+0.007  0.382 0.590 0.243+0.010 0.24720.008  0.051 0.652

4 0.245+0.009 0.240+0.009  0.106 0.665 0.242+0.010 0.248#0.007  0.021 0.680

average  0.24520.008 0.24120.007  0.184 0.635 0.242+0.009 0.247+0.006  0.020 0.681

1 9.4636.303 10.792 #5.854  0.360 0.585 9.865#5.071 9.446+7.631  0.280 0.594

Time 2 8.26945.324 8.161+5.253  0.894 0.500 8.27025.355 8.223#5.251  1.000 0.515

Reversibility 3 9.31524.744 8.716+4.064  0.877 0.542 8.835#4.306 9.74525.047  0.586 0.517

4 8.991#6.553 12937212419  0.765 0.567 10.797 #9199  8.077#5.272  0.390 0.531

average  9.009+4.089 10.152 #5336 0.673 0.540 9.441+4.430 8.8732#4174  0.608 0.544

The assessment of the classification performance by 5-fold cross-validation is reported in
Table Il (left side). The best classification results are achieved with SampEn and ApEn, with
differences depending on the classification objective: higher sensitivity for SampEn (63% vs.
54%) and higher specificity for ApEn (77% vs. 57%). The classification results for the modified
ApEn are also very close. When the statistical analysis was performed on Time Reversibility
extracted by bipolar derivations, as presented in the original work, no statistical difference

could be found.
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Diagnosis of preterm birth

Following the same statistical analysis as for the prediction of labor, the right side of Table |
shows the average values of all the features together with the statistical significance (p-value)
of the difference between term and preterm deliveries.

The results show a significant improvement in the classification performance when the
modified distance metrics is adopted. In particular, the best results are obtained by the
modified ApEn (average p-value of 0.004); women who eventually delivered at term showed
higher values of modified ApEn (0:251) compared to those who delivered preterm (0:248).
This result is also confirmed by the ROC curve areas, reported in Table I. The full ROC curves
are shown in Fig. 6, where all the electrodes are considered independently to derive an
average value of each feature per woman.

The assessment of the classification performance by 5-fold cross-validation is reported in
Table Il (right side). Again, a clear advantage by Modified ApEn is evidenced by the results,
especially in terms of specificity and accuracy. For completeness, SampEn was also calculated
on the whole signal, without contraction selection, following the same procedure reported in
[10]. This solution led to a deterioration of the classification performance by SampEn in both
classification scenarios.

| Table 2 Classification performance based on 5-fold cross-validation

Non-labor/Labor Preterm/Term
Method Electrode Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy
1 0.59£0.17 0.640.46 0.6220.14 0.46£0.23 0.66£0.23 0.5720.14
2 0.60£0.17 0.59£0.39 0.6320.14 0.47 20.24 0.68£0.19 0.59£0.14
ApEn 3 0.58#0.18 0.6920.44 0.60£0.14 0.51£0.20 0.65+0.16 0.59#0.12
4 0.6120.18 0.66£0.42 0.6320.13 0.54£0.22 0.7020.14 0.63#0.10
average 0.54£0.13 0.77+0.42 0.59£0.11 0.45+0.22 0.6720.19 0.5840.14
1 0.62#0.15 0.66£0.37 0.6320.13 0.5820.23 0.8120.10 0.72#0.10
Modified 2 0.5420.15 0.5020.38 0.55#0.12 0.68+0.23 0.82+0.18 0.75+0.13
ApEn 3 0.57+0.15 0.6520.33 0.60£0.13 0.60+0.23 0.81£0.10 0.72#0.11
4 0.63£0.14 0.60£0.37 0.64£0.12 0.6120.24 0.82£0.17 0.7320.14
average 0.56#0.17 0.6520.43 0.6020.15 0.6120.20 0.83£0.11 0.7320.12
1 0.66#0.18 0.6020.33 0.65+0.14 0.50+0.28 0.69+0.16 0.600.15
SampEn 2 0.65+0.13 0.6020.44 0.6520.11 0.41£0.26 0.65+0.16 0.56#0.13
3 0.62#0.17 0.39#0.37 0.59#0.13 0.52+0.24 0.67£0.15 0.6120.11
4 0.62#0.15 0.56£0.40 0.6220.13 0.51+0.20 0.6320.18 0.58£0.12
average 0.63#0.17 0.57+0.36 0.63#0.13 0.51#0.25 0.66+0.15 0.60#0.14
1 0.56#0.17 0.5520.43 0.57£0.13 0.6320.21 0.5920.22 0.62£0.11
Modified 2 0.58#0.16 0.58#0.43 0.57£0.14 0.71£0.25 0.56+0.19 0.63#0.13
SampEn 3 0.5720.17 0.48+0.45 0.57#0.13 0.54£0.26 0.71£0.24 0.60£0.14
4 0.502£0.21 0.60£0.40 0.54£0.15 0.5820.24 0.7920.19 0.6120.11
average 0.56#0.21 0.56#0.42 0.57#0.15 0.63+0.27 0.56+0.19 0.64#0.13
1 0.50£0.14 0.51£0.42 0.52+0.12 0.55+0.20 0.42£0.24 0.4920.13
Time 2 0.48#0.20 0.31£0.37 0.47+0.18 0.47+0.23 0.4620.25 0.47+0.13
Reversibility 3 0.5420.17 0.40£0.38 0.5020.12 0.56#0.25 0.4240.28 0.50£0.13
4 0.48£0.17 0.38#0.39 0.47+0.13 0.59#0.25 0.4420.25 0.5320.14
average 0.48£0.17 0.3520.40 0.46#0.15 0.5320.22 0.47 #20.24 0.5020.11
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Discussion

In current diagnosis of preterm birth, both sensitivity and specificity represent critical issues.
Overall, over 50% of the patients admitted for threatening preterm delivery, deliver at term,
some even without treatment [4]. On the other hand, although tocolytics prolong pregnancy,
they have not been shown to improve perinatal or neonatal outcomes, and most efforts
aimed at arresting preterm labor once it has started have failed [48], [49]. Indeed, a high
sensitivity towards the first signs of a preterm delivery threat would allow prompt intervention
and improvement of pregnancy outcome.

With the final objective of introducing new diagnostic and prognostic tools for early
assessment of pregnancy progression, the entropy measures ApEn and SampEn are revisited
and tailored to the characteristics of the EHG signal for a more accurate quantification of the
signal complexity. To this end, the distance metrics is redefined emphasizing the angular
difference rather than the amplitude difference between two vectors. This modification aims
at defining a tolerance threshold such that the effects of large EHG amplitude fluctuations on
the entropy estimation is mitigated.

The methods have been tested on an extended in-house dataset of annotated preterm EHG
measurements and compared to the best single-channel methods for EHG signal analysis
based on the literature. In particular, focussing independently on two related but different
objectives, namely prediction of delivery and diagnosis of preterm birth, we selected those
methods that have been shown to provide the best classification performance in each of
these two scenarios, Time Reversibility and Sample Entropy.

The results on the prediction of delivery, based on the differentiation between labor and non-
labor condition, show SampEn and ApEn as providing the best classification performance.
This result is confirmed by all figures, namely, p-value, area under the ROC curve and,
although to a lesser extent, the results of the 5-fold cross validation. Instead, the modified
metrics, as well as the reference method from the literature, Time Reversibility, resulted in
lower performance. The ApEn improvement compared to the results reported in the literature
[17] may relate to the use of the Eucledian’s metrics, which is more robust than the maximum
distance in the case of low SNR.

The results on the prediction of preterm delivery show the modified metrics to outperform
the standard definitions of ApEn and SampEn. This is confirmed by all statistical figures. In
particular, the modified ApEn results in the most accurate prediction and best differentiation
between the two groups. This result suggests that while approaching labor is reflected in
amplitude changes in the signal, signs related to the risk of preterm labor are independent
of the signal amplitude and are mainly related to the regularity of the normalized EHG time
series. This would support the hypothesis that preterm delivery cannot be simply regarded
as early idiopathic activation of the normal labor process. In general, although the
mechanisms underlying term and preterm delivery are poorly understood, the EHG seems to
offer an important tool for early assessment of preterm risk, as well as for revealing relevant
changes in the uterine activity during pregnancy.
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Our study reveals a decrease in signal entropy, both ApEn and SampEn, for women who are
in labor compared to women who are not in labor. This result is also in line with the results
obtained with the modified measures of entropy for the assessment of the risk of preterm
birth. Women that are at risk show a significant lower value of modified entropy, both ApEn
and SampEn. Physiologically, a decrease in the signal entropy may be expected as a result of
increased coordination among cells at the myometrial level. However, different underlying
mechanisms may be reflected by the different distance metrics employed for the entropy
estimation.

In general, when single electrodes are evaluated, each method shows the best results for
different positions. This result, in line with previous studies [50], may be due to the complex
spatial distribution of the EHG characteristics, which may affect differently each feature
depending on the electrode position. In our measurements, E1 (upper right electrode in Fig.
1) provided the best results for the detection of labor, while it provided the worst results for
the prediction of preterm delivery. This result may again relate to the different physiological
mechanisms in pregnancies leading to term or preterm delivery.

In the pregnant uterus, contractions occur in bursts of action potentials. Recently, the
approach towards the analysis of the EHG has polarized toward processing the whole signal
regardless of the alternation between active bursts and quiescent periods. Indeed, the
detection of contractions is a critical preprocessing step, particularly preterm, and the lack of
annotations on the publicly available databases does not allow for validation. Sample Entropy
has been previously evaluated on the whole signal and Time Reversibly on manually
segmented contraction segments. In this study, we focused on an in-house dataset, where
only validated contractions segments were used for the analysis. The aim was to focus on the
contribution of the uterine activity only, while neglecting factors such as contraction
frequency or duration. For completeness, to fully reproduce the results reported in the
literature, SampEmp was additionally applied to the whole signal, including the quiescent
periods. However, these results showed lower classification performance. We may therefore
hypothesize that most entropy information for the characterization of pregnancy relates to
the contraction phase, while the remaining signal introduces noise in the measurement.

Time Reversibility had been previously presented as a measure of signal nonlinearity that
shows significant increase with approaching delivery. Our results did not evidence the same
performance. The reason for this discrepancy may relate to the different strategy adopted in
the original study [17], averaging the results based on the contractions in the entire groups,
without distinction between subjects. This way, the results are influenced by the number of
contractions recorded per women, which are highly variable and dependent, among other
factors, on the time to delivery. Therefore, we opted to evaluate the average value per
woman. Importantly, the use of monopolar derivations may have also affected the estimation
of the Time Reversibility due to the bias introduced by the common mode. However,
additional tests using bipolar derivations did not show any significant improvement.
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In general, although the use of a single EHG channel is desirable for practical use and the
obtained results are promising, the obtained classification accuracy shows room for
improvement. In order improve the obtained results on single channel recordings, multiple
features reflecting different aspects of the underlying physiological phenomena may be
combined in the future. Alternative entropy measures, such as correlation and variance
entropy, could therefore be investigated for their ability to provide additional,
complementary information. Machine-learning techniques could then be employed to
achieve ranking and optimal combination of all the available features and information [51]. In
addition, multichannel analysis, possibly coupled with advanced multiscale 9 modeling of the
uterine electrical activation [52-54], may provide additional features that are valuable to
elucidate the role of cell activity and connectivity in relation to the onset of labor and preterm
labor.

Conclusion

Entropy measures have been revisited and adjusted with the objective of achieving
noninvasive prediction of delivery and diagnosis of preterm birth by analysis of single-
channel EHG signals. On an extended database of in-house preterm EHG measurements, the
estimated ApEn and SampEn have shown the best prediction of delivery, while the modified
ApEn has shown a clear advantage for early diagnosis of delivery. These results prove the
value of EHG entropy analysis as a tool for early, prognostic evaluation of pregnancy.
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Abstract

Purpose: timely diagnosing a uterine rupture is challenging. based on the pathophysiology
of complete uterine wall separation, changes in uterine activity are expected. The primary
objective is to identify tocogram characteristics associated with uterine rupture during trial of
labor after cesarean. The secondary objective is to compare the external tocodynamometer
with intra-uterine pressure catheters.

