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Resumo

O parto vaginal é considerado a principal causa de disfun¢do do pavimento pélvico, que pode
levar ao prolapso dos 6rgdos pélvicos, a incontinéncia urindria, a incontinéncia fecal e a outros
distirbios pélvicos. Quando necessario, o instrumento para auxiliar na realiza¢ao do parto vaginal
é a ventosa, que é o dispositivo eleito na pratica obstétrica moderna, principalmente pela seguranca
para o feto e pela menor probabilidade de morbidade materna. Durante o trabalho de parto, o feto
tem que passar por diversos movimentos para atravessar com sucesso o canal de parto. Essa
sequéncia de manobras pode causar lesdes nos musculos do pavimento pélvico materno e nos
ossos pélvicos devido as alteracdes biomecanicas, que ndo podem ser medidas in vivo por questdes
éticas e clinicas. Portanto, as simulacdes computacionais sao a técnica usada para compreender
estes processos biomecanicos.

Este trabalho tem como objetivo realizar uma anélise biomecanica para estudar o impacto na
musculatura do pavimento pélvico e nos ossos pélvicos do parto vaginal instrumentado (ventosa).
Assim, para simular o parto vaginal assistido com a ventosa, foi utilizado um modelo de elementos
finitos dos muisculos do pavimento pélvico, dos ossos pélvicos, da cabeca do feto e da ventosa. No
modelo dos ossos pélvicos, foram modeladas as articulacdes sacroiliacas, sacrococcigea e a sinfise
pubica. Durante o segundo periodo do trabalho de parto foi simulada uma apresentacio cefélica
e uma posi¢do occipito-anterior do feto. Deste modo, foram avaliados alongamentos, tensdes e
deformacdes na musculatura do pavimento pélvico. Também foi analisada a for¢a na ventosa, a
abertura da sinfise pibica e 0 movimento e rotacio do cdccix e do sacro.

Os resultados obtidos demonstraram que nos musculos do pavimento pélvico ocorreu um
alongamento de 1.7, sendo a parte inferior do musculo elevador do anus, principalmente o pubo-
coccigeo, o musculo mais afetado durante o parto e, portanto, onde as lesdes s3o mais propensas a
ocorrer. As forcas obtidas para puxar a cabeca do feto foram ligeiramente superiores a for¢a que o
feto exerce sozinho num parto normal. Em relacdo aos ossos pélvicos, ocorreu um alargamento de
2.7 mm na sinfise pubica e uma rotagdo de aproximadamente 17° no cdccix, estando ambos nos
valores admissiveis que podem ocorrer durante o trabalho de parto. Portanto, ndo ocorreu didstase
da sinfise ptibica nem fratura do céccix, como pode ocorrer durante partos vaginais instrumenta-
dos. Comparando estes resultados com simulacdes realizadas em partos vaginais normais, nio se
verificaram grandes diferencas.
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Abstract

Vaginal delivery is considered to be the leading cause of pelvic floor dysfunction, which can lead to
pelvic organ prolapse, urinary incontinence, fecal incontinence, and other pelvic disorders. When
in need, the instrument to assist the mother in carrying out vaginal delivery is a vacuum extractor,
which is the device of choice in modern obstetric practice, mainly because of the safety for the
fetus and less probability of maternal morbidity. During labor, the fetus has to go through diverse
movements in order to successfully pass through the birth canal. This sequence of maneuvers
can cause damage to the maternal pelvic floor muscles and pelvic bones due to the biomechanical
changes, which cannot be measured in vivo because of ethical and clinical reasons. Therefore,
computational simulations are the technique used for solving these kinds of biomechanical pro-
cesses.

This work aims at performing a biomechanical analysis to study the impact on the pelvic
floor muscles and the pelvic bones during vaginal delivery with a vacuum extractor. Thus, to
simulate the vacuum-assisted vaginal delivery, a finite element model of the pelvic floor muscles,
the pelvic bones, the fetus head and the suction cup was used. In the pelvic bones model, the
pubic symphysis, sacroiliac and sacrococcygeal joints were modeled. A vertex presentation and
an occiput anterior position of the fetus during the second stage of labor were mimicked. Like
this, stretches, stresses and strains were evaluated on the pelvic floor muscles. The force on the
suction cup was also analyzed, as well as, the widening of the pubic symphysis and the movement
and rotation of the coccyx and sacrum.

The results obtained demonstrate that a stretch ratio of 1.7 occurred in the pelvic floor muscles,
being the inferior part of the levator ani muscle, especially the pubococcygeus muscle the most
affected muscle during the delivery and so where injuries are most prone to occur. The forces
obtained to pull the fetus head were slightly higher than the forces that the fetus does by itself
in a normal delivery. Regarding the pelvic bones, a widening of 2.7 mm occurred in the pubic
symphysis and a rotation of approximately 17° was obtained in the coccyx, both being in the per-
missible values that can occur during labor. Therefore, a diastasis of the symphysis pubic and a
coccyx fracture did not occur, as it can happen during instrumental vaginal deliveries. Compar-
ing these results with simulations performed with normal vaginal deliveries, there were no major
differences.
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Chapter 1

Introduction

This chapter presents a global overview of vaginal deliveries, in particular, assisted vaginal deliv-

eries. It also contains the motivations behind this work and the main objectives.

1.1 Context

The birth of a child is considered to many women a very significant, intense and demanding
occasion in their lives. It is a natural and physiological process that can affect the woman positively
or negatively, depending on their experiences. However, it is always considered a quite complex
event so every childbirth should be as safe as possible [1,2]. Unfortunately, and according to
the World Health Organization (WHO), around the world more than 500 thousand mothers pass
away because of problems during childbirth. Also, 2.6 million babies die every year during birth
or even before birth [3,4]. As a consequence, and as national development, reducing child and
maternal mortality is essential [5]. Therefore, if any kind of problem arises during natural labor
that causes the process to be interrupted or prolonged excessively, a situation of danger can happen
not only for the baby but also for the mother. That requires specific measures to speed up birth,
being assisted vaginal delivery (AVD) (by vacuum extraction or forceps) and cesarean section
(CS) two of the interventions that intend to end these risky situations [6]. When a condition
like this is anticipated during pregnancy or when its development is detected at the beginning
of labor, a CS is usually performed. Recently, the percentage of deliveries by cesarean section
has been increasing. In 2016, a research by WHO stated that these deliveries accounted for 25%
in developed countries [7], which is significantly higher than the recommended 15% by WHO.
Furthermore, when compared to vaginal delivery (VD), CS comes with extra risks since it is a
surgical operation through the abdominal wall and uterine muscle [8,9]. It can carry problems
like considerable infection, the possibility of having a cardiac arrest, anesthetic complications,
wound hematoma, hysterectomy, and also an elevated risk of bleeding [6, 8]. Thus, implementing
a CS without being recommended is a great cause of concern, and that is why vaginal childbirth is

usually recognized as the most frequent mode of delivery [1, 6].
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Nevertheless, there are some cases in which problems only become unexpected after the be-
ginning of labor, that is, although the cervix (the lowest portion of the uterus) is already dilated
and the fetus’ head is already engaged in the mother’s pelvis, expulsion does not advance. In these
unforeseen cases, doctors regularly resort to AVD with special instruments, which is a delivery in
which the obstetrician uses a VE (ventouse) or forceps, in order to speed up the baby’s expulsion
and end the delivery as soon as possible [10]. The vacuum extraction is frequently applied in
the first place because the traction force that the fetal scalp is subjected to is significantly lower
than for forceps and these are only used when there is no progress with the vacuum [11]. In the
last years, although the total rate of AVD (also named operative or instrumental VD) has been
declining, the use of VE has been increasing, and it now accounts for nearly five times the rate
of forceps-assisted vaginal births, as shown in Figure 1.1. The frequency of AVD depends on
which country it is performed as well as the prevailing obstetric methods. In the US, the use of
AVD was 3.1% in 2016, being 2.6% with vacuum-assisted vaginal delivery and 0.5% with for-
ceps [12], while in 2020, the UK showed that 10% to 15% of women gave birth with AVD [13].
As a consequence, and mainly because of the safety of the fetus and fewer possibility of maternal
morbidity, the vacuum extractor was declared in the literature to be the technique of choice in

modern obstetric practice when in need of AVD [14].