Methods: MEDLINE, EMBASE and the Cochrane library were systematically searched for
eligible records. Moreover, clinical guidelines were screened. Studies analyzing tocogram
characteristics of uterine rupture during trial of labor after cesarean section were appraised
and included by two independent reviewers. Due to heterogeneity, a meta-analysis was only
feasible for uterine hyperstimulation.

Results: thirteen studies were included. Three tocogram characteristics were associated with
uterine rupture; 1) Hyperstimulation was more frequently observed compared to controls
during the entire delivery (38% versus 21% and 58% versus 53%, and in the last two hours
prior to birth (19% versus 4%). Results of meta-analysis: OR 1.65; 95% Cl 0.95-2.85; p=0.08).
2) Decrease of uterine activity was observed in 14-40%, and 3) an increasing baseline in 10-
20%. Five studies documented no changes in uterine activity or Montevideo units. A direct
comparison between external tocodynamometer and intra-uterine pressure catheters was
not feasible.

Conclusions: uterine rupture can be preceded or accompanied by several types of changes
in uterine contractility including hyperstimulation, reduced number of contractions, increased
or reduced baseline of the uterine tonus. While no typical pattern has been repeatedly
reported, close follow-up of uterine contractility is advised and hyperstimulation should be
prevented.
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Introduction

There is a worldwide increasing incidence of cesarean sections (CS) [1,2]. Subsequently, there
will be a growing number of pregnant women with a previous uterine scar. The high success
(76%) of vaginal birth after cesarean section (VBAC) and the degree of maternal and neonatal
safety have encouraged physicians and midwives to be supportive of women attempting trial
of labor after previous cesarean section (TOLAC) [3,4]. Moreover, VBAC is advocated as a
means to control the increasing rates of operative delivery [5]. Despite the excellent outcome,
every physician should keep in mind the risk of a uterine rupture. Unfortunately, the incidence
of uterine rupture has not declined in the last decades [6]. Women opting for TOLAC have a
less than one percent chance on a complete uterine rupture, which is associated with an
estimated 10% risk of perinatal mortality [7,8,4,9,10].

The number of repeat CS needed to prevent one uterine rupture is very high [11].
Alternatively, intrapartum monitoring of women during TOLAC could be improved. The
classical symptoms of uterine rupture are described as fetal heart rate abnormalities, the
onset of severe abdominal pain persisting between contractions, scar tenderness, abnormal
vaginal bleeding, hematuria, cessation of previously efficient uterine activity, loss of station
of the presenting part and maternal hypotension or shock [12]. Timely diagnosing a uterine
rupture remains challenging as these symptoms can appear at a late stage or may not be
present at all [13,3,14,15]. In the end, the diagnosis will have to be confirmed or rejected during
an emergency CS.

Clinical guidelines concerning TOLAC mainly focus on fetal heart rate abnormalities and
clinical signs [16,12]. However, based on the pathophysiology of complete uterine wall
separation, changes in the uterine activity can be expected. A defect in the uterine wall
reduces wall tension and can therefore lead to a decrease or clipping of intrauterine pressure
[17]. Moreover, reduced tension can diminish contractility and influence contraction
frequency and/or amplitude [18]. Therefore, uterine activity patterns, monitored by an intra-
uterine pressure catheter (IUPC), external tocodynamometer (TOCO) or electrohysterogram
(EHG), could potentially provide warning signs of uterine rupture [19].

This systematic review aims to summarize the tocographic characteristics related to uterine
rupture during TOLAC. The primary goal is to identify changes in the tocogram preceding or
occurring during this emergency event. The secondary goal is to compare TOCO with [UPC.
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Material and methods

Sources

This systematic review was conducted according to the PRISMA guidelines. The MEDLINE,
EMBASE and the Cochrane library have been systematically searched in September 2016
using the following standardized medical subject headings (MeSH): uterine rupture, obstetric
labor, trial of labor, vaginal birth after cesarean, uterine contraction, uterine monitoring, fetal
monitoring, cardiotocography, tocogram and related terms presented in the title and
abstract. No limits have been used. The full electronic search strategy is available in Appendix
1. Furthermore, the references of paragraphs on intrapartum monitoring during TOLAC
available in national and international guidelines (NVOG, ACOG, RCOG, SOGCQ), as well as the
references of the selected articles have been included. To assess eligibility of the studies, two
authors (MV, HdL) independently appraised and cross-checked the extracted studies. In case
of disagreement, the two reviewers reconsidered the article and made the final decision.

Study selection

A total of 175 articles have been systematically identified after removing duplicates. Table 1
shows a flowchart of the search strategy and selection. We selected studies that featured an
analysis of the uterine activity during TOLAC, in term pregnant women with a complete
uterine rupture confirmed during CS or during postpartum complications. In each study
population, there should be a minimum of 5 cases and at least 50% of the women should
have a previous cesarean scar. Articles not in English, case reports, reviews and guidelines
were excluded. Because of the limited amount of available evidence, the critical appraisal was
restricted to study design, patient selection and analysis of the tocogram. After reading the
46 full-text articles, the reviewers excluded two reports based on patient selection. Since a
minority of the women had a previous CS, the case-control study of Sheiner et al. and the
study of Chen et al. have been excluded [20,21]. The quality of the articles were assessed
using the Newcastle-Ottawa Scale (NOS), which is a quality assessment tool for non-
randomized studies for meta-analysis. The NOS contains eight items, which are categorized
into three themes: selection (four stars), comparability (two stars), and exposure (three stars).
High quality studies achieve seven stars or more, medium quality studies between four and
six stars and poor-quality studies less than four stars.
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Additional records identified through other sources:
Records identified through database searching:

- NVOG guidelines VBAC: 5

- Pubmed: 136 - ACOG guidelines VBAC: 6
- Embase: 36 - RCOG guidelines VBAC: 3
- Cochrane: 6 - SOGC guidelines VBAC: 4

P

196 records identified

)

21 duplicates removed

\ 4

129 records excluded 175 records screened for title
because of: < and abstract
- Non-English: 21 33 full-text articles
excluded because:
- Guidelines: 7
A - patient selection: 2
- Case reports: 35 46 full-text articles assessed - review: 10
for eligibility Al - no description of
g uterine activity or
tocogram: 14
- exclusion previous
v uterine scar: 3
- other: 4
13 studies included

| Figure 1: flowchart of the reviewing process

Statistical analysis

Data of all included studies have been extracted and subdivided into a variety of
characteristics related to uterine rupture. If not provided, odds ratios and 95% confidence
interval (95% Cl) was calculated using contingency tables when possible. A meta-analysis was
only considered feasible for uterine hyperstimulation during the entire delivery due to the
heterogeneity of the included studies with regard to the study design and the observed
tocogram characteristics. For one study in the meta-analysis (Goetzl 2001), controls were
matched by birth weight, year of delivery and whether labor was induced or augmented.
Using the published data, we were not able to correct for matching when calculating the
odds ratios. Yet, the effect on the outcome is expected to be minor due to the heterogeneity
of the study population in this study. We performed the meta-analysis in RevMan (Revision
Manager 5.3 for Windows, Utrecht; Cochrane The Netherlands) and applied a random effects
model. Inter-studies heterogeneity was tested using... A p-value of <0.05 was considered
statistical significant.
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Results

Thirteen studies have been included in this systematic review: one prospective cohort study,
six case-control studies and six retrospective cohort studies. The results could be categorized
into five main themes: hyperstimulation, decrease in uterine activity, increased baseline,
Montevideo units or no changes in tocogram characteristics. An overview of the included
studies and their results are shown in Table 1.

Hyperstimulation

The frequency of contractions prior to uterine rupture has been examined in three case-
control studies. In the study by Goetzl et al., uterine rupture was more often preceded by an
episode of hyperstimulation (defined as >5 contractions per 10 minutes, that resulted in
reduced administration of oxytocin) compared to controls: 37.5% and 20.8%, p=0.05, which
is on the margin of significance [22]. Odds ratios were not provided. Craver et al. studied
hyperstimulation at more than 4, 2-4 and less than 2 hours prior to delivery. Hyperstimulation
(defined as >5 contractions per 10 minutes) was more common during the two hours prior
to birth: 19% and 4%, p<0.05 (OR 5.9, Cl 1.2-28.6) [23]. In contrast, a more recent study of
Andersen et al. showed no significant difference in uterine hyperstimulation (>5 contractions
per 10 minutes) during labor: 58% in the rupture group versus 53% in controls, p=0.74 [24].
Sub analyses in first/second stage and induced/augmented labor also showed no significant
differences. All three case-control studies did not report how the uterine activity patterns
were monitored.

Meta-analysis of hyperstimulation

A meta-analysis was performed based on three studies evaluating uterine hyperstimulation
during TOLAC in relation to the risk of uterine rupture (see Figure 2). Uterine hyperstimulation
during the delivery showed a trend in relation to the risk of uterine rupture: OR 1.64 [95% ClI
0.95-2.85] p=0.08. Heterogeinity.... (nog beschrijven i.o.m. Dieleman)

Uterine rupture  No uterine rupture Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

Andersen 2016 31 52 23 41 442% 1.16 [0.50, 2.65] o

Goetzl 2001 9 24 20 96 32.8% 2.28(0.87,5.97) T

Pryor 2007 7 26 8 52 23.0% 2.03[0.64, 6.39) N e —

Total (95% Cl) 102 189 100.0% 1.64 [0.95, 2.85) i

Total events 47 51 ) )
i

Heterogeneity: Tau® = 0.00; Chi* = 1.27, df = 2 (P = 0.53); I* = 0%
Test for overall effect: Z = 1.77 (P = 0.08)

o

t + +
01 02 0.5 1
No hyperstimulation Hyperstimulation

Figure 2:

Review: Tocogram characteristics related to uterine rupture

Comparison: No hyperstimulation and hyperstimulation during trial of labor after
previous cesarean section.

Outcome: Risk of uterine rupture
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Table 1: Overview of the included studlies analyzing tocogram characteristics of uterine rupture during TOLAC. The studies are categorized according to five themes,
hyperstimulation, decrease of uterine activity, increasing baseline, Montevideo units and no changes in uterine activity.

Decrease in uterine activity

Study Design Population Toco Findings Study characteristics

Zwart Prospective -Case* N=210, 87% scarred ND 13.6% (25/184) acute absence of contractions + Complete uterine rupture

2009 cohort -In 358.874 deliveries + Large nationwide prospective study
Netherlands
2004-2006

Ridge-way Case-control -Case* N=36, 100% scarred ND Loss of uterine tone: + Complete uterine rupture

2004 USA&Sweden -Control N=100, VBAC - Ist stage(n=36); 3% (n=1) vs. 0% p=0.27 + 3 independent examiners
1984-2001 -In 45.113 deliveries. - 2nd stage(n=14); 0% vs. 0% p= n.a. + Blinded

Arulku- Retrospective -Case* N=9, 100% scarred IUPC: 33% (3/9) showed decrease in uterine activity, all | +/- Incomplete and complete uterine

maran cohort 5/9 complete rupture. 56% registered with IUPC and in absence of other | rupture.

1992 Singapore -In 722 during TOL symptoms or signs. -- Incomplete = intact serosa
1985-1990

Beckley Retrospective -Case* N=10, 100% scarred IUPC 40% (4/10) show marked fall in uterine activity; | + Complete uterine rupture.

1991 cohort -In 1.740 during TOL. 100% ‘clipping’ off of the pressure peaks.
England
1982-1988

Hyperstimulation

Study Design Population Toco Findings Study characteristics

Pryor Case-control -Case* N=26, 100% scarred ND More hyperstimulation <2h prior to delivery | + Complete uterine rupture

2007 USA -Control N=52, VBAC (p<0.05): + Hyperstimulation = >5/10min
1995-2000 -In 1.896 during TOL. -19% vs. 4%, OR 5.9 (1.2-28.6), p<0.05. -- No correction for significant differences

Not significant for <4h and 2-4h. in oxytocin use.

Goetzl Case-control -Case* N=24, 100% scarred ND Cases were more likely to have an episode of | + Hyperstimulation= >5/10 min

2001 USA -Control N=96, VBAC uterine hyperstimulation. + Matching cases and controls for
1984-1996 -All oxytocin use - Overall; 37.5% vs. 20.8%, p=0.05 induction/augmentation.

-In 1.650 primiparas during
TOL.

- Induction; 38.5 vs. 30.8%, p=0.42
- Augmentation; 36.4% vs. 9.1%,p=0.05

+ Extensive analysis of oxytocin use: no
significant difference




Increasing baseline pressure

Study Design Population Toco Findings Study characteristics
Zwart Prospective cohort -Case* N=210, 87% scarred ND 20.2% (38/188) hypertonia + Complete uterine rupture
2009 Netherlands -In 358.874 deliveries + Large nationwide prospective
2004-2006 study
-- Hypertonia not clearly defined
Rodri-guez Retrospective cohort -Case* N=76, 79% scarred IUPC: Increase of baseline uterine tone in 10.2% | + Complete uterine rupture
1989 USA -In 138.853 deliveries 51% (4/39) using an IUPC.
1979-1988 Decrease of uterine activity was not
observed.
No change in uterine activity
Study Design Population Toco Findings Study characteristics
Meni-han Retrospective cohort -Case* N=11, 100% scarred IUPC: All normal uterine activity before onset of | + Complete uterine rupture
1998 USA -In 3.353 during TOL. 36% bradycardia. Decrease or cessation of
1990-1995 uterine tone was not observed.
Leung Retrospective cohort -Case* N=86, 100% scarred ND Decrease of uterine tone or cessation of | + Complete uterine rupture
1993 USA -In 11.179 during TOL. uterine activity has not been observed. + Complete, partial or no fetal
1983-1992 extrusion.

* = number of patients with a uterine rupture
- Case* = uterine rupture

- Method = uterine monitoring technique

- + = positive study characteristic

- ~ = negative study characteristic
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Decrease in uterine activity

In a large nationwide Dutch prospective cohort study of Zwart et al., acute absence of
contractions was reported in 13.6% (25/184) of the cases of uterine rupture [10]. They did not
describe the applied uterine monitoring techniques. A smaller case-control study of
Ridgeway et al. focused on changes in the fetal heart rate pattern, and in addition described
a loss of uterine tone during first stage in a single case (1/36) [14]. Two small retrospective
studies of Arulkumaran et al. and Beckley at al. found a decrease of the uterine contraction
amplitude in respectively 33% (3/9) and 40% (4/10) of the uterine ruptures, which were all
monitored by IUPC [25,26]. Finally, Phelan et al. observed a significantly (p=0.03) lower
amount of contractions per hour in ruptures (15.8/hour) compared to VBAC (19.7/hour) [27].
Most of their cases had external fetal monitoring.

Increasing baseline

Zwart et al. observed hypertonia in 20% (38/188) of the uterine ruptures in their large
nationwide prospective study [10]. They did not describe their definition of hypertonia nor
which uterine monitoring technique (i.e. TOCO or IUPC) was applied. The retrospective study
of Rodriguez et al. detected an increased baseline uterine pressure in 10% (n=4) of the cases
(n=39) which were monitored with an [UPC [28].

Montevideo units

Montevideo units (MVU) can only be calculated in the presence of an IUPC. In the case-
control study of Maggio et al., cases of uterine rupture (n=9) have been compared to
successful VBAC (n=48) and failed TOLAC (n=35). They found no association between MVU
and uterine rupture in pregnant women undergoing TOLAC. Buhimschi et al. retrospectively
reported MVU of uterine ruptures for the comparison of women who received
prostaglandins/oxytocin versus oxytocin alone [29]. The average amount of MVU was 205
(range 160-300) per 10 minutes in the oxytocin group compared to 247 (range 140-380) per
10 minutes in the prostaglandin/oxytocin group, during at least one hour prior to rupture
[27]. These results were not compared with controls.

No change in uterine activity

Uterine activity patterns of uterine ruptures resulting in permanent severe brain injury have
been examined by Phelan et al. [27]. No significant difference in the occurrence of
hyperstimulation or tetanic episodes was found. A retrospective study of Menihan et al.
focused on both features of fetal heart rates and uterine activity patterns in 11 cases of uterine
upture with 36% (4/11) IUPC monitoring; no change in uterine activity was found [30]. Leung
et al. analyzed uterine activity amongst numerous other features, and observed no decrease
of uterine tone or cessation of contractions in 86 hospitalized cases of uterine rupture. The
tocographic method was not described. [31].
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Discussion

In this systematic review of the literature, several changes in uterine activity have been
identified to be associated with uterine rupture: hyperstimulation, decrease in uterine activity,
an increased or reduced baseline tonus. Of these tocogram characteristics, only
hyperstimulation could be evaluated in a meta-analysis. showing an increased risk of uterine
rupture in case of hyperstimulation, on the margin of significance (p=0.08). Furthermore, in
a large prospective study hypertonia was reported in 20% of the cases and acute absence of
contractions in 14% [10].

We are aware that the majority of the included studies are of retrospective design (12 out of
13). Since uterine rupture is a relatively rare event, retrospective study designs are commonly
used. However, this carries the risk of selection bias. For example, Phelan et al. identified their
cases within the National Registry of Brain Injured Babies, including only those uterine
ruptures resulting in severe perinatal morbidity or ‘silent’ uterine ruptures potentially leading
to selection bias [27]. The size of the retrospective study populations also showed a strong
variation, from 9 up to 86 cases of uterine rupture. The two large retrospective studies
showed dissimilar results compared to the single prospective study: Leung et al. (n=86) and
Rodriguez et al. (n=39) observed no decrease of uterine activity [31,28], while Zwart et al.
revealed acute absence of contractions in 14% of uterine rupture cases (25 out of 184) in their
prospective study [10]. Furthermore, our systematic search identified multiple large studies
regarding uterine ruptures in which information on the tocogram was not provided. For
example, Al-Zirgi et al. (n=94) and Kwee et al. (n=98) identified a total of 192 uterine ruptures,
yet both studies did not analyze uterine activity patterns [32,8]. And we excluded the study
of Kayani et al. because there was no uterine activity description, while they do report that
‘the intrauterine pressure catheters recording have contributed to the diagnosis of uterine
rupture’ [33]. This could entail publication bias.

In this systematic review, we are interested in tocogram characteristics of complete uterine
rupture during TOLAC. Uterine rupture concerns a challenging diagnosis. This is reflected in
the diverse definitions of uterine rupture in the included studies. A complete uterine rupture,
defined as disruption of all the layers of the uterine wall resulting in direct communication
between the uterine cavity and peritoneal cavity, might result in different symptoms than
dehiscence of the uterine scar, in which case the serosa is still intact leading to minimal intra-
abdominal bleeding and often few or no symptoms. Several studies identified their cases
based on the International Classification of Diseases (ICD-9) coding for uterine rupture during
labor, which does not discriminate between a complete rupture or dehiscence [23,30,14].
Furthermore, we are aware that not all cases of the included studies concerned women with
a previous uterine scar (79% up to 100%). Finally, uterine activity parameters have not been
clarified in some studies. For example, Zwart et al. described hypertonia in 20% of the uterine
rupture cases, but did not define hypertonia [10]. Whereas studies examining a decrease in
uterine activity did not provide a percentage in decrease. Therefore, our systematic review
might consist of a mix of both complete and incomplete uterine ruptures, scarred and
unscarred uteri, and uterine activity characteristics might be indistinct.
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Continuous electronic fetal monitoring is recommended during TOLAC, whilst there is no
consensus about the method for monitoring contractions [12,16]. International guidelines
concerning TOLAC do not recommend routine use of IUPC's as they do not assist in the
diagnosis of uterine rupture [12,16]. Yet, compared to TOCO, an IUPC has the advantage of
providing quantitative measurement of uterine resting tone as well as the intensity and MVU
of contractions, possibly contributing to the diagnosis of a uterine rupture. Unfortunately, in
this systematic review half of the studies do not document their tocographic method,
impeding the comparison of the two modalities used for monitoring uterine contractions.
Two features of the tocogram however, a decrease in contraction amplitude and increasing
baseline pressure, are only observed using an IUPC. Rodriguez et al. noticed an increase of
baseline uterine tone in 4 out of 39 women monitored IUPC, while not visible in the 29 women
monitored with TOCO [28]. This might indicate that an IUPC is needed to observe these subtle
changes in the tocogram. The use of IUPC during TOLAC is not supported by Maggio et al.
who found no differences in MVU between uterine ruptures and VBAC [34]. Devoe et al. also
revealed no change in uterine tone and peak uterine pressure 2.5 minutes after uterine
incision for CS [35]. Possibly, the observed changes can also be influenced by localization of
the catheter [25]. The results of this review do not provide solid evidence for the standard
use of an IUPC. Nevertheless, this does not negate the need for adequate uterine monitoring
during TOLAC.

The observed association of hyperstimulation and uterine rupture have no trivial relation. The
relationship could be causal in nature in the sense that hyperstimulation by oxytocin
administration leads to increased stress on the uterine scar and eventually failure.
Alternatively, failure of the scar could cause an increase in contraction frequency due intra-
abdominal causing excitation of the myometrium, in this way preceding a complete rupture.
However, based on the physiology of uterine contractions, a decrease rather than an increase
in contraction frequency caused by a loss of wall tension is to be expected [36,18]. The
combination is also conceivable and could explain why both changes in contraction
frequency were observed: hyperstimulation causing rupture of the scar and then leading to
a cessation of uterine contractions. It is remarkable that the only study of ruptures with severe
neonatal brain injury showed significant less contractions in the uterine rupture group, which
might indicate that the disastrous event has already occurred [27]. Finally, it could also be a
confounding factor, associated with for instance prolonged deliveries, abnormal fetal
presentation or macrosomia. The information available does not permit further analysis of
this relationship.

In literature, fetal heart rate abnormality is the most common sign associated with uterine
rupture, which has been reported in up to 70% of the cases of uterine rupture [16]. Andersen
et al,, even revealed that none of the uterine rupture cases had a completely normal CTG
according to the International Federation of Gynaecology and Obstetrics (FIGO) guidelines.
Only a great number of severe variable decelerations, fetal bradycardia or preterminal CTG
were significant pathologic fetal heart pattern to differentiate uterine rupture from successful
VBAC [14,24]. We calculated the positive predictive values of several fetal heart rate and
uterine activity patterns in the study Ridgeway et al., based on a contingency table and
corrected for an estimated uterine rupture prevalence of 1.0%. For example, the estimated
positive predictive value for bradycardia in second stage was 8.3%. In addition, the positive
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predictive value of mild-moderate and severe variable decelerations in first stage was
respectively 1.2% and 4.0% [14]. Andersen et al. showed comparable low diagnostic values.
This compares to the predictive value of uterine hyperstimulation of 4.8% less than two hours
prior to delivery evaluated in the study of Pryor et al. [23]. Hence, an abnormal CTG cannot
be considered as a strong predictor of uterine rupture [24]. Physician decision-making should
therefore be based on monitoring clinical signs, fetal heart rate patterns and uterine activity
during TOLAC [24].

International guidelines report a two- to three-fold increased risk of uterine rupture during
induction and augmentation of labor [12,24,37]. This could be related to the increased risk of
uterine hyperstimulation due to oxytocin usage. In the study of Craver et al., uterine rupture
cases experienced a significant longer duration of oxytocin and maximum dose of oxytocin
compared to controls [23]. However, no significant differences in oxytocin were reported by
Goetzl et al.[22]. These somewhat contradictory results support to at least closely monitor
the use of oxytocin in order to prevent hyperstimulation. Both Craver and Goetzl showed
more hyperstimulation (>5 contractions per 10 minutes) in case of uterine rupture compared
to VBAC controls [23,22]. Therefore, special attention should be paid to the contraction
frequency and to correct the frequency pattern as necessary. Unfortunately, a proper
assessment of the uterine activity could not be made in 28% of the cases in last hour prior to
uterine rupture in the study of Andersen et al., suggesting substandard care. Moreover,
current guidelines do not recommend a strict contraction frequency. Based on our results,
we would advise to aim for 3 to 5 contractions per 10 minutes. More than 5 contractions per
10 minutes should be corrected with oxytocin reduction or tocolytic drugs. And if no adequate
tocogram can be obtained with TOCO, alternative tocographic techniques like an IUPC or an
EHG based method should be considered in order to guarantee adequate uterine monitoring
and prevent hyperstimulation [38,39].