10%
9%
8%
7%
6%
5%
4%
3%

2%
1% i
0% H B B NN NN NN N "=

1950 1985 2000 2005 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Percentage of all births

Years

M Forceps Vacuum Extraction

Figure 1.1: Assisted vaginal delivery by forceps or vacuum extraction in the US between
1990-2018 (adapted from [15]).

1.2 Motivation

Throughout pregnancy, because of the hormonal changes and elevated intra-abdominal pressure,
the functions of the pelvic floor can be negatively affected [16]. During vaginal delivery, to facil-
itate the passage of the fetus through the birth canal, the maternal pelvis undergoes some modifi-

cations, as it may widening the pubic symphysis and some coccyx movement may occur, which
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can affect the sacrococcygeal joint. Also, when the fetus passes from the womb through the cervix
and the vagina, the pelvic floor muscles (PFM) go through a series of stretches and strains that
can cause severe deformations and damage, and muscles can even rupture. These risks of injury
that the PFM are subjected, make vaginal childbirth the leading cause of pelvic floor dysfunction
(PFD) [16]. PFD occurs due to the reduction of support and suspension that the components of
the levator ani muscle (LAM) of the PFM provide. This loss decreases muscular tonus and LAM
becomes weaker, causing injuries to these structures [17]. Injuries usually happen when muscu-
lar or collagenous structures are stretched beyond their possible limits [18]. The symptoms of
PFD can include chronic pelvic pain, pelvic organ prolapse (POP), urinary incontinence (UI), fe-
cal incontinence (FI), or sexual dysfunction [19]. According to the definition of the International
Continence Society (ICS), POP is the descent of one or more of the anterior vaginal wall, posterior
vaginal wall, the uterus (cervix), or the apex of the vagina, Ul is any complaint of involuntary loss
of urine, and FI is the complaint of involuntary loss of feces [20]. This dysfunction represents a
major public health problem due to its negative impact on the quality of life of various women and
due to its high prevalence [21].

Statistics demonstrate that, in the United States, this disorder affects 24% of women [1] and
that at least 11% of women will require surgery due to severe PFD during their lifetime [22]. In
addition, 30 to 40% of women experience some degree of incontinence during their lifetime [23].
Several studies have proved that PFD also increases with age and affects 9.7% of women aged
between 20-39 and 49.7% of women aged 80 and over [24]. Nygaard et al. [24] verified that the
number of pregnancies also has an impact on the risk of having PFDs, affecting 18.4% of women
with only one pregnancy, 24.6% of women with two pregnancies, and 32.4% of women with three
or more pregnancies. As demonstrated by ultrasound and magnetic resonance imaging (MRI),
after an instrumental vaginal delivery, PFM are at higher risk of injuries than after a spontaneous
VD, increasing the risk of having PFD [25]. Researches also confirm that forceps delivery is
associated with more damage on the LAM than vacuum delivery, and therefore rising the change
of having PFD [26].

1.3 Objectives

The main goal of this study is to contribute to obtaining a better knowledge in the field of as-
sisted vaginal delivery with a vacuum extractor. For this purpose, a biomechanical analysis in
instrumented vaginal delivery with a vacuum extractor device, is going to be performed in order to
observe the impact on the maternal pelvic floor muscles as well as in the female pelvis. To the best
of our knowledge, there are only a few studies that use computer models to perform biomechanical
simulations of vaginal deliveries, and those do not include a vacuum extractor to evaluate these
impacts.

In this work, computer simulations are going to be developed in ABAQUS software in order to
mimic a vertex presentation and an occiput anterior position of the fetus during the second stage

of labor. For this, a validated computer model of the maternal pelvis is going to be used and a



4 Introduction

model of a suction cup is going to be created in SOLIDWORKS software. The suction cup is
then going to be placed in the correct position on the fetus’ head and the simulation will occur so
we can observe its impact on the mothers’ PFM, like stresses, strains and stretches; analyze the
widening of the pubic symphysis and the movement and rotation of the coccyx; the displacement

of the sacrum and coccyx and also to observe the reaction force applied in the suction cup.

1.4 Outline

In addition to the Introduction, this work is structured in 5 more chapters.

Chapter 2 presents an explanation of the basics concepts needed to understand this study. This
includes the anatomy of the maternal pelvis, the fetal head and the pelvic floor muscles. It also
considers the labor mechanisms and a description of an instrumental vaginal delivery, in particular,
vacuum-assisted delivery.

In chapter 3, the state of the art and the works that have already been developed in the area are
described.

Chapter 4 introduces the fundamentals of the finite element method, like some solid mechanics
kinematic concepts, some variational principles and constitutive equations. There is also an intro-
duction on the software used in this work, the ABAQUS software.

Chapter 5 shows the finite element models that were used in this work and it also describes the
constitutive models. The results obtained for the numerical simulation with the suction cup as well
as the discussion of the simulation are also present.

Lastly, chapter 6 presents the mainly conclusions and it proposes some future work to improve the

present study.



Chapter 2

Labor

In this chapter, a description about the basics concepts needed to understand this work are de-

scribed.

2.1 Normal Labor

Labor, also known as vaginal delivery, can be defined as a sequence of events that end the preg-
nancy and concludes with the expulsion of the fetus, followed by the amniotic fluid, placenta and
membranes through the birth canal [5,9,27]. It starts with the voluntary onset of regular uterine
contractions which origins the effacement and the continuous dilation of the cervix and leads to the
descent of the fetus [5,27]. During labor, the fetal presentation has to adapt itself to the possible
diameters of the pelvis, in order to get through the most favorable dimensions in the birth canal.
Therefore, the delivery mechanism depends on the morphology and configuration of the maternal
pelvis, fetal presentation, and also on uterine contractibility [10].

To successfully accomplish a safe vaginal delivery and to reduce complications to the mother
and the baby, it is essential to have an adequate obstetric care. For that, the understanding of
the interaction between uterine contractibility, the maternal pelvis (the passage), the fetus head
(the passenger), the pelvic floor muscles, and the delivery mechanisms is crucial for a proper

management of childbirth [27].

2.1.1 Maternal Pelvis

The female pelvis has essential functions like aiding in human locomotion, as the lower limbs
carry the body weight through the pelvic girdle, it also supports abdominal organs by the muscles
on the pelvic floor and by the pelvis itself. Another significant role is in childbirth, as the fetus
must go through the birth canal, which is composed of the womb, cervix, vagina, and vulva that
are placed in the pelvic girdle [28]. The bony pelvis is formed by four main bones, which are the
two hip bones, also called innominate bones, the sacrum, and the coccyx. The innominate bones
are joined to each other anteriorly by the pubic symphysis and to the sacrum posteriorly. Each

of them is composed of the union between the ilium, ischium and pubis that are merged together



6 Labor

at the acetabulum, which articulates with the head of the femur [5,9,27]. The pelvis is generally
divided into two regions: greater (or false) pelvis and in lesser (or true) pelvis, separated by an
oblique plane, called the pelvic brim (or pelvic inlet), which forms a circumference that passes
through the sacrum, the iliopectineal lines and the symphysis pubis [27,29] (Figure 2.1). The true
pelvis is the most important part of the obstetric area because it creates the path during childbirth.
It contains the abdominal viscera and it is limited superiorly by the pelvic inlet and inferiorly by
another imaginary plane, the pelvic outlet, and in the middle both include the pelvic cavity. The
pelvic outlet (Figure 2.2) has a shape of a diamond [30] and is anteriorly bounded by the pubic
symphysis, on each side by the ischial tuberosity and by the coccyx posteriorly. Above the pelvic
inlet, the false pelvis is located [9,27,31].

Pelvic Inlet (red

dashed line)
Sacrum

lliopectineal Line

Ischial Spine

llium

Coceyx

Hip/Innominate

Bone Pubis

Ischium Acetabulum

Pubic Symphysis

Figure 2.1: Anterior view of the female bony pelvis (adapted from [30]).