Conclusion

Uterine rupture can be preceded or accompanied by several types of changes in uterine
contractility including hyperstimulation, reduced number of contractions, increased or
reduced baseline tonus. While no typical pattern has been repeatedly reported, we advise
close follow-up of uterine contractility for early detection of atypical changes and to prevent
hyperstimulation.
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Abstract

Objective: observational cohort study which aimed to explore the potential of
electrohysterogram analysis for detecting a uterine rupture during trial of labor after
cesarean. The electrohysterogram propagation characteristics surrounding the uterine scar
of six patients with a previous cesarean section were compared to a control group of five
patients without a scarred uterus.

Methods: the electrohysterogram was recorded during the first stage of labor using a high-
resolution 64 channel electrode grid positioned on the maternal abdomen across the
cesarean scar. Based on simulations, the inter-channel correlation and propagation direction
were adopted as electrohysterogram parameters for evaluating possible disruption of
electrical propagation by the uterine scar.

Results: no significant differences in inter-channel correlation or propagation direction were
observed between the group of patients with an intact uterine scar and the control group. A
strong predominance of vertical propagation was observed in one case, in which scar rupture
occurred.

Conclusions: the results support unaffected propagation of electrical activity through the
intact uterine scar tissue suggesting that changes in the electrohysterogram might only occur
in case of rupture.
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Introduction

Uterine rupture is a rare but serious complication which is closely related to a previous
caesarean section (CS) [1-3]. Establishing a uterine rupture is a very challenging diagnosis
since the symptoms can be late signs or even completely absent [4-7]. Currently, intrapartum
monitoring during trial of labor is limited to assessing the fetal condition and uterine activity
by cardiotocography, which is not reliable for detecting a uterine rupture [2, 3, 6]. Reducing
the risks involved with attempting trial of labor after CS requires improved monitoring
methods during trial of labor. A potential alternative modality is the electrohysterogram
(EHG), which entails noninvasive abdominal measurement of the depolarizations of uterine
smooth muscle cells. Synchronized uterine contraction arises from cell to cell propagation of
action potentials through the myometrium [8]. The presence of scar tissue or rupture of this
scar could interrupt propagation of action potentials or locally change the propagation
direction by disruption of the vertical propagation pathway.

Little is known about the physiological propagation patterns in the unscarred lower uterine
segment and the conductive properties of scar tissue in the myometrium. In cardiac muscle,
scar tissue created by surgical incisions is used as a method for interrupting propagation, in
order to prevent macro reentry circuits [9]. Smooth muscle, on the other hand, is considered
to have considerable regenerative capacity and histological studies of scar tissue after CS
have found the normal tissue architecture to be mostly restored [10]. The EHG has been
demonstrated to have great potential for characterizing electrical propagation [11]. In
previous work, we analyzed propagation patterns by means of a grid of 64 closely spaced
electrodes [12-14]. The square arrangement of the electrodes in this grid allows estimation in
all possible directions [15]. In addition, a small inter-electrode distance permits tracking the
course of electrical propagation through the electrode grid.

This study aimed at exploring the potential of electrohysterogram propagation analysis for
detecting a uterine rupture. The primary goals were to determine the feasibility of EHG
recording over the lower uterine segment and to study the baseline propagation
characteristics of an intact uterine scar during trial of labor after cesarean in comparison with
a control group.

Methods
Study protocol

A prospective observational cohort study was performed at the Maxima Medical Center
Veldhoven, the Netherlands. Approval from the local medical ethical board was issued the
8th of May 2013 under registration number NL43294.015.13. All the included women provided
written informed consent for study participation. Six patients with a single previous caesarean
section and five patients without uterine scar as control were enrolled.
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Inclusion criteria were:

» first stage of labor: fully effaced cervix, dilatation 2 1 cm, 2 3 contractions / 10
minutes

*  singleton pregnancy

e epidural analgesia

» foley bladder catheter

As an additional inclusion criterion for the group with a previous CS, the gestational age of
the previous CS had to be within two weeks of the current delivery in order to avoid
differences in position of the uterine scar. Operation techniques other than a horizontal
incision in the lower uterine segment were excluded. Furthermore, patients with previous
multiple gestations were excluded.

Measurements from all enrolled patients were obtained using a high-density electrode grid
of 62 by 62 mm, containing 64 monopolar electrodes. The scar on the skin was the reference
to determine the location of the uterine scar underneath. The grid was positioned in the
midline of the abdomen and centered over the scar, see figure 1. A reference electrode was
positioned on the left hip. Additionally an 3D accelerometer was used to record maternal
movement plus an external tocodynamometer for contraction detection. All signals were
recorded using a Refa multichannel amplifier (TMS International, Enschede, The Netherlands).

External tocodynanometer

8x8 HD electrode grid
Accelerometer

Ground

Reference

Figure 1: positioning of the sensors on the maternal abdomen. The 64 channel electrode
grid was positioned in the midline of the abdomen and centered over the scar. An
external reference electrode was positioned on the left hip. In addition, an accelerometer
was attached to the electrode grid and an external tocodynamometer was used.
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Signal analysis

As a first step, simulated EHG signals were constructed that emulated different scenarios of
altered electrical propagation caused by the presence of non-conducting uterine scar tissue.
A wave front propagating through a 64 channel electrode grid was simulated, either
interrupted midway by the scar tissue or circulating around the uterine scar. In addition, a
simulation of a horizontally travelling wave front was included which was not impeded by the
virtual scar tissue. These simulated signals served to test multiple EHG parameters in their
ability to detect altered propagation caused by a conduction block. Both in simulations of an
interrupted or a circulating wave front, the signals of the channels on each side of the
simulated scar tissue were less correlated in the time domain. The correlation between vertical
pairs of adjacent electrodes was found to be most sensitive for detecting interruption of
propagation. However, only estimation of the conduction velocity (CV) vector could correctly
identify a horizontal propagation direction. Based on these simulations, two EHG parameters
were adopted for signal analysis: inter-channel linear correlation in the time domain and CV
analysis based on single spike propagation [12]. We hypothesized that an conduction block
caused by the presence of scar tissue would result in the inter-channel correlation to be lower
for the middle area of the electrode grid and the propagation direction to be predominantly
horizontal rather than variable.

Analysis of propagation direction requires the phase of the propagating EHG signal to be
unaffected, necessitating a monopolar electrode configuration. To this end, all 64 monopolar
signals were referred to an external reference channel not containing EHG signal. In order to
minimize the influence of maternal respiration and ECG, all EHG signals were band-pass
filtered between 0,35 and 0,8 Hz and downsampled to 20 Hz [16]. Figure 2 shows an overview
of the sensors used, the selection of contraction segments and the multi-channel analysis of
the EHG. Segments containing artefacts were identified based on the accelerometer and
removed from the analysis. Contractions were manually selected based on either the external
tocodynamometer, when available, or the estimated intra uterine pressure (elUP). The
method for deriving the elUP was a root mean square based method similar to the one
described by Jezewski et al. [17, 18], only using the frequency band 0,35 — 0,80 Hz. A minimum
of three and a maximum of four contractions were selected for each patient.

136



A. Sensors
Electrode grid

Tocodynamometer
C_ MUIti 64 channel EHG data (only 11 channels shown) ‘
AYAYS AN AN DAAARAD
channel EHG AL ARAN AN AN N A NAAS A
analysis B AANASA A AT\ AN AA A Aa.
A AN AANAANN AN\ NN\ AN
~ _,~_--,,\,n,,;f\j\mx\/\\/\/\,\ AVAYAV AN
Sliding window —
10 sec 3 sec
Inter-channel correlation\Q @ Conduction Velocity
0000000 .....)’..
> > > 7
eeo00o0000 I I XXX XX]
- -
XX XX XXX X XE XXX
" —->
eeocoeo0o0o00 o}:o,ooo)}
XXX XXXX e e 0o ’t:okoko
(XXX XXXX) o\o\oko":okoko ®
eeco0o0o0o0e 0 d 00 d e
XXXXXXXx X XXX

Figure 2:

Schematic representation of the methods for signal analysis. The EHG was recorded
using a 64 channel electrode grid (A. Sensors). The external tocodynamometer was used
for identifying contractions, while the accelerometer recorded maternal movement (B.
Contraction selection). Within the selected contraction segments, the mean correlation
between vertical and horizontal adjacent electrode pairs was calculated for three areas of
the grid, shown as the yellow, orange and red zones. The conduction velocity was
calculated in squares of four adjacent electrodes, resulting in 49 vectors (C. Multi channel
EHG analysis). Subsequently, the amplitude and angles of these vectors were averaged
and the propagation was categorized as horizontal or vertical.
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The inter-channel correlation was calculated in a sliding window of 10 seconds by means of
the Pearson product-moment correlation coefficient between horizontal or vertical pairs of
two adjacent electrodes, thereby obtaining two sets of 56 values per window. Channels
containing large artefacts or with a low signal-to-noise ratio were discarded. In case of one
neighboring missing channel, the correlation with the next electrode was calculated. In case
of two or more missing channels, the channels were discarded. The electrode grid was divided
in three areas, corresponding to the electrodes above, over, and below the uterine scar. The
mean inter-channel correlation was calculated for all three areas of the grid, both for the
horizontal and vertical pairs of electrodes.

The CV vector was estimated in each square of four adjacent electrodes, resulting in 49 values
sampled every 50 ms. The time difference between every channel pair was determined by
maximizing the normalized cross-correlation between two offset signals in a sliding window
of 3 s. A shorter time window was used to account for a highly variable direction of
propagation. The time differences were limited to a range corresponding to a velocity
between 3 cm/s and 30 cm/s for propagation within an angle of 120° around the direction of
each electrode pair. Along each pair, a vector of observed velocity was calculated from their
time difference and electrode positions. A plane wave propagation front was fitted through
these individual vectors, resulting in a CV vector. The root mean square error of the fit was
used to discard observations with an error exceeding the amplitude of the CV. Fits based on
less than three vectors were discarded as well. The CV amplitude and angle were averaged
independently over all 49 observations for each time step, preserving the CV amplitude in a
noisy signal. Finally, the resulting CV angle was categorized as horizontal or vertical
depending whether it was within 45 degrees of the horizontal or vertical axis.

Statistical analysis

Mean values of inter-channel correlation for the three areas of electrodes were derived.
Furthermore, the mean CV amplitude and the distribution of horizontal and vertical
propagation was calculated for each patient. Levene's test was applied to test for equal
variances in the scar and control group. An one way ANOVA was used to test for significant
differences in the results on inter-channel correlation between groups of electrodes, within
the scar and control group. Differences between CV amplitude and propagation direction
were also tested for significance, comparing the results from the scar and control group using
one way ANOVA. A sample size of 10 patients resulted in a power (1 - B) of 0.80 to detect an
effect size of 1.72, allowing for a type | error rate (&) of 0.05. This effect size was based on the
inter-channel correlation of simulated EHG signals circulating around the uterine scar. A worst
case estimate of the standard deviation was assumed, considering the correlation of channels
containing white noise only. The alpha was set to 0,05 for all statistical tests.
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Results

In total, 11 patients in the first stage of labor were included in the study: six patients with a
previous CS and five patients without scarred uterus as control. Rupture of the uterine scar
occurred in one patient that was part of five pilot measurements which were recorded just
prior to inclusion of the main body of patients. Uterine rupture entailed complete separation
of the uterine wall with clinical symptoms [3]. This patient had a history of a CS and labor was
induced at term by amniotomy and administration of oxytocin. Two hours prior to the
measurement, the medical record states complaints of increased abdominal pain despite
previously adequate pain relief by epidural analgesia. Approximately an hour following the
measurement, decelerations were noted in the fetal heart rate tracing. The decision was made
for a secondary CS for arrest of labor at 7 cm despite an adequate and regular contraction
rate of 3-4 contractions per 10 minutes. Approximately three hours after the measurement, a
uterine rupture was found during the CS: the peritoneal cavity was filled with hemorrhagic
amniotic fluid and a 2-3 cm defect was visible at the left side of the location of the uterine
scar. Supplemental digital content s1 shows a brief outline of the patient characteristics.