Pubic Symphysis

Acetabulum

Sacrum

Ischial Tuberosity

. Margin of Pelvic
Coceyx Outlet

Figure 2.2: Pelvic outlet (adapted from [30]).
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* Pelvic joints and ligaments

The pubic symphysis links the two hip bones anteriorly. It is a secondary cartilaginous joint
that is covered by hyaline cartilage and connected by fibrocartilage, forming the interpubic disc.
The pelvic joints are sustained by several ligaments. The ligaments present in the pubic symph-
ysis joint is the superior pubic ligament, which strengthens the joint above and the inferior pubic
ligament (or arcuate pubic ligament) which is located below the joint (Figure 2.3a). Although
no noticeable movement happens in this joint, some widening of the pubic ligaments may occur
during labor [30,31]. Due to the hormones during pregnancy, pelvic laxity is increased and the
separation of the pubic symphysis can happen. A normal symphysys pubic gap, in a nonpregnant
woman, is between 4 to 5 mm but in the last months of pregnancy, a normal widening of 2 to 3 mm
can occur, without pain. However, diastasis of the symphysis pubis can happen when the pubic
symphysis gap is equal or larger to 10 mm and when a instrumental delivery is necessary, this gap
can get even bigger [32,33].

The sacroiliac is a synovial joint that is located between the sacral and iliac auricular sur-
faces. This joint surfaces are irregular which restricts its movement. The sacroiliac joint has 3
main ligaments: the anterior sacroiliac ligaments, which connect the bones above and below the
pelvic inlet, forming the anterior part of the fibrous capsule; the interosseous sacroiliac ligaments
which are a mass of the strongest ligaments that join the sacrum to the ilium postero superiorly,
occupying the irregular spaces; and the posterior sacroiliac ligaments, being the most superficial
fibres which cover the interosseous ligaments (Figure 2.3) [30,31]. Ligaments are responsible for
the stability of the sacroiliac joint. Together with the interosseous ligaments, the iliolumbar liga-
ment counters any movement of the sacroiliac joint. To oppose the anterior rotation of the sacrum
are the sacrotuberous and sacrospinous ligaments. The sacrotuberous ligament is mixed with the
posterior sacroiliac ligament and is liked to the posterior superior and inferior of the iliac spines,
to the lateral sacral crest and to the the lateral edges of the lower sacrum and upper coccyx. The
sacrospinous ligament is attached to the margin of the sacrum and upper coccyx and goes to the
ischial spines, anterior to the sacrotuberous ligament [31].

Like the pubic symphysis, the sacrococcygeal joint is a secondary cartilaginous joint that is
located between the sacrum and the coccyx. It has a disc made of fibrocartilage, composed of hya-
line cartilage. The ligaments that reinforce this joint are the anterior and posterior sacrococcygeal
ligaments. In the last months of pregnancy and in labor, the pelvic ligaments become softer, al-
lowing the the sacrococcygeal joint to move and the coccyx to have some rotation [31]. A normal
coccyx can have between 5 to 22 degrees of rotation [34], however with an intrumental vaginal

delivery the coccyx can have a rotation superior to 22 degrees and it can even fracture [35].
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Figure 2.3: Ligaments and joints of the pelvis (adapted from [31]).

* Pelvic planes and diameters

There are four imaginary plans of the pelvis, that correspond to the main measurements for
assessing the capacity of the maternal pelvis [36]. They are the inlet, the plane of greatest and
least (midplane) diameter and the outlet (Figure 2.4). It is through these diameters that the fetus
descends and goes through various movements in order to pass the challenging shape of the bony
pelvis [27].
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The pelvic inlet is composed of the anteroposterior diameter, which is a sagittal diameter that
goes from the sacrum to the symphysis pubis; the transverse diameter is the widest diameter that
links the iliopectineal lines; the oblique diameter that connects the sacroiliac joint and the opposite
iliopectineal eminence (Figure 2.5a) [37]. In this diameter, there is also the anatomic conjugate
which distances from the middle of the sacral promontory to the superior aspect of the pubic
symphysis. The obstetric conjugate connects the middle of the sacral promontory to the posterior
superior margin of the pubic symphysis and is the most important diameter since is where the fetus

must pass through. The diagonal conjugate extends from the the sacral promontory to the inferior

margin of the pubic symphysis (Figure 2.5b) [37].

b) Coronal view.
(a) Sagittal view. ®)

Figure 2.4: Pelvic planes [37].
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Figure 2.5: Pelvic inlet diameters [37].

In the plane of greatest diameter, the anteroposterior diameter goes from the midpoint of the
posterior surface of the pubis to the junction of the second and third sacral vertebrae, while the

transverse diameter extends through the lateral margins of the plane [37].
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The midplane or plane of least diameter is the most important plane of the pelvis. In this
plane, the anteroposterior diameter connects the lower part of the pubis to the junction of the
fourth and fifth sacral vertebrae, while the transverse diameter extends between the ischial spines.
The posterior sagittal diameter goes from midpoint of the bispinous diameter to the junction of the
fourth and fifth sacral vertebrae (Figure 2.6) [37].

(a) Anteroposterior view. (b) Sagittal view.

Figure 2.6: Midplane or plane of least diameters [37].

The pelvic outlet has four principal diameters. The anteroposterior diameter that extends from
the apex of the coccyx to the midpoint of the lower pubic symphysis. The obstetric anteropos-
terior diameter connects the inferior margin of the pubis to the sacrococcygeal joint, while the
transverse diameter has the distance of the ischial tuberosities at the lower borders of their medial
surfaces. The posterior sagittal diameter extends from the middle of the transverse diameter to the

sacrococcygeal joint (Figure 2.7) [37].

transverse diam.

L Post.
Y - s /
~, triangle »
Y ’ r
- ’ /

(a) Inferior view. (b) Sagittal view.

Figure 2.7: Pelvic outlet [37].
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¢ Pelvic Classification

There are four main shapes that the female pelvis can be classified in, determined by the
diameters of the inlet and pelvic cavity. Despite genetics, these shapes are also alleged to be
different based on culture and environment. These shapes are gynecoid, anthropoid, android and
platypelloid (Figure 2.8). The gynecoid pelvis is round and the most common one; the anthropoid
has an oval inlet, a long and narrow pelvic cavity and the anteroposterior diameter is the broadest;
the android, has an inlet with a shape of a heart and a thin outlet and the platypelloid shape has
a flat inlet and the inlet anteroposterior diameter is shorter than a gynecoid pelvis but has a wider

transverse diameter [9,27].

Figure 2.8: Different shapes of the female pelvis [9].

2.1.2 Fetal Head

The fetal skull is formed by five bones: two frontal bones, two parietal bones, and the occipital
bone (Figure 2.9). The two parietal bones are separated by the sagittal suture, the frontal bones are
separated by the frontal suture, the suture that separates the two frontal and the two parietal bones
is called coronal suture and between the parietal bones and the occipital bone is the lambdoid
suture. A fontanelle is a space composed of two or more sutures. The anterior fontanelle is made
up of the sagittal, frontal and the two coronal sutures, while the posterior fontanelle is formed by
the sagittal and the two lambdoid sutures (Figure 2.10) [5,27].

Due to pressures and forces that the fetal head goes through as it descends in the birth canal,
the anatomical connection between the skull bones is modified, enabling the fetus’ head to arrange

itself to the geometry of the birth canal. This process is named molding and it can decrease
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the diameters of the fetal cranium. The fetal head is also divided into parts, in order to help in
determining which presenting region is the lowest during examinations in vaginal delivery. The
face is the part that goes from the nose to the chin. The brow is the region between the front of the
anterior fontanelle and the nose, while the bregma is the region that covers the anterior fontanelle.
The vertex is the region bounded by both fontanelles and it also covers the parietal bones and the
part that is below the posterior fontanelle is called the occiput (Figure 2.9) [27].