Table 1: Patient characteristics. Mean values are shown for both groups plus the uterine rupture case.
The range is shown in parentheses.

Intact scar Control Uterine rupture
Gestational age 41+2 (40+0 — 42+2) 40+1(38+3 — 41+6) 40+2
Maternal age 33 (29 - 38) 32 (27 - 37) 35
BMI 27,8 (21,2 -37,7) 22,4 (19,2 - 31,6) 22,7
Parity 1.2(1-2) 040-1) 1
Years since previous CS | 2,64 (14 -4,2) NA 2,69
Augmention of labor 5 (100%) 3 (60%) Yes
Secondary CS 60% 20% Yes
Fetal birth weight 3649 gram (3230 - 4380) 3850 gram (2990 — 4485) 3145 gram

Two examples of recorded EHG signals, in which bursts of activity are visible that correspond
to contractions in the tocogram, are shown in figure 3. In total, 40 contractions were analyzed.
Levene's test did not show significance in any of the outcomes, thereby supporting equal
variances in the intact scar and control group. Based on the observed standard deviation, the
post hoc analysis showed sufficient achieved power. In both groups, the inter-channel
correlation in the middle area was similar to the upper- and lower areas of electrodes (figure
4, upper panel). All observed differences were non-significant.
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Figure 3: two examples of measured EHG signals. The left panel shows part of a recording of a women with a previous
CS. The recording in the right panel is from a patient of the control group. In the top graph, the EHG signals of one
row of (eight) electrodes are shown. Signals are filtered between 0.35 — 0.80 Hz. The bottom graph shows the
corresponding tocogram (external tocodynamometer). Bursts of activity are visible in the EHG signals that correspond
to the contractions in the tocogram. The signal amplitude during contractions is approximately 0,1 mV p-p. The green
bars indicate the contraction segments that were selected for calculation of the inter-channel correlation and the
conduction velocity. The red bar in the right panel indicates a movement artefact.




The average amplitude of the CV vector was similar for the intact scar and control group as
well as in the case of uterine rupture (figure 4, lower panel). The small difference between the
intact scar and control group was non-significant. The angle of the CV vector was evenly
distributed in patients of both groups between horizontal and vertical direction. In the EHG
signal of the patient in which uterine rupture occurred, an abnormal propagation pattern was
observed showing a strong predominance of vertical propagation.
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Figure 4: Upper panel: results of inter-channel correlation in the time domain using
horizontal and vertical pairs of electrodes. Results are averaged in three areas of the grid,
corresponding to the electrodes above, over and below the uterine scar respectively.
Observed differences between the different areas, were non-significant within both
groups. Lower panel: Results on conduction velocity amplitude and angle. The mean
amplitude of the CV vector per group is shown in the left panel. The estimated CV vector
angles were categorized as horizontal and vertical and the mean distribution is shown on
the right. Results were compared between the scar and control group and the observed
differences were non-significant.
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Discussion

This study aimed to explore the potential of EHG propagation analysis for detecting a uterine
rupture during trial of labor. The baseline propagation characteristics of an intact uterine scar
were studied and compared to a control group to understand the effect of scar tissue on
electrical propagation. The EHG was recorded using a high-resolution electrode grid
positioned over the lower uterine segment across the scar. Based on simulations, inter-
channel correlation and the CV vector were adopted as EHG parameters for evaluating
possible disruption of electrical propagation. The measurements show that EHG signals can
be recorded in the lower uterine segment. No significant differences in inter-channel
correlation or propagation direction were observed between the group of patients with an
intact uterine scar and the control group. Therefore, the results support unaffected
propagation of electrical activity by the intact uterine scar tissue. In contrast, a strong
predominance of vertical propagation was observed in the uterine rupture case.

In line with EHG signals recorded at other locations of the uterus during term labor, the
signals obtained from the lower uterine segments showed typical bursts of activity alternated
by quiescent periods. These bursts clearly corresponded to the contractions visible in the
tocogram and showed a good inter-channel correlation. The signal within these bursts was
found to propagate through the electrode grid at a velocity that was in the range of values
found in electrophysiological [19-22] and previous clinical studies [14, 16]. However, recording
the EHG from the lower uterine segment is challenging especially considering the gradual
thinning of the lower uterine segment during the first stage of labor. This requires extra care
for obtaining an optimal electrode-skin contact to ensure optimal signal quality.

The results on inter-channel correlation showed comparable values for the three areas of the
grid in all cases. Based on simulations, in case of interruption of electrical activity by the scar,
the results on correlation were expected to be lower for the middle area of electrodes
representing the electrical activity of the uterine scar tissue. However, this effect on
correlation by the scar tissue might be local and therefore sensitive to placement of the
electrode grid. In order to achieve an optimal approximation of the location of the uterine
scar underneath, the scar on the skin was used as reference for placement of the electrode
grid over the uterine scar. Moreover, to avoid differences in scar height, all patients in the
scar group had a previous transverse incision in the lower uterine segment at a gestational
age within two weeks of the gestational age at the time of recording. Finally, to account for
possible remaining inaccuracy in positioning the electrode grid, the middle area of the grid
spanned multiple rows of electrodes. A local effect by the scar tissue in inter-channel
correlation may have been reduced by using multiple rows. However, also in the individual
results of electrode pairs on correlation, no trend indicating lower correlation in the middle
was evident.

Analysis of the local propagation direction might be less sensitive for misplacement of the
electrode grid over the uterine scar and therefore more suitable for a clinical application of
detecting failure of a uterine scar during labor. The propagation direction proved to be
variable in both the scar and control group and was evenly distributed between a horizontal
and vertical direction of propagation. This is in line with previous analysis of propagation
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direction [16, 19, 23] and consistent with previous studies on the electrophysiology of the
uterus in which no fixed pacemaker location has been identified [13, 22, 24-26]. This finding,
in combination with the results on the inter-channel correlation, does not show any disruption
of propagation by an intact uterine scar implicating that EHG changes might only occur in
case of rupture. However, in a follow up study the sample size should be adequate in order
to discern possible inter-patient variation in wound healing [27].

In order to explore the propagation pattern preceding failure of a uterine scar, one case of
uterine rupture was included. The diagnosis was confirmed over three hours after the
measurement during CS; therefore, the exact status of the uterine scar during the
measurement could not be fully ascertained. However, the observed clinical signs (arrest of
labor, increased abdominal pain despite epidural analgesia, and decelerations in the fetal
heart rate tracing) suggest that the scar might already have ruptured at the time of the
measurement. In this recording, a strong predominance of vertical propagation was found.
Horizontal propagation is to be expected if the rupture would be located underneath the
electrodes. Moreover, no lower values for inter-channel correlation were found in the middle
rows using vertical pairs. It should be noted that only 16 channels out of 64 were recorded
for this case, resulting in an interelectrode distance of 17,7 mm. The lower spatial resolution
may have reduced the sensitivity for detecting interruption of propagation. During the
surgery, it was established that the uterine scar had ruptured on the left side and therefore
was possibly located entirely next to the electrode grid. This could have resulted in local
conduction to be predominantly vertical in this case by propagation fronts circumventing or
circulating around the defect in the uterine scar. In general, rupture can occur in any part of
the uterine scar and can result in an oval shaped defect. Therefore, any dominant direction
of propagation might indicate a uterine rupture. Since the intact uterine scar tissue does not
appear to influence the propagation of electrical activity, and an abnormal propagation
pattern was found in case of uterine rupture, EHG changes might only occur in case of rupture
of the uterine scar.

In order to reliably detect a change in propagation direction caused by failure of the scar
during labor, the size of the electrode grid should be adapted to cover a larger part of the
uterine scar. This study was limited to the use of linear propagation models of cell to cell
propagation. In addition, non-linear models can be considered as these might provide more
accurate results [28-30].

Conclusion

The observed propagation patterns in the lower uterine segment support unaffected
propagation of electrical activity through the intact uterine scar suggesting that changes in
the EHG might only occur in case of failure of the scar. This study motivates further research
in a larger group of patients since advanced analysis of the EHG propagation pattern could
potentially provide detection of scar rupture during trial of labor after cesarean.
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Abstract

The electrohysterogram is a potential new tool for diagnosing preterm labor. The parameters
derived from the electrohysterogram may be influenced by movement of the uterus. An
observational study was performed quantifying uterine movement during labor as a first step
towards improving the analysis of the electrohysterogram for predicting preterm labor. The
uterine wall was continuously tracked by ultrasound imaging during the first stage of labor
while an accelerometer recorded external abdominal accelerations. Recordings from 6
women were used for analysis. In all patients a cyclic cranial-caudal movement of the uterine
wall, caused by maternal respiration, was observed. This movement was reported and
quantified in this study for the first time. The average frequency, amplitude, and peak speed
were 0.27 +0.07 Hz, 0.68 £0.84 cm, and 1.04 £1.20 cm/s, respectively. The signal recorded by
the accelerometer placed on the abdomen correlates with the uterine movement and
therefore can possibly provide a reference for removing movement induced artifacts. The
next step will be to model and measure the effect of uterine movement on the
electrohysterogram parameters and finally make the measurements more robust to
movement artifacts.
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Introduction

The electrohysterogram (EHG) is a noninvasive measurement of the electrical activity
underlying uterine contractions. The EHG can be measured by electrodes placed on the
abdomen; each electrode records the electrical activity of the myometrium underneath the
electrode. Previous literature demonstrated that the EHG is a potential new diagnostic tool
for monitoring labor, discriminating between physiological and pathological contractions,
thereby supporting timely treatment of preterm labor [1-5].

Unfortunately, the introduction in the clinical practice of diagnostic tools based on the EHG
is hampered by a lack of understanding of the link between the action potentials initiating
(preterm) labor and the EHG signal recorded on the skin surface. The propagation of action
potentials originating in myometrial cells and the resulting EHG signal measured on the skin
surface builds on several complex processes; the signal propagates from cell to cell within
the myometrium [6] and through the tissue layers underneath the skin [7]. Furthermore, tissue
layers can vary in thickness and move mutually as well. All these factors affect the measured
EHG signal and make its interpretation challenging.

The international BioMod UE_PTL project (Biophysical Modeling of the Uterine
Electromyogram for understanding and preventing Preterm Labor [8]) focuses on multi-scale
modeling to understand the link between the electrical activity at the cell level and the EHG
signal recorded on the skin [9]. The ultimate objective is providing the necessary knowledge
for a new EHG-based tool for the diagnosis of preterm labor.

As part of the BioMod UE_PTL project, this study focuses, for the first time, on continuous
measurement of the mechanical activity of the myometrium by abdominal ultrasound (US).
Our primary objective is to observe myometrial changes and movements during labor as a
first step to improve in the future the interpretation of the EHG signal measured on the skin
surface during pregnancy and labor.

Patients and Methods

An observational study was performed. Approval was obtained by the local medical ethical
board and written informed consent was acquired. The study was conducted according to
the principles of the Declaration of Helsinki (59th WMA General Assembly, October 2008).
Inclusion criteria were women in the first stage of labor, singleton pregnancy, a gestational
age of at least 37 weeks, and finally epidural analgesia. Only women with epidural analgesia
were included due to the need to remain still in order to obtain high quality US images. The
target inclusion size was 10 patients. It was not possible to perform a power analysis. The
mechanical activity of the myometrium was continuously assessed by abdominal US
measurements. An Aloka SSD 100 US scanner (Hitachi Aloka Medical, Tokyo, Japan) was used
in B-mode (2D mode) in combination with a 6 MHz abdominal convex probe. The US probe
was placed perpendicular to the skin. A position was chosen just below the umbilicus and
close to the midline of the abdomen in order to obtain optimal contrast between the uterine
wall and the surrounding tissues and to measure the myometrium underneath our standard
position for EHG electrode placement [10]. Both sagittal and transversal US recordings were
obtained for a minimum of 3 contractions for each patient. A tocodynamometer was
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positioned above the umbilicus to record contractions and provide a reference by the
standard clinical monitoring method. Finally, a 3D accelerometer was placed on the maternal
abdomen close to the US probe, enabling the measurement of the accelerations of the
abdominal surface, thereby indirectly capturing movement of the abdominal surface in three
directions, x, y, and z. The B-Mode US recordings, digitized at 25 frames/s, the
tocodynamometer, and the measured accelerations were stored on a computer for further
analysis.