During the course of labor, the fetal head takes different degrees of flexion that defines which
area of the skull is presenting at the moment. Diameters of the presenting area are important and
are presented in Figure 2.11. The relevant diameters are the suboccipitobregmatic (9,5 cm, vertex
fully flexed), submentobregmatic (9,5 cm), mentovertical (13,5 cm), suboccipitofrontal (10,5 cm)
and occipitofrontal (11,5 cm) [5,27]. Depending on the degree that is presenting, due to the
molding, the delivery may occur spontaneously, or an operative delivery has to be made [16].

Anterior Fontanelle
(Bregma)

Parietal

Bone

Posterior
Fontanelle

Occipital

Face Bone

Qcciput

Figure 2.9: Fetal skull bones and regions (adapted from [27]).
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Figure 2.10: Sutures and fontanelles of the fetal skull (adapted from [27]).
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Figure 2.11: Fetal skull diameters (adapted from [27]).

2.1.3 Pelvic Floor Muscles (PFM)

The pelvic floor is a complex region of the pelvic cavity that consists of the pelvic organs (bladder,
urethra, uterus, vagina, rectum), pelvic floor muscles (PFM), which support the pelvic organs by
keeping them anatomically in their normal position, and connective tissues. PFM also have the

function of resistance to augment the abdominal pressure when, for example, coughing or lifting
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heavy weights as well as a continence mechanism to loosen and enable urination and defecation
[19].

The female pelvic floor is comprised of the pelvic diaphragm, which has three main compo-
nents: the levator ani muscle (LAM), coccygeus muscle, and the fascias that cover these mus-
cles [29,31, 38] (Figure 2.12). The coccygeus muscle has a triangular composition that is con-
nected to the ischial spines posteriorly, on each side to a thickening in the internal obturator
muscle, named the tendinous arch of levator ani, and to the lateral end of the sacrum and the
coccyx [29,31]. The levator ani muscle is the most important part of the pelvic floor and it is
formed by the iliococcygeus, pubococcygeus and puborectalis muscles. The posterolateral part
of the levator ani is the iliococcygeus that has its origin in the tendinous arch of the levator ani
and the ischial spine. The pubococcygeus is the intermediate muscle that extends from the poste-
rior surface of the pubic bone and the anterior part of the tendinous arch, while the lateral fibers
are posteriorly inserting into the coccyx. The puborectalis is the thickest and the medial muscle
of the levator ani. It originates from the posterior surface of the pubic bone and forms a mus-
cular sling with the shape of a “U” (puborectal sling) which goes around the rectum and that is
commonly termed as the urogenital hiatus [29, 31, 38], having the important function of keeping
fecal continence. Collectively, the pubococcygeus and puborectalis muscles are referred to as the

pubovisceral muscle.

Coceygeus Muscle

Ischial Spine

Pubococcygeus |
Muscle

Levator Ani _< lliococcygeus

Muscle
Muscle Internal Obturator

Puborectalis Muscle

Muscl
_ uscle

Tendinous Arch
of Levator Ani

Urogenital Hiatus

Figure 2.12: Female Pelvic Floor Muscles (PFM) (adapted from [39]).

2.1.4 Labor Mechanisms

To accomplish a safe and successful vaginal delivery, fetal variables such as lie, presentation,

position, attitude, and asynclitism need to be addressed at the beginning of the first stage of labor.
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Lie refers to the relation between the fetal longitudinal axis and the longitudinal axis of the
uterus. The fetal lie can be either longitudinal, transverse, or oblique (Figure 2.13), but only the

longitudinal lie can be safely vaginal delivered, in a singleton pregnancy [27,40].

The presenting part of the fetus describes the portion of the fetus’ body that is felt on vaginal
examination. At term, the majority of the babies are presented by the vertex and in a longitudinal
lie. The degree of flexion of the fetal head will determine the presentation, for instances, if a
deflexed head will outcome in a brow or face presentation. In transverse or oblique fetal lies,
the presenting part is typically the shoulder or, on rare occasions, the umbilical cord. Compound

presentations are related to more than one part of the fetal body presenting together [27].

The fetus position is the relationship between the fetal presenting part and the maternal pelvis.
Once the presentation of most fetuses is cephalic at term, the fetal occiput is the reference that is,
if the occiput is directly anterior, the position is occiput anterior (OA); if the occiput is facing the
mother’s right side, the position is right occiput anterior (ROA). The different positions of a vertex

presentation are demonstrated in Figure 2.14 [36].

Attitude describes the characteristic posture that the fetus assumes during the last weeks of
pregnancy [27]. It is the relation of the fetal head and limbs to the fetal trunk (the degree of flexion
and/or extension of the fetal head) [5].

Asynclitism happens when the sagittal suture is not directly central with the maternal pelvis.
If the fetal head is rotated such that more parietal bone is present posteriorly, the sagittal suture is
more anterior - mentioned as posterior asynclitism. On the other hand, anterior asynclitism occurs

when more parietal bone presents anteriorly [36].

Longitudinal lie

Oblique lie

Transverse lie

Figure 2.13: Examples of fetal lie [36].
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Figure 2.14: Fetal presentations and positions in labor. LOA: left occiput anterior; LOT: left
occiput transverse; LOP: left occiput posterior; ROA: right occiput anterior; ROT: right occiput
transverse; ROP: right occiput posterior [36].

The development of labor can be divided into three stages. The first stage initiates with the on-
set of regular uterine contractions which become more intense as labor develops and is completed
with a full cervical dilation. The second stage of labor happens when the fetus passes through the
birth canal and ends with its delivery. Lastly, the third stage is the time between the fetus delivery
and the expulsion of the placenta and amniotic membranes out of the uterus [9, 19, 27].

Uterine contractions are essential for vaginal delivery. They are characterized by the frequency,
intensity, and duration of the contractions. At the beginning of labor, these contractions reach an
intensity of 1-2 kPa and rise to 7-8 kPa when the dilation of the cervix is almost complete, while
during maternal pushing it can reach 10-20 kPa [16,41]. In the first stage of labor, as the dilation of
the cervix progresses, not only the intensity but also the frequency of contractions increases until
the delivery of the baby [10]. In an effective vaginal delivery, the fetal head descends as the cervix
dilates and effaces, and for that, uterine contractions should have an adequate pattern [16, 41].
Otherwise, scalp edema (also known as caput succedaneum) and fetal head molding with the

overlap of skull bones can happen [41].
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In the second stage of labor, the way that the fetus descends through the birth canal depends on
the maternal pelvis shape as well as the position that the child is lying. In an ideal labor, where the
fetus is in the vertex position (with its head down), the widest diameter of the fetus’ head has to
negotiate with the widest diameter of the maternal pelvis into the most effective path. Hence, the
baby goes through a sequence of maneuvers to pass through the maternal pelvis. First, it enters the
pelvis with the occiput in the lateral position (occiput-transverse), because the transverse diameter
is the widest of the pelvic inlet. Then, as it goes down through the pelvis, it rotates, and the
occiput change to the anterior position (occiput-anterior). Lastly, the shoulders move around from
the transverse position to the anterior-posterior position [5,42]. This sequence of maneuvers is
called labor mechanisms, and its cardinal movements describe the changes that the fetal head
takes when passing through the birth canal (Figure 2.15) [27]. The seven cardinal movements that

occur in a vertex presentation are:

* Engagement

* Descent

¢ Flexion

* Internal Rotation
¢ Extension

» External Rotation

* Expulsion

Engagement refers to the passage of the biparietal diameter of the fetal head (the largest diam-
eter) into the true pelvis and below the pelvic inlet (Figure 2.15 - A). Usually, in most nulliparous
pregnant women (women that have never given birth), the engagement movement occurs before
the onset of labor, due to the action of the abdominal muscles that push the presentation part to the
pelvis. In multiparous women (women that had at least one previous birth) and also some of the
nulliparous women, the abdominal muscles are more relaxed and so engagement only takes place
on the labor onset [27,41].

The descent is the movement of the fetal head through the pelvis (Figure 2.15 - B). Its progress
is typically evaluated by abdominal palpation and vaginal examination. It is measured by deter-
mining the tip of the fetal head position relative to an imaginary line on the level of the maternal
ischial spines, labeled as O station [27,43]. The pelvis has been divided into fifths of centimeters
above and below the ischial spines. As the fetal head descends from the pelvic inlet towards the
ischial spines, the stations are -5, -4, -3, -2, -1, while below the ischial spines the stations are +1,
+2, +3, +4, +5 (Figure 2.16). In station +5, the fetal head is visible at the introitus [43,44].

As the fetus’ head comes down through the pelvis, it encounters a resistance presented by the
soft tissues of the pelvic floor. At this moment, uterine contractions will cause the flexion of the
fetal head which makes the occiput to become in contact with the pelvic floor. Flexion results in

the contact between the fetal chin and the fetal chest allowing the presenting part of the fetus to
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be the smallest diameter of the fetal head (the suboccipitobregmatic diameter) which proceeds on
passing through the pelvis (Figure 2.15 - C) [27,41].

In internal rotation, the fetal occiput gradually rotates so that it turns to the pubic symphysis
(occiput-anterior position) since the anteroposterior diameter of the pelvic outlet is the widest one
(Figure 2.15 - D). Then, in each uterine contraction, the fetus’ head goes down, guided by the
pelvis and the pelvic floor muscles. As it goes down, the fetus moves into the birth canal and after
some time, the vertex becomes progressively visible at the vulva [10,27,41].

When the fetal head is at the level of the pelvic outlet, the occiput becomes in contact with
the symphysis pubis, allowing the head to extend. The head is now out and will face the mother’s
back with the occiput anterior (Figure 2.15 - E) [27].

When the head is out, it returns to the position that it was in the birth canal. This new rotation
is called external rotation (or restitution) and it is completed when the sagittal suture becomes in
the transverse position, so that the back and shoulders that still are in the pelvic outlet, realign in
the anteroposterior diameter (Figure 2.15 - F) [27].

After the shoulders come out, the torso of the baby’s body is delivered (expulsion) by a lateral
flexion movement (Figure 2.15 - G), and that defines the termination of the second stage of labor
[10,27].
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B. Descent

E. Extension

/ G. Expulsion

Figure 2.15: Cardinal movements of labor (adapted from [27]).

ischial
spines

Figure 2.16: The pelvis divided into stations. The imaginary line on the ischial spines level is
station O [45].
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2.2 Instrumental Vaginal Delivery

Normal spontaneous vaginal delivery is the most common mode of delivery all over the world
because of the low mortality and morbidity for the mother and the child [43]. However, during the
second stage of labor, complications such as a prolonged second stage of labor, a non-reassuring
fetal status, lack of effective maternal effort, maternal exhaustion, or a need to shorten the sec-
ond stage of labor for maternal benefit can happen, and therefore, instrumental vaginal delivery is
required [46,47]. The American College of Obstetrics and Gynecology described (ACOG) a pro-
longed second stage of labor as the "lack of continuing progress for several hours". In nulliparous
women, it is defined as the absence of progress for 3 hours with regional anesthesia or 2 hours
without it. In multiparous women, it is considered prolonged labor after 2 hours with or 1 hour
without regional anesthesia [43].

An instrumental VD or operative VD is a medical way of, during the second stage of labor,
giving more mechanical support to the mother’s contractions, providing additional force and guid-
ance to the fetus [48]. The use of traction devices, typically, forceps or vacuum extractor devices
are used to allow the obstetrician to increase the forces along the pelvic curve. The suction cup of
the VE applies traction and suction on the fetal scalp, while the forceps support the parietal and
malar bones of the fetus and employ traction, but also displace maternal tissues. When applied,
both VE and forceps cause compression of the fetal head [46].

According to the ACOG, there are three classifications for operative vaginal deliveries, either
with forceps or vacuum extractors, which are defined by the station of the leading bony point of
the fetal head and the degree of rotation necessary for delivery [49]. Table 2.1 describes the outlet,

low and mid classifications for instrumental vaginal deliveries.

Table 2.1: Classification of instrumental vaginal delivery [49].

Classification Criteria

* Fetal scalp is visible without separating the labia
* Fetal skull has reached the pelvic floor
Outlet * Fetal head is at or on the perineum
e Sagittal suture is in an AP diameter or in the right or left occiput
anterior or posterior position (rotation does not exceed 45°)

» The leading point of the fetal skull is at station +2 or more and not on
Low the pelvic floor. There are two subdivisions: (a) rotation of 45° or less,
(b) rotation more than 45°

Mid » The fetal head is engaged but the presenting part is above +2 station

When any complication mentioned above occurs, and the obstetrician decides that an instru-
mental vaginal delivery is going to take place, several criteria need to be satisfied before the deliv-
ery happens. Thus, the prerequisites and contraindications necessary for an instrumental vaginal

delivery are presented in Table 2.2.
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Table 2.2: Prerequisites and contraindications for instrumental vaginal delivery [36,46].

Prerequisites Contraindications

* The cervix is fully dilated, and the mem-

Relative:
branes ruptured
* The fetus is in a vertex presentation » Unfavorable attitude of fetal head
* The fetus’ head is fully engaged in the | ¢ Rotation >45° from OA or OP
maternal pelvis (vacuum)

» The exact position of the fetal head is
known with certainty

* Assessment of maternal pelvis is con- | * Fetal prematurity (below 34 weeks)
sidered adequate
* Consent has been obtained Absolute:

* Mid-pelvic station

* Appropriate maternal analgesia is avail- | ¢ Fetal malpresentation
able

* Maternal bladder is empty * Unengaged fetal head

* Necessary support personnel and equip-
ment are available

* Operator has knowledge, experience, | * Clinical evidence of cephalopelvic dis-
and the skills necessary to use the instru- | proportion!
ments
* There is a backup plan and the operator | * Fetal coagulopathy
is willing to abandon the procedure if nec-
essary

* Incomplete dilation of the cervix

2.2.1 Choice of Instruments

Both forceps and vacuum extractor devices are clinically acceptable for instrumental vaginal deliv-
ery because of the low likelihood of complications. The selection between the two devices should
be based on the clinical circumstances and on the operator’s experience, training, and comfort with
the specific instrument. Some factors need to be taken into account, such as the availability of the
instrument and if it is precisely operating, by ensuring that the vacuum device is working and that
the forceps blades match [27]. Also, the degree of maternal analgesia and consideration of the
advantages and disadvantages of each instrument should be validated, which are briefly presented
in Table 2.3 [47]. Normally, it is considered that the vacuum extractor is safer to the mother due to
the low risk of tissue injury to the birth canal, while a forceps delivery is safer to the fetus because
of a lower occurrence of cephalohematoma and retinal hemorrhage [50].

Vacuum extractor and forceps are effective to deliver the fetus and reducing the time to deliv-

ery. However, if there is a complication in the application of the devices, if there is no substantial

ICephalopelvic disproportion is a complication in pregnancy that occurs when the size of the pelvis is not suitable
to enable the fetal head to negotiate the birth canal.
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descent with each maternal pull or if the descent is not significant after three pulls and the baby

has not been delivered after 15 to 20 min, the obstetrician should abandon the process [27].

Table 2.3: Advantages and disadvantages of vacuum extraction and forceps (adapted from [50]).

Advantages Disadvantages
. . k pulli
* Technically easy to perform and Weak pulling power
learn * Suction cup can fail
Vacuum . i i i
* Can handle mal-rotation positions of Cup slips off if caput succedaneum is
Extractor large
the fetal head . .
* Inappropriate for premature delivery
« Low maternal birth canal injury e Can cause complications in the fetal
head
. ) . * Requires experience for technical profi-
* Fetus can be delivered in a short time | .
ciency
Forceps * Strong pulling power -‘ High risk of injury in the maternal
¢ Delivery of the fetus is highly reliable birth canal
* Can be performed with caput suc- | ¢ Risk of injury to the face and head
cedaneum of the fetus

2.2.2 Maternal and Fetal Complications

The application of an instrument during vaginal delivery should be as safe and effective as possi-
ble, otherwise maternal and fetal complications can happen due to the imperfect techniques and
incorrect use of the device.