Uterine movement was analyzed by the following procedure. US data were first visually
inspected to exclude frames that contained out-of-plane probe movements. In order to
estimate uterine movement, selected portions of the US image were followed over time using
a speckle tracking algorithm based on 2D cross correlation, see [11] for a more detailed
description. Based on the assumption that subcutaneous tissue does not move relative to the
skin, the displacement of both uterus and subcutaneous tissue were tracked in order to
compensate for small movements of the probe. The speckle tracking algorithm was
independently applied to the subcutaneous tissue layer and to the uterine layer. The uterine
movement U(t) was estimated by subtracting the displacement of the subcutaneous tissue
layer from the displacement of the uterus. For each participant the peak frequency and the
average amplitude of the uterine movement were calculated. The peak speed was then
derived based on a sinusoidal movement.

The z-axis, perpendicular to the skin surface, of the 3D accelerometer was used in order to
correlate the amplitude of the measured abdominal acceleration, A(t), and the amplitude of
the uterine movement, U(t). The correlation between A(t) and U(t) was quantified by the
maximum of the normalized cross-correlation function, p. The correlation between A(t) and
U(t) was calculated also in the frequency domain. Oscillatory uterine movements were
observed in all patients which were considered to be induced by maternal respiration.
Therefore band-pass filtering was applied to U(t) in the frequency band corresponding to
respiration frequencies [0.17 Hz- 0.67 Hz]. The Pearson correlation coefficient, r, between the
power density spectra of U(t) and A(t) was calculated. Finally, the peak frequency of both
signals was compared and the Wilcoxon signed-rank test was used to test for statistical
significance.

Results

A total of nine women were enrolled into the study, of them three were excluded from further
analysis. One measurement was stopped upon request of the women, one measurement was
stopped because fetal bradycardia was detected during the measurement and, finally, one
measurement could not be analyzed because of inadequate US quality. The gestational age
ranged from 37+5 to 40+5, the body mass index from 22,0 to 25,6 and the cervical dilatation
from 2 to 9 cm. Five women were nulliparous and one patient had a history of a cesarean
delivery. After excluding all US segments affected by out-of-plane movements or large
translational movements, 110 minutes of US recordings were analyzed, with an average of
19+7 minutes per patient.
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As shown in Table 1, in all subjects, a cyclic cranial — caudal movement of the uterine wall with
respect to the skin was detected in the US data. Based on observation, this movement had a
sinusoidal pattern, here simply referred to as uterine movement. The average amplitude of
this movement (calculated as the full motion divided by two) showed a high inter-patient
variability, from 0.03 c¢cm to 2.49 cm. In each subject, the average period (duration of one
cycle) ranged from 2.7 s to 5.3 s, corresponding to oscillation frequencies from 0.19 Hz to
0.37 Hz and to a peak speed of the uterine wall between 0.04 and 3.60 cm/s. On average,
values of 0.27+0.07 Hz, 0.68+0.84 cm, and 1.04+1.20 cm/s were found for the frequency,
amplitude, and speed of the uterine movement, respectively. The analysis of the correlation
between the accelerometer signal amplitude, A(t), and the uterine movement, U(t), shows an
average correlation p = 0.51£0.08. No significant difference (p<0.05) was found in the peak
frequency. The correlation coefficient of the power density spectra was r = 0.85+0.06.

Table 1. Uterine movement:

Case Oscillation  frequency | Average  amplitude | Peak speed [cm/s]
[Hz] [cm]

2 0.37 0.05 0.12

3 0.21 0.03 0.04

6 0.23 2.49 3.60

7 0.19 0.63 0.75

8 0.31 0.35 0.68

9 0.32 0.53 1.07

Mean +SD 0.27+0.07 0.68+0.84 1.04£1.20

The hypothesis that the uterine movement was due to respiration was confirmed by an
additional measurement on a pregnant woman (35 weeks gestational age) who was not in
labor and was without epidural analgesia, see Figure 1. Similar to the measurements in
patients in labor, an accelerometer was placed on the abdomen and the uterine movement
was measured by US. When this woman stopped breathing for a short period, uterine
movement and abdominal acceleration were no longer detected.
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Figure 1. An additional measurement showing the uterine movement to be induced by
maternal respiration. The uterine movement (top) and abdominal acceleration (bottom)
were no longer detected when the woman held her breath for a short period.

Discussion

This research aimed at observing the mechanical activity of the uterus during labor, in order
to improve interpretation and measurement of the abdominally derived electrohysterogram.
For the first time the uterine movement was quantified and correlated to abdominal
acceleration.

In all subjects, a cyclic movement of the uterine wall underneath the abdominal surface was
observed in the vertical direction (caudal — cranial). An additional dedicated measurement, in
which this vertical movement disappeared when the woman held her breath, confirmed this
movement to be caused by maternal respiration. Since this movement was not observed in
the tissues above the uterus, i.e., skeletal muscle and subcutaneous tissue, our hypothesis is
that the organs lying in the abdominal cavity within the peritoneum, including the uterus, are
displaced by the diaphragm during respiration relatively to the abdominal layers outside the
peritoneum. The observed high inter-patient variability could be due to individual differences
in type of breathing: chest or diaphragmatic breathing. Following our hypothesis,
diaphragmatic breathing would lead to a higher amplitude of the uterine movement.
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The correlation between the uterine movement and the detected acceleration was calculated
by the maximum of the normalized cross correlation, rather than by the Pearson correlation
coefficient, in order to have a measure of correlation which is independent of the
synchronization accuracy between the signals. Although the uterine movement has the same
frequency as detected by the accelerometer, the signals have only a modest correlation in
the time domain. We can deduce that, in this domain, nonlinear effects, presumably in the
phase of the equivalent transfer function between the signals, play a dominant role. These
effects are likely to result from the complex mechanical system linking abdominal
accelerations and uterine movements. A system identification approach should therefore be
employed to process the signals prior to performing any correlation analysis. This approach
is being considered for future research.

The uterine movement due to respiration was present in all patients and with a frequency
approximately in the frequency range used for EHG analysis [5]. Our findings have pressing
implications for the models currently under development for signal propagation and the
interpretation of the abdominally derived EHG [9]. Firstly, it implies movement of the signal
source; the electrodes of the EHG record the signal at that specific location with a
continuously moving myometrium underneath. Therefore, EHG parameters previously
proposed for characterization of uterine contractions during pregnancy and for prediction of
labor, e.g., frequency content [5] and conduction velocity [3, 4], may be affected by uterine
movement induced by respiration. Secondly, abdominal movement can cause measurement
artifacts due to variations in the electrode-to-skin contact. The interpretation should
therefore be adjusted by taking uterine movement into account. The main question that
arises relates to the extent of the influence of respiration on the observed variations in EHG
parameters.

Since the EHG propagation properties have been recently suggested as the most promising
indicators for preterm labor prediction (8), understanding the effect of uterine movement on
the measured EHG conduction velocity would be particularly relevant. In this study, the
uterine movement had a peak velocity of 1.04 cm/s. Being this value is much smaller than the
values of EHG conduction velocity previously reported in the literature: 4.9 - 53 cm/s [3, 4, 6],
we may infer that the effect of respiration-induced artifacts on the analysis of the EHG
conduction velocity is negligible. However, due to the yet unclear mechanism underlying EHG
signal propagation [4], further research is needed to thoroughly understand and quantify the
effect of uterine movement on the parameters derived from EHG signal analysis in order to
avoid misinterpretation of clinical results.

Future work will focus on understanding and modeling the effects of the observed uterine
movements on the EHG signal, possibly leading to new improved methods for EHG analysis
that are robust to respiration-induced artifacts [12]. Understanding and modeling the link
between respiration and EHG is essential for a reliable use of the EHG for prediction of
preterm labor.
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Imminent preterm delivery cannot be accurately established using current monitoring
techniques, leading to both under treatment and, in particular, overtreatment of women
presenting with preterm contractions; more than half of the patients admitted for preterm
labor, eventually deliver at term [1-5]. The electrohysterogram (EHG) can potentially provide
insight in the evolution of uterine activity and the onset of (preterm) labor. The objective of
this thesis was to contribute to the development of the EHG as objective and repeatable tool
for preterm labor detection and to explore new applications for EHG propagation analysis
for term labor monitoring. This thesis is subdivided in 5 parts: part 1 provides background
information, part 2 focuses on preterm labor detection, part 3 covers term labor monitoring
and part 4 concludes with a general discussion. Part 5 contains a list of publications, a
curriculum vitae and acknowledgements.

Part 1: Physiology and electrohysterography

Chapter 1 entails a general introduction to electrohysterography and states the objective of
this thesis. The first part of chapter 2 provides the relevant physiology for understanding the
processes that underlie the EHG signals. The topics covered are the uterus and its myocytes,
the generation and propagation of action potentials and finally coupling of the action
potential to contraction in smooth muscle cells. Electrical propagation of action potentials in
uterine smooth muscle is dependent on cell to cell coupling by gap junctions, the presence
of which is dependent on the stage of the pregnancy [6-8]. Labor and delivery is preceded
by an increase in propagation speed and distance [9-11]. Smooth muscle cell physiology
differs in some important respects from skeletal muscle cell function: the pattern of
propagation is continuously changing and lacking a fixed pacemaker region [12, 13].
Furthermore, the contraction of smooth muscle cells is much slower in onset and relaxation
and more energy efficient as a consequence of slow cross-bridge cycling.
Electrohysterography involves the recording of the electrical activity of the myometrium. In
the second part of chapter 2 various techniques that are used for recording the EHG are set
out, and an overview of the literature on electrohysterography for detecting preterm labor
and monitoring term labor is provided. Linear parameters can be further subdivided in
parameters regarding signal amplitude [14-17], the spectral content [14, 17-21] or signal
propagation [22-25]. Signal amplitude has shown considerable variability among patients,
limiting its usability for preterm labor detection. While spectral parameters have been shown
to be predictive for preterm delivery, they lack accuracy to be used as a standalone method.
The increased connectivity among cells prior to delivery increases propagation speed and
distance, which can be quantified by estimating the conduction velocity from the EHG.
However, considerable variability exists in methods for estimating the conduction velocity
[22, 23, 26-28]. Alternatively, non-linear parameters have been proposed [29-33], among
others non-linear propagation and sample entropy. Characteristic for preterm contractions is
a more variable and shorter propagation path of action potentials [9, 10, 34]. Non-linear
methods could provide an alternative when the conditions for linear propagation are not
met.
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Part 2: Preterm labor detection

Part 2 covers the subject of preterm labor detection focusing on propagation analysis in the
EHG. Previously, analysis of the conduction velocity in preterm patients has relied on visual
selection of uterine contractile bursts and/or spikes within these bursts. Despite the promising
results that have been presented using this approach [22], clinical application requires a
method that is reproducible and objective. However, automated estimation of the conduction
velocity entails a number of challenges, namely, automatic detection of uterine contractile
bursts, exclusion of signals that are not related to propagating action potentials, and finally
derivation of the mean conduction velocity vector.

As a first step, a new automated approach for derivation of the conduction velocity vector in
a multi-channel EHG recording was investigated for detecting imminent delivery. A grid of
64 closely spaced electrodes allowed for bidirectional estimation of the conduction velocity
vector by a 2-step process: estimation of time delays in the frequency domain and derivation
of an average conduction velocity vector based on a maximum likelihood method. Chapter
3 describes the results of an observational cohort study of 16 term and 6 preterm pregnant
patients presenting with pre-labor contractions. This study aimed to detect imminent delivery
based on the conduction velocity. The average amplitude of the conduction velocity vector
was significantly higher for the labor group (8.63cm/s) compared to the non-labor group
(4.89cm/s). This confirmed linear propagation as promising tool for (pre)term labor detection.
Noteworthy was that external reference by an external tocodynamometer combined with
annotations of maternal perception was still required to confirm the initial selection of
contractions by the estimated intra uterine pressure (elUP). Furthermore, the 64 channel
setup was complex in use and calculations required considerable computational time.