After an operative vaginal delivery, maternal complications are usually those of soft tissue
trauma. Compared to a forceps delivery, maternal complications are less frequent and extensive
when a vacuum is used [27]. The most common injuries include severe vaginal and perineal
lacerations, vaginal hematomas, and third and fourth-degree perineal tears [27,51]. Also, trauma
to the pelvic floor muscles because of the use of the instruments, may contribute to urinary and
anal dysfunction, and therefore the occurrence of urinary and fecal incontinence.

Although instrumental vaginal delivery is associated with risks, the absolute rate of fetal in-
jury with forceps and vacuum extractor devices is low [49]. Fetal scalp injuries occur in many of
these vaginal deliveries, though they generally are transient and of no clinical significance [27].
The possible injuries that the fetus is subjected to are craniofacial or intracranial injury and neu-
rologic or cognitive effects. These complications are dependent on the instrument used. In a
vacuum delivery, traction with a suction cup is applied to the fetal scalp, which can lead to reti-
nal hemorrhages, a cephalohematoma, and subgaleal or intracranial hemorrhage. With the use of
forceps, injures include facial lacerations, facial nerve paralysis, skull fracture, and intracranial
hemorrhage [36,49].
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Summing up, forceps and vacuum both have different complications that are associated with.
However, the use of either device is related to relatively low rates of major morbidity and mortality,

being an excellent option when in need of an assisted delivery [49].

2.3 Vacuum-Assisted Delivery

As mentioned in chapter 1, in the last years, there was a decrease in the use of forceps delivery,
making the vacuum extractor device the technique of choice for assisted vaginal delivery, because
of the low risk of injury for the mother and also due to its technical ease [50] and effectiveness
in ending the second stage of labor. Vacuum-Assisted Vaginal Delivery consists of placing on the
fetal scalp, a suction cup that is attached with a tube to a vacuum font and a handle, which applies
traction to the cup [27]. Vacuum extractors, also named ventouse, are available as manual or
electrical equipment, and both have a regulator valve and pressure gauge where the development
of negative pressure can be monitored. These devices are classified by the material that the suction
cup is made of, including metal, semi-rigid, and soft (plastic/silicone) cups [36,52]. The soft cup
is a flexible funnel cup and the rigid cup is a firm mushroom-shaped cup (M cup) [47]. A meta-
analysis that compared soft and rigid suction cups showed that the soft cups were more likely to
fail because of more frequent detachments (pop-offs) but were associated with fewer scalp injuries,
and the risk of maternal injury did not increase [47].

Even though James Young Simpson is known for describing the first vacuum device, in 1849,
the instrument only became acceptable in the 1950s with the design of the Swedish obstetrician
Tage Malmstrom [53]. The Malmstrom vacuum device has a cup with a shape of a stainless steel
disc with a suction tubing, and a traction metal chain attached on the center of the upper surface
of the cup (Figure 2.17) [27,47]. Although it has some limitations, like causing bruising to the
fetal head due to the metal cup and it failed when OP delivery was attempted, it is still in use, and
the suction cups are available in three diameters of 40, 50, and 60 mm [53]. Bird modified the
Malmstrom vacuum extractor (Figure 2.18) by separating the suction cup and the traction systems,
allowing the placement of the cup to be closer to the occiput in OP and lateral positions [27,53].

The most recent vacuum extractor is the Kiwi Omnicup Vacuum Device developed by Clinical
Innovations. It comprises a hand pump-traction system directly applied to the suction cup [27],
which is made of rigid plastic and has a diameter of 50 mm [47]. Moreover, it has a flexible stem
and a low-profile cup that enables placement over the fetal head flexion point, regardless of the
fetal head position, and has the capacity to correct the malposition of the fetal head easily [51]
(Figure 2.19).
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Figure 2.17: Malmstrom vacuum extractor. (a) Stainless steel suction cup with the three
diameters [47]. (b) Manual operated vacuum [53].
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Figure 2.18: Bird modified vacuum extractor. (a) Suction cup and traction handle. (b) Metal
suction cup with a separation of traction chain and the vacuum port [53].
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Figure 2.19: Kiwi Omnicup Vacuum Extractor [48].

2.3.1 Application in the fetal head

After satisfying the prerequisites presented in Table 2.2, the vacuum extractor device can be ap-
plied to the baby’s head. The proper placement of the suction cup in the fetus’ scalp and the
traction within the pelvic axis is a crucial first step to complete a successful vacuum-assisted vagi-
nal delivery [36]. The center of the suction cup should be placed on the flexion point (or pivot
point), which is located on the sagittal suture 3 cm anteriorly to the posterior fontanelle (Figure
2.20a). Application on this point favors flexion of the fetal head presenting the ideal fetal head
diameter, the suboccipitobregmatic, to the maternal pelvis [27]. It also promotes descent and ro-
tation of the vertex when traction is applied which can low the risk of injury to the fetus as well as
the maternal birth canal tissues [47]. When there is incorrect placement of the suction cup, on an
asynclitic head, the fetal head will present a larger diameter, resulting in a different distribution of
forces, which increases the complexity and risk of failure or can cause fetal injury [27,36].

After the placement of the suction cup, as demonstrated in Figure 2.20b, there should be en-
sured that there is no maternal tissue is between the fetus head and the cup [49], which can cause
the detachment of the cup and some maternal injuries. Once the correct position of the cup has
been confirmed, suction can be applied by gradual increments. Vacuum negative pressures should
first be raised to 100 to 150 mmHg in order to maintain the cup’s position [47] and posteriorly, it is
recommended to increase vacuum suction pressures to 500-600 mmHg and traction follows, par-
allel to uterine contractions [51]. Lower suction pressures rise the chance of cup detachment, but
conversely, pressures above 600 mmHg increase the risk of fetal scalp trauma and hemorrhages.
Once the fetal head is visible at the introitus (process named crowning), suction should cease, the
vacuum cup removed and the remainder of the delivery of the baby is like any vaginal delivery [5].
The procedure is recommended to be achieved with no more than 3 sets of pulls and a maximum

of 2 to 3 cup detachments [47], with a restricted time of no longer than 15 minutes [27].
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In Figure 2.21, the procedure in order to complete a vacuum-assisted vaginal delivery can be

observed.

-----

F = Flexion Point
P = Posterior Fontanelle

(@ ®)

Figure 2.20: (a) Flexion point. (b) Correct placement of the suction cup, with the center on the
flexion point (F) and its border on the posterior fontanelle (P) (adapted from [54]).
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inserting the suction cup

D. Applying traction to bring the

C. Placing the cup over the flexion point
8 P P head down to the perineum

E. Applying traction F. Changing the direction of traction
following the curve of the birth canal

G. Delivering the fetal head (hand protects the perineum)

Figure 2.21: Procedure for vacuum-assisted vaginal delivery [4].
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Chapter 3

Literature Review

This chapter reviews the current state of the art regarding the area of vaginal delivery and its impact
on the pelvic structures as well as the main method used to assess it, providing knowledge of what

has already been studied in the field.

3.1 Pelvic Floor Dysfunctions and Vaginal Delivery

The movements that the fetus has to do in order to pass through the maternal pelvis, causes great
damage to the bony pelvis and to the pelvic floor muscles. Those injuries, in a near future, can be
in the origin of pelvic floor dysfunctions such as pelvic pain, POP, Ul, and FI. This is the reason
why vaginal delivery is the number one cause of PFD.

Regarding the bony pelvis, it was already mentioned that the pubic symphysis gap can get
wider as labor occurs. Its normal size gap is 4 to 5 mm and a widening of 2 to 3 mm is considered
normal, but a widening of 10 mm or more is considered a pubic symphysis diastasis. However,
this gap size can get bigger than 10 mm in an operative delivery, just like Sujana et al. [32] proved.
In their study, two women who had an instrumental delivery reported a pubic symphysis diastasis
after a difficult vaginal delivery. In one patient, a ventouse was used but it was unsuccessful, so
delivery was performed using forceps. This patient had a widening of the pubic symphysis of
30 mm. The other patient had a vacuum assisted delivery and on the X-ray examination, a pubic
symphysis gap of 25 mm was demonstrated. To study the coccyx, Maigne et al. [35] showed that
after an instrumental vaginal delivery there is a possibility (5.3%) that the coccxy may fracture.

Several observational studies and investigations with magnetic resonance imaging (MRI) and
three-dimensional (3D) ultrasound have been developed to study pelvic floor dysfunctions. After
vaginal delivery, PFM suffer major damage, and according to a study by Rahmanou et al. [26],
46.4% women provided evidence of having at least one symptom of PFD. It has been proved that
PFD increases with age, affecting 9.7% of women aged between 20-39 years and 49.7% of women
aged 80 and over [24]. Rahmanou et al. [26] also stated that advanced maternal age comes with a
significant risk of PFD with an odds ratio (OR) of 1.064, for each increasing year after 18 years
old. Some studies have also settled that PFDs increase with the number of childbirths, meaning
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that PFDs are more frequent in multiparous women when compared to nulliparous women. Having
0, 1, 2, and 3 or more deliveries, the percentage of women who reported at least one symptom of
PFD was 12.8%, 18.4%, 24.6%, and 32.4%, respectively [24]. Similarly, Kepenekci et al. [55]

claimed that the risk of UI and other PFD increased with the number of parturitions.

Lately, PFD studies have focused on the role of levator ani muscle injuries after VD. LAM
avulsion, is the detachment of the puborectalis muscle from its insertion on the inferior pubic
bone [56,57] and is the most important muscle injury. Shek et al. [58] concluded that after vaginal
delivery the levator hiatus enlarges, especially after an avulsion injury, increasing the hiatal area
by 28%. The same research group found that the stretch ratio (defined as the ratio of tissue length
under stretch to the original tissue length [18]) required for VD was 1.47 and also that LAM fibers
can increase their distension between 25 and 245% [59].

Pelvic floor dysfunction also varies with the mode of delivery. Hilde et al. [25] conducted a
study where after normal and instrumental VD, PFM was reduced in strength by 54% and 66%
and in endurance by 53% and 65%, respectively. Comparing the two assisted vaginal delivery
techniques, in several studies, forceps delivery was associated with a higher prevalence for LAM
avulsion and therefore PFM trauma, compared to vacuum delivery [26, 56, 57, 60-66]. Memon
et al. [65] revealed that the prevalence of LAM avulsion was 49% with forceps and 18% with
vacuum delivery, while Kearney et al. [63] found that 66% of women who had a forceps delivery
had LAM injury compared with 25% of delivery with a vacuum extractor and 10.7% of women
with a spontaneous VD. Cassadé et al. [57] declared a predominance of LAM avulsion of 7.8%
in spontaneous delivery, 28.8% in vacuum-assisted, and 51.1% in forceps-assisted delivery. Also,
compared with spontaneous delivery, the OR for LAM avulsion was 12.31 with forceps and 4.78
with vacuum-assisted delivery. However, Garcia-Mejido et al. [67] found no significant difference
when comparing the rate of LAM avulsion between Malmstrom’s vacuum extractor delivery and

the Kielland forceps delivery.

Regarding vacuum-assisted vaginal deliveries, Garcia-Mejido et al. [68] observed that LAM
avulsion was increased with vacuum-assisted delivery (9.6% in normal VD vs. 34.2% in vacuum-
assisted delivery) and that the levator hiatal area was larger than in normal VD, supporting Shek et
al. [58]. On the contrary, Peschers et al. [69] reported that vacuum-assisted delivery is associated
with more sphincter defects but not with more harm to PFM than normal VD. Likewise, Michalec
et al. [70] noticed that delivery with a VE leads to a longer levator-urethra gap but not to an elevated
LAM avulsion. It was also found by Jundt et al. [71] that vacuum-assisted delivery causes higher
bladder neck mobility compared to normal vaginal delivery. Ashwa et al. [72] observed that in an
occipito-posterior (OP) position, there is a higher rate of vacuum cup detachment with a vacuum-
assisted VD. Two of the most frequently used vacuum extractors are the Malmstrom’s VE and the
Kiwi Omnicup VE. Turkmen, S. studied the two vacuum extractors and concluded that both are
safe for assisted VD, although the Kiwi device presents more advantages than the Malmstrom’s
suction cup [52]. However, Gonzélez-Diaz and Garcia-Mejido et al. [73,74] didn’t found a higher
risk of LAM with the Malmstrom’s vacuum in comparison to the Kiwi’s Omnicup.
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All these PFM injuries can be easily detected and assessed by ultrasound and MRI. Never-
theless, additional investigations are necessary to understand if this type of trauma is frequent or

severe enough to demand a change in clinical practice [19].

3.2 Computational Simulations

During labor, due to the arrangements of the fetus through the birth canal, the maternal pelvic
floor goes through some biomechanical changes that cause damage to the pelvic floor muscles.
These changes cannot be quantified in vivo because of ethical and clinical reasons. However,
medical imaging and computational models are valuable tools that help in the analysis of complex
processes and systems which cannot be observed directly [18, 19]. Although magnetic resonance
imaging and 3D/4D ultrasound can identify injuries in PFM, they lack resolution and structures
are poorly detailed [75], therefore the biomechanical process of childbirth and the mechanism of
labor are still not fully understood [16]. Nevertheless, computational models are a non-invasive
method that can be achieved through MRI or 3D ultrasound images and also consider the geometry
of structures, like the pelvic bone, the PFM and the fetus as well as their mechanical properties.
As most biomechanical studies, to approach these models in order to perceive the biomechanical
interactions of these structures, the finite element method (FEM) is frequently used as a quantita-
tive analysis to carry out simulations [76]. To better understand the whole evolution of childbirth
and to prevent complicated cases of labor, computational simulations of childbirth are performed

and forces and stresses on the PFM and other structures can be predicted [16,41].

3.2.1 Introduction to the Finite Element Method (FEM)

In the field of science and engineering, there are diverse physical problems that are described by
mathematical relationships, namely the partial differential equations. In cases with elaborate ge-
ometries and other physical restrictions, obtaining a direct solution to these equations is sometimes
not achievable [18]. Therefore, the finite element method (FEM) is the computational method used
for solving those engineering and mathematical models’ problems. It was developed in the 1950s
to investigate complicated systems that were subjected to mechanical loads [44]. The FEM con-
sists of subdividing continuous problems (systems) into smaller and simpler parts, called finite
elements, keeping the same properties of the original model and taking into consideration the
geometry of the system, the behavior of the material structures, and the loading conditions ap-
plied [77]. The finite elements are joined together and the points where they connect are called
nodes. This method uses the nodes system to convert the model structure into a grid, which
is usually named a mesh. In this way, stresses, strains, displacements, and forces can be mea-
sured quantitatively and qualitatively, giving a response to the mechanical load or displacements.
Numerical simulations with the FEM can be solved in just a few seconds or it can last weeks,
depending on the complexity of the problem and on the computational resources that are available

at the moment [18].
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The FEM allows to model any geometries and indirectly estimate their mechanical behavior
under any circumstances. During childbirth, the interactions between the fetus and the maternal
pelvis can be considered a biomechanical process. This technique has been widely applied in this
area, in order to study the impact on the pelvic floor muscles during vaginal delivery, showing
effective results [44].

3.2.2 Biomechanical Vaginal Delivery Simulations

Biomechanical vaginal delivery simulations can exhibit the effects on the pelvic floor muscles
when the fetus passes through the birth canal, from a mechanical point of view [16]. These simu-
lations have been studied for a while and several childbirth models have been developed. Research
groups use the FEM to study the second stage of labor, in particular, to predict the impact on the
PFM, which in the future may be the cause of pelvic floor dysfunctions.