The PoPE study (Prediction of Preterm delivery by the Electrohysterogram) aimed to address
these challenges and to validate conduction velocity analysis for preterm labor detection
using a method similar to Lucovnik et al [22]. A method of reduced complexity was adopted
using 4 monopolar EHG channels in a fixed configuration. This electrode configuration could
replicate a bipolar electrode configuration comparable to the aforementioned study, while
also enabling conduction velocity estimation in two directions using 4 channels, which allows
estimation of the angle of propagation as well as reduce overestimation of the conduction
velocity amplitude [35]. The method for automated derivation of the conduction velocity
vector was adapted to the 4 channel setup and optimized in order to make it more robust to
(white) noise. Time delays among channels were estimated by cross-correlation.
Subsequently, a planar wave front was fitted through the individual vectors of electrode pairs.
The mean fitting error was employed as measure of observed variance in conduction velocity
and observations with high variance were not considered as linear propagation and therefore
discarded. The PoPE study also envisioned to add automatic selection of contraction
segments using a derivative of the elUP in a second stage. In the absence of an absolute
reference for detecting uterine contractile bursts, manual segmentation of contraction
segments was considered as a reference.
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In Chapter 4 we describe the study protocol of the PoPE study testing the hypothesis that
the conduction velocity would be higher of preterm contractions leading to (preterm) delivery
within 7 days. Similarly to [22], the PoPE study aimed to enroll approximately 100 patients
presenting with either clinical symptoms of threatening preterm labor or preterm prelabor
rupture of membranes at a gestational age between 23+5 and 34+0 weeks. Manual
contraction selection was protocoled by a two step process: the signal to noise ratio of the
EHG was increased by optimizing filter settings and removal of the maternal ECG using a high
quality external tocogram as reference. Secondly, a set of visual criteria for selection of
contractions and artefacts were formulated based on recordings of term and preterm
contractions as well as self-induced artefacts. In chapter 5, the results of the PoPE study are
presented. Selection of contraction segments proved to be challenging, evidenced by a low
concordance between observers. This necessitated a consensus meeting for 39 cases, in order
to reduce dissimilarity in segmentation. The resulting overlap in contraction segmentation
amounted to 59%. Furthermore, the method for conduction velocity estimation proved
susceptible to both common mode and non-common mode noise, apparent in the binominal
distribution of observed conduction velocity values. No significant differences were observed
in conduction velocity amplitude and direction between the preterm labor and non-labor
group. Using the method of the PoPE study, no rise in conduction velocity could be detected
preceding preterm delivery. Conduction velocity as EHG parameter has shown inconsistent
results. In the PoPE study, using only four electrodes and a distance of approximately 5-8 cm
between electrodes, no rise in conduction velocity was apparent preceding preterm delivery.
In a more complex approach using 64 electrodes spaced 4 mm apart, the conduction velocity
was almost twice as high in the labor group consisting of both term and preterm patients.
The distance between electrodes is a possible explanation for this discrepancy, since the linear
approximation might more likely be valid for shorter distances.

In chapter 6 an alternative approach for EHG analysis for preterm labor detection was
evaluated in the cohort of patients of the POPE study. 58 from the 81 patients were selected
who had at least 5 minutes of contractions during the recording. A modified version of
approximate entropy and sample entropy in single EHG channels during contractions was
compared to reference non-linear EHG parameters: standard sample entropy and
approximate entropy plus time-reversibility. The modified algorithm for approximate entropy
and to a lesser extent, sample entropy, outperformed the reference methods in predicting
preterm delivery. Noteworthy was that the modified versions of approximate entropy and
sample entropy were not able to recognize imminent onset of labor. However, these
parameters showed statistically different values in the EHG recordings when performed at
least 4 weeks in advance of preterm delivery. Therefore, changes in the EHG might be
manifest early in pregnancy and dedicated entropy measures could provide early risk
assessment for preterm delivery.
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Part 3: Term labor monitoring

Part 3 continues with term labor monitoring, with special focus on uterine rupture detection.
While the days of “once a cesarean, always a cesarean” are over, diagnosing a uterine rupture
remains challenging. While guidelines mainly focus on changes in the fetal heart rate pattern
[36, 37], changes in the tocogram are expected based on the pathophysiology of complete
separation of the uterine wall. Chapter 7 reviews the tocogram characteristics associated with
uterine rupture during trial of labor after cesarean section. In 13 studies diverse changes in
uterine contractility were observed preceding uterine rupture. Hyperstimulation was
observed more frequently preceding uterine rupture, which might be a factor leading to
uterine rupture or alternatively hyperstimulation could be an indicator of obstructed labor. In
the largest prospective cohort study, sudden absence of contractions was reported in 14% of
cases of uterine rupture. In addition, hypertonia was observed in 20%. The method for
monitoring uterine activity was not specified. No direct comparison could be made between
the external tocodynamometer and intrauterine pressure catheters. 5 studies did not report
observed changes in the tocogram. Chapter 7 concluded that tocogram changes associated
with uterine rupture are diverse and can be absent in some cases.

In chapter 8 we explored propagation characteristics in the EHG as alternative modality for
detecting a uterine scar rupture during trial of labor, the most common scenario of uterine
rupture. The presence of uterine scar tissue could potentially impede electrical propagation,
or alternatively, only disrupt propagation in case of rupture. The latter scenario could
potentially serve as basis for detecting a uterine rupture. As a first step, the aim was to
establish the baseline propagation characteristics of the intact uterine scar during trial of
labor. To this end a 64 electrode grid was positioned above the uterine scar allowing for high
spatial resolution data on propagation surrounding the uterine scar. Simulated EHG signals
were constructed that emulated different scenarios of propagation in the presence of non-
conducting uterine scar tissue. Based on these simulations, inter-channel correlation and
propagation direction were adopted as EHG parameters suitable for evaluating possible
disruption of electrical propagation by the uterine scar. Propagation was compared between
5 women with an intact uterine scar and 5 women without scarred uterus during the first
stage of labor. Both inter-channel correlation and propagation direction proved similar,
supporting unaffected propagation in case of an intact uterine scar. Additionally, a single
case of uterine rupture occurred as part of pilot measurements. An abnormal propagation
pattern was observed in the EHG, showing other than expected, a strong predominance of
vertical propagation. This direction was possibly related to the rupture location being to the
left of the electrode grid. The results of this study suggest that changes in propagation might
become apparent in the EHG in case of uterine scar rupture.

The abdominal EHG signal depends on propagation of action potentials through the layers
in between the skin and uterus which can potentially move mutually or vary in thickness. The
aim of chapter 9 was to observe changes and movement of the myometrium during labor,
in order to improve the interpretation and measurement of the abdominally derived EHG.
The myometrium was continuously monitored by ultrasound and an accelerometer. A clear
caudal-cranial cyclic movement was present which was confirmed to be caused by
respiration. A similar oscillation was observed In the accelerometer, showing a modest
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correlation in amplitude and a high correlation in frequency. Therefore, the accelerometer
can possibly provide a reference for removing movement induced artifacts.

Future directions

Capturing uterine contractile bursts and distinguishing them from background noise, is one
of the main challenges in preterm EHG analysis. Recently, research on EHG analysis has
moved towards processing the whole signal. Although challenging, distinguishing contractile
bursts from background noise is a critical step as extracting EHG parameters such as
conduction velocity on signals other than originating from uterine myocytes has little
meaning. Moreover, especially preterm the ratio of contractile bursts and quiescent periods
is variable, therefore also the influence of these quiescent periods on the outcome of EHG
parameters is variable. This notion is further supported by the observation that the
classification performance of sample entropy is improved when applied on manually
segmented contractions rather than processing the whole signal in the above-mentioned
study. Therefore, the method for automated detection of uterine contractions in the
externally recorded EHG will need to be further developed. Since a non-invasive gold
standard for detecting uterine contractions is lacking, validation of this method will continue
to rely on visual inspection of the EHG signals. The goal of this method should be to either
reliably match manual segmentation, or alternatively aim to distinguish values obtained
during contractions from those related to noise based on the outcome of the EHG parameter.

In order to come to a verdict on conduction velocity as EHG parameter for preterm labor
detection, the conditions for linear propagation analysis should be optimal in a follow up
study. This includes a small inter-electrode distance and a group of preterm patients clearly
showing contractions. Furthermore, an accelerometer should be included as a reference for
maternal respiration and other movement artefacts. Conduction velocity can be compared
to non-linear entropy parameters. This comparison could guide future research on preterm
labor detection towards either linear or non-linear analysis of the EHG.

Connectivity among uterine myocytes could be a factor in successful induction of term labor
as well. Quantifying this connectivity at the start of induction by linear propagation analysis
or non-linear methods, could potentially discriminate pregnant patients who have a
successful vaginal delivery from those who will have obstructed labor. In an observational
study the hypothesis could be tested that a lower connectivity, either a lower conduction
velocity or a higher entropy, is associated with an increased risk of a cesarean section.

Follow up on uterine rupture detection by EHG propagation analysis, should build on the
recommendations from chapter 8; the grid of electrodes should cover the entire uterine scar.
Furthermore, non-linear analysis could be considered in addition to linear propagation
analysis. Finally the sample size should be appropriate for the low incidence of uterine
rupture.
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Elektrohysterografie tijdens de

zwangerschap: van technische innovatie
naar de klinische praktijk
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Dit proefschrift draait om elektrohysterografie: het opnemen van de elektrische signalen die
gepaard gaan met weeén. Met behulp van deze signalen worden nieuwe methoden
beschreven voor het voorspellen of vroeggeboorte op gang gaat komen (deel 1) en het
vaststellen van het uitscheuren van een litteken van een eerdere keizersnede (deel 2).

Deel 1: hoe de baarmoeder werkt en elektrohysterografie
Hoofdstuk 1 beschrijft het doel van dit proefschrift; toepassingen voor elektrohysterografie
ontwikkelen die geschikt zijn voor gebruik in ziekenhuizen. Er is nog veel werk te doen om
de zorg rondom vroeggeboorte te verbeteren. Huidige methoden schieten te kort in
vaststellen wie er te vroeg gaat bevallen en wanneer het “loos alarm” is. Dit blijkt uit het feit
dat ruim de helft van de vrouwen die opgenomen wordt voor “dreigende vroeggeboorte”,
uiteindelijk pas na 37 weken zwangerschap bevalt. Voor het vaststellen van het uitscheuren
van het litteken van een eerdere keizersnede, bestaan momenteel geen gespecialiseerde
methoden. Daarom moet worden gebruik gemaakt van indirecte signalen zoals tekenen van
foetale nood of het wegvallen van de weeén; vaak late tekenen waarbij het kwaad reeds
geschied is.

In hoofdstuk 2 wordt beschreven hoe de spiercellen van de baarmoeder (samen)werken. Dit
is belangrijk om de elektrische signalen van de spiercellen die gemeten worden met
elektrohysterografie, te kunnen begrijpen. De baarmoeder bestaat uit zogenaamde gladde
spiercellen, die anders dan dwarsgestreepte spiercellen (zoals bijvoorbeeld de spieren van je
armen of benen), niet bewust aangestuurd kunnen worden. Spiercellen trekken samen als
gevolg van elektrische ontlading, waarbij de ontlading van cel naar cel springt en als een
stroompje door de baarmoeder heen loopt. Het belangrijke verschil met dwarsgestreepte
spieren, is dat in het gladde spierweefsel van de baarmoeder de elektrische ontladingen zich
in een chaotisch patroon verspreiden; het wisselt continu waar de ontlading begint en welke
richting deze op verloopt. Eénmaal ontladen, duurt het relatief lang voordat de
samentrekking van de spiercel begint en vervolgens kan deze samentrekking zonder veel
energie in stand worden gehouden. Met behulp van elektroden op de buikhuid kunnen deze
elektrische ontladingen worden gemeten. De methoden hiervoor lopen enorm uitéén en
kunnen bestaan uit een enkele elektrode of een veelvoud, bijvoorbeeld 64 elektroden in een
vierkant. Het signaal kan op verschillende manieren beschreven worden, bijvoorbeeld de
grootte van signaal of de frequentie inhoud. Als voorbereiding op de bevalling wordt de
verbinding tussen de spiercellen beter en lopen de elektrische ontladingen sneller door de
baarmoeder. Nieuwe methoden voor het voorspellen van vroeggeboorte richten zich op het
meten van de snelheid van voortgeleiding van de elektrische ontladingen.

Een alternatieve manier om het signaal van de baarmoeder te analyseren, is met non-lineaire
methoden. Hiervoor zijn onder meer non-lineaire correlatie en sample entropy voorgesteld.
Een eigenschap van vroegtijdige weeén, is een kortere afstand van voortgeleiding van
elektrische ontladingen. Non-lineaire analyse kan een alternatief vormen wanneer niet aan
de voorwaarde van lineaire voortgeleiding wordt voldaan.
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Deel 2: het voorspellen van vroeggeboorte

Voor het bepalen van de snelheid van voortgeleiding, is tot op heden gebruik gemaakt van
visuele inspectie van de signalen. Dit kent zijn beperkingen, want de uitkomst hiervan is niet
door anderen te controleren. Om deze methode objectief en bruikbaar te maken voor
gebruik in het ziekenhuis, is het nodig dat het meten van de voorgeleiding geautomatiseerd
gebeurt. Echter, kent dit een aantal uitdagingen: het automatisch herkennen van weeén, het
uitsluiten van stoor signalen en uiteindelijk het berekenen van de voortgeleidingssnelheid.
Dit laatste wordt hoofdstuk 3 beschreven. Hiervoor werd het elektrohysterogram opgenomen
met 64 dichtbij elkaar gelegen elektroden. De tijdsverschillen tussen de elektroden werden
bepaald aan de hand van de fase van het signaal en met behulp van een statistische methode
werd de gemiddelde voortgeleidingsrichting en snelheid bepaald. Deze methode werd
getest in een studie met 22 patiénten: 6 zwangere vrouwen met een dreigende
vroeggeboorte en 16 vrouwen met weeén die al voorbij de 37 weken zwangerschap waren.
De voortgeleidingssnelheid was hoger voor de vrouwen die kort na de meting bevielen (8.63
cm/s) vergeleken met de vrouwen die later bevielen (4.89 cm/s). Deze studie liet zien dat
geautomatiseerde meting van de voortgeleidingssnelheid bruikbaar kan zijn voor het
vaststellen welke zwangeren binnen korte tijd zullen bevallen. Het nadeel van de methode
was dat er veel rekentijd van de computer voor nodig was en dat er nog extra metingen
nodig waren voor het vaststellen van begin en eind van de weeén.

De PoPE studie werd opgezet om deze problemen het hoofd te bieden. Tevens werd in deze
studie gepoogd de resultaten te bevestigen van eerder onderzoek door een vergelijkbare
opzet te kiezen. In hoofdstuk 4 wordt de werkwijze van de PoPE studie beschreven. De
hypothese was dat bij vrouwen met een aanstaande vroeggeboorte een hogere
voortgeleidingssnelheid zou worden gezien vergeleken met vrouwen die pas later bevallen
(na 7 dagen of langer). Vergeleken met de studie uit hoofdstuk 3, werd nu een simpelere
meetopstelling gebruikt met 4 elektroden voor het meten van het elektrohysterogram. Een
aangepaste methode werd ontwikkeld voor het automatisch berekenen van de
voortgeleidingssnelheid, gebruik makend van 4 elektroden. Met behulp van cross-correlatie
werden de tijdsverschillen tussen de 4 kanalen bepaald. De voortgeleidingssnelheid werd
tussen alle mogelijke combinaties van de 4 elektroden bepaald; als de gemiddelde fout
hiervan te hoog was werd die individuele waarneming als te onnauwkeurig beschouwd. Dit
had als doel de waarnemingen als gevolg van ruis weg te gooien en zo de nauwkeurigheid
te verhogen van de meting.

Voor het kunnen herkennen van de weeén in het signaal, werd een afschatting gemaakt van
de druk in de baarmoeder: een maat voor de weeén kracht. Dit gebeurde aan de hand van
het elektrohysterogram na uitgebreide voorbewerking van het signaal, waaronder het
wedfilteren van het signaal van het hart van de moeder. Aan de hand van een aantal
vooropgestelde criteria, werden de weeén in het signaal geselecteerd door 2 onderzoekers.

In hoofdstuk 5 worden de resultaten van de PoPE studie beschreven. In totaal 81 patiénten
die werden opgenomen voor dreigende vroeggeboorte of vroegtijdig gebroken vliezen
deden aan de studie mee. De zwangerschapsduur bedroeg tussen de 24 en 34 weken. Bij al
deze zwangeren werd een elektrohysterogram opgenomen en naderhand werd de
voortgeleidingssnelheid bepaald tijdens de weeén die gemeten werden. De invloed van ruis
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bleek nog significant, resulterend in foutief lage en hoge waarden. Er werd geen verschil
gevonden in voortgeleidingssnelheid tussen de groep zwangeren die binnen 7 dagen na de
meting beviel en de groep die pas na meer dan 7 dagen beviel. Hiermee konden de resultaten
uit eerder onderzoek en de hypothese van een hogere voortgeleidingssnelheid als teken van
een naderende vroeggeboorte, niet worden bevestigd. Een mogelijke verklaring voor de
discrepantie met eerder gevonden resultaten met 64 elektroden, is de grotere afstand tussen
de elektroden bij de 4 kanaals methode waarbij mogelijk niet altijd aan de voorwaarde van
lineaire voortgeleiding wordt voldaan. Onze aanbeveling voor een vervolgstudie van
voortgeleidingssnelheid voor het voorspellen van vroeggeboorte, is dan ook om de afstand
tussen elektroden te verkleinen.

In hoofdstuk 6 worden een alternatieve non-lineaire methoden onderzocht voor het
voorspellen van vroeggeboorte. Bestaande algoritmen voor entropie, een maat voor de mate
van wanorde in een signaal, werden aangepast voor het monitoren van de regelmatigheid
van het signaal. Tevens werden de algoritmen meer bestand gemaakt tegen de grote
fluctuaties en korte pieken in amplitude die kenmerkend zijn voor elektrohysterogram
signalen. Deze aangepaste algoritmes voor approximate entropy en sample entropy, werden
vergeleken met de originele algoritmen en time revsersibility, als referentie non-lineaire
parameters voor het elektrohysterogram. 58 van de 81 patiénten uit de PoPE studie Alhoewel
de standaard algoritmen de beste voorspelling gaven van vroeggeboorte binnen 7 dagen,
gaven de aangepaste approximate entropy en in iets mindere mate sample entropy, de beste
voorspelling welke zwangeren uiteindelijk voor de 37 weken zwangerschap bevielen.
Concluderend betekent dit dat veranderingen in het elektrohysterogram mogelijk al vroeg in
de zwangerschap waarneembaar zijn en dit biedt mogelijkheden voor risico inschatting van
een vroeggeboorte.

Deel 3: monitoren van weeén tijdens de bevalling

Het laatste deel houdt zich bezig met het monitoren van de baarmoeder tijdens de bevalling,
met speciale aandacht voor het uitscheuren van het litteken van een eerdere keizersnede:
een zogenaamde uterus ruptuur. Ooit betekende een keizersnede dat alle erop volgende
bevallingen ook middels een keizersnede moesten plaatsvinden. Tegenwoordig is duidelijk
dat aan herhaalde keizersnedes risico’s zitten en dat natuurlijk bevallen vaak goed mogelijk
is. Echter blijft er een risico bestaan op een uterus ruptuur, en het diagnosticeren hiervan is
een grote uitdaging. De huidige richtlijnen voor het herkennen van een uterus ruptuur,
hebben het meeste aandacht voor veranderingen in het hartslag patroon bij de ongeboren
baby. Echter, zijn deze veranderingen aspecifiek en bovendien vaak een laat teken van deze
ernstige complicatie. Op basis van het mechanisme van het volledige doorscheuren van de
wand van de baarmoeder, zijn er ook veranderingen in het weeén patroon te verwachten. In
hoofdstuk 7 is een overzicht gemaakt van alle veranderingen die beschreven worden in de
bestaande literatuur. In totaal 13 studies werden hiervoor gebruikt, waarin verschillende
veranderingen in het weeén patroon werden waargenomen. Hyperstimulatie werd vaker
gezien voorafgaand aan een uterus ruptuur, een uiting van ofwel de oorzaak van de ruptuur
dan wel een teken van een niet vorderende baring. In de grootste studie werd een plotse
afwezigheid van weeén in 14% van de gevallen van uterus ruptuur gezien. Tevens werd een
verhoogde druk in de baarmoeder tussen de weeén geobserveerd bij 20% van de gevallen.
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Er kon op basis van deze overzicht studie, niet bepaald worden of de inwendige druklijn beter
geschikt is voor het vaststellen van een uterus ruptuur dan de uitwendige meting van weeén.

In hoofdstuk 8 is de analyse van voortgeleiding met behulp van het elektrohysterogram
onderzocht voor het detecteren van een uterus ruptuur tijdens de bevalling. Het uitscheuren
van het litteken na een eerdere keizersnede, is de meest voorkomende oorzaak van een
uterus ruptuur. Het ontstaan van een uterus ruptuur geeft mogelijk een verandering in
voortgeleiding van de elektrische ontladingen die van buitenaf te meten is in het
elektrohysterogram. Hiervoor was het nodig om eerst de voortgeleiding rond het litteken
gemeten zou worden rond het litteken als het nog intact is. Om dit te bepalen, is tijdens de
bevalling bij 5 vrouwen een grid van 64 elektroden gepositioneerd boven het keizersnede
litteken. Ter vergelijk is op gelijke wijze gemeten bij 5 vrouwen zonder een eerdere
keizersnede. In de meting werd gekeken naar de richting van voortgeleiding van de
elektrische ontladingen van de spiercellen van de baarmoeder. Daarnaast werd de correlatie
bepaald tussen de signalen van boven en onder het litteken in het elektrohysterogram.
Tussen de vrouwen met en zonder keizersnede litteken, werd geen verschil in
voortgeleidingsrichting en correlatie gevonden, wijzend op een ongestoorde voortgeleiding
van elektrische ontladingen door het littekenweefsel. Een enkel geval van een uterus ruptuur
ontstond tijdens een proefmeting voorafgaande aan de hiervoor genoemde 10 patiénten. Bij
deze vrouw werd kort na de meting een uterus ruptuur vastgesteld tijdens een
spoedkeizersnede, waarbij de linkerzijde van het litteken was uitgescheurd. Ten tijde van de
meting bestond de ruptuur mogelijk al, en in de meting werd een sterk overheersende
verticale voortgeleiding gezien, dit werd bij geen van de vrouwen met een intact litteken
gezien. Mogelijk hing deze richting samen met dat de ruptuur die niet onder het elektroden
grid ontstond, maar links ervan. Een verandering in voortgeleidingsrichting van variabel naar
een overheersende richting zou derhalve kunnen wijzen op een uterus ruptuur tijdens de
bevalling. In een vervolgonderzoek is het aanbevelingswaardig om een nog groter grid te
gebruiken en in een grotere groep zwangeren te meten tijdens een bevalling na een eerdere
keizersnede.

In hoofdstuk 9 wordt een studie beschreven die als doel had veranderingen en beweging van
de baarmoederwand in beeld te brengen, ten einde de meting en interpretatie te verbeteren.
Hiervoor werd de baarmoederwand gevolgd met behulp van echo tijdens de bevalling van 6
vrouwen in de ontsluitingsfase. Hierin was een duidelijk ritmische beweging gezien, waarvan
werd bevestigd dat deze verzaakt werd door de ademhaling. Deze beweging werd ook
gemeten met een versnellingsmeter op de buikhuid, waarbij de overéénkomst in frequentie
van de beweging goed was en minder wat betreft grootte van de beweging. Een
versnellingsmeter kan mogelijk wel als referentie dienen voor het verwijderen van artefacten
in de meting als gevolg van de ademhaling.
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