To study the biomechanical vaginal delivery trauma, Lien et al. [78] developed a 3D computer
model of the levator ani muscles (LAM) using MRI images of a 34-year-old nulliparous woman.
The model aid to quantify the stretch induced in the PEM as the fetal head model, with a shape
of a sphere, passed and stretched the muscles. They reported a stretch ratio of 3.26 in the medial
portion of the pubococcygeus muscle, which exceeds by 217% the largest noninjurious stretch
value of 1.5, also mentioned in this study. They concluded that the pubococcygeus muscle is the
LAM at greater risk of stretch related injuries during childbirth and also that muscle stretch ratios
were directly proportional to the fetal head diameter. In 2007, Parente and Martins et al. developed
a finite element (FE) model of the PFM, obtained from a cadaver dissection, the bony pelvis, and
the fetus [79,80]. The numerical simulations of the vaginal delivery were performed with the fetus
in a vertex presentation and in an occipito-anterior (OA) position. They found a maximum value of
stretch ratio in the PFM of 1.63, which occurred during the fetal head extension, and that exceeds
the noninjurious stretch of 1.5 [78]. Similar to Lien et al. [78], they concluded that PFM are
subjected to high deformations during the second stage of labor and that the pubococcygeus muscle
is submitted to the largest values of stretch, being at greater risk of damage. Hoyte and colleagues
[81] used MRI images of a 21-year-old nulligravida woman to obtain a computer model based on
the FEM of a bony pelvis, obturator internus, and LAM for simulation. They also used a sphere
with a 9 cm diameter to mimic the fetal head that passed through the maternal pelvis to simulate
vaginal delivery. A maximum stretch ratio of 3.5 was achieved in the posteromedial puborectalis,
supporting the studies of Lien, Parente and Martins [78-80]. In another study accomplished by
Lien et al. [23], they updated their previous model by adding pudendal nerve branches in order
to determine the increase in the length of the nerves, which is commonly found in women with
PFD. Between all the pudendal nerve branches, the maximum strain was obtained in the inferior
rectal branch with a value of 35%, while the perineal nerve branch innervating the anal sphincter
reached 33%, which can cause permanent damage. In 2013, Noritomi et al. [82] used MRI images
to model the PFM and used a 90 mm diameter fetus head to achieve the distribution of stress
and strain across the PFM. Results proved that higher stresses occurred around the tendinous arch

and in the midpoint of the pubococcygeus muscle, concluding that these areas are at critical risk.
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More recently, Krofta and colleagues [83] developed an MRI based model of the pelvic structures
from a 25-year-old nulliparous woman and also a fetus to simulate changes in the LAM during
childbirth. Higher stresses were found at the beginning of fetal head extension in the pubovisceral
and puborectal, while LAM had a maximum value of stretch ratio of 2.5, which is consistent with
the range of 1.63 [79, 80] to 3.5 [81] found in this literature review. Oliveira et al. [84], in 2016,
used the model previously applied by Parente et al. [79] to estimate the damage in the PFM by
mechanical effects during vaginal delivery. They come to the conclusion that PFM are damaged,
especially during fetus head extension, and that the puborectalis is the component of the LAM

most vulnerable to injuries.

To demonstrate the influence of different material parameters on the PFM with the same nu-
merical simulation, Parente et al. [85] used their prior FE model assuming two new materials sets:
one with a stiffer behavior and the other had a softer behavior. They found that the strains obtained
in the PFM were very similar in the different materials since higher strain values mostly rely on
the dimensions of the fetal head. Moreover, they also showed that the maximum principal stresses
had large differences because of the exponential behavior of the material. In 2012, Jing et al. [86]
verified strains and stresses in an anisotropic, viscous-hyperelastic FE model to assess the levator
muscles during the second stage of labor. In their model, a material constitutive relations resultant
from biaxial tests of human PFM was applied. An MRI of a fetus at 40 weeks as gestation was also
used. The findings indicated that higher stresses arisen near the levator hiatus, specifically at the
pubovisceral muscle enthesis. In addition, the average levator hiatus stretch ratio was 3.55, which
was similar to the value referred by Hoyte et al. [81], but higher than the values predicted by Lien
et al. [78], Parente and Martins et al. [79, 80]. Li et al. [76] compared two different constitutive
relations for the LAM: one exponential and another Neo-Hookean (linear) forms. The exponen-
tial relation had much stiffening at higher strains to reproduce conventional soft tissue behavior.
The results indicated that when increasing nonlinearity, that is, when increasing the rate of tissue
stiffening, a 56% higher force was necessary for delivery in the exponential model. Also, the
maximum stretch ratio across the muscle had a more homogeneous distribution. One year later,
the same research team investigated the effect of mechanical anisotropy, that is the different prop-
erties along the fiber direction versus non-fiber direction on the LAM during a simulated vaginal
delivery [87]. From MRI images, they created two meshes of the PFM, while the fetus skull was
obtained in the literature. Modifying the relative stiffness between the fibers and the matrix com-
ponent, the force required for delivery decreased as the fiber anisotropy increased. Just like the
Parente et al. study [85], the overall maximum stretch ratio was located in the dorsal-caudal as-
pect of the LAM (puborectalis muscle). Recently, Vila Pouca et al. [88] used a visco-hyperelastic
constitutive model, since viscoelasticity is a property of the PFM and is time dependent, which
can lead to rate-dependent responses. Comparing with the elastic response, viscoelasticity aug-
ments tissue stiffness which increases strength, explaining the higher efforts related to precipitous
childbirths. In the same year, the group of Vila Pouca et al. [89] add a continuum mechanics dam-
age to the prior model and discover that properties of tissue relaxation provide to reduce damage

levels, sustaining the theory of delayed pushing in the second stage of labor. In the same study,
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results revealed that the pubovisceral muscle presented approximately 30% of fully damaged fiber

elements, being the most LAM affected.

In order to analyze the effect of muscle hypertrophy (in the absence of muscle activation), Li et
al. compared the mechanical response of PFM models, from MRI images, of an athlete and a non-
athlete [90]. Results showed that a greater force was necessary for delivery with the athlete model
compared to the non-athlete, increasing by 45% the peak value. This difference can be due to the
fact that athletes possess a greater muscle tone and therefore require more effort during vaginal
delivery [91]. Additionally, in both models, the overall maximum stretches ratios were acquired
at the muscle insertions to the pubis, with muscle elongations of more than 3.2 times their original
length, consistent with previous studies [78, 81, 86]. In 2010, Parente et al. studied, for the first
time, the PFM activation [44] by adding it to their previous model. The results demonstrated that
higher values of forces were needed against fetal descent when increasing PFM activation because
the muscle becomes stiffer. That indicates that pelvic floor muscle activation may represent an

obstacle to the fetal descent and also it increases the risk for PEM injuries.

For the purpose of evaluating the malposition of the fetus, Parente et al. verified the con-
sequences of an occipito-posterior malposition of the fetus by analyzing the stretch on the PFM
when compared to the normal OA position [40,92]. The computational simulations exhibit a max-
imum stretch on the PEM of 1.73 when presenting an OP malposition compared to 1.63 in the
normal position, leading to the conclusion that a malposition of the fetus during VD results in
higher deformations of the PFM, which increases the risk of PFM injuries. Moreover, the LAM
and the pubococcygeus muscle were the PFM subjected to these elevated values of stretch. Sup-
porting the previous study, Silva, M. [93], in her master thesis, also demonstrated that in the OP
malposition, the forces on the PFM are higher and obtained a stretch ratio of 1.70, exceeding the

value of 1.5 [78], in which permanent damage on the PFM appears.

Numerical simulations can also attempt to prevent PEM injuries by studying some strategies
of the effectiveness of childbirth. Parente et al. investigated the influence of fetal head flexion on
pelvic floor stress and forces during VD, using their 3D computational FE model [94]. By simu-
lating the cardinal movements, stresses on the PFM and forces against the fetal head descendent
were obtained with different degrees of head flexion. They found that lower values of opposite
forces against the fetal descent and lower stresses on the PFM were connected to an increase in
the degrees of the fetal head flexion. A fully fetal head flexion only required half of the maximum
values of forces of the poor head flexion, which insinuates that a complete fetal head flexion dur-
ing vaginal delivery can simplify birth as well as protecting the pelvic floor. To also prevent PFM
injuries, Silva et al. [95] inquired about the influence of the fetus head molding on the PFM by
comparing a rigid and a deformable fetus head, with cranial sutures. The simulation of the fetus
passing the birth canal with the deformable head produced a reduction of 17.3% on the forces on
the PFM and a diminution of 1.86% in the PFM stretches, reaching a stretch ratio of 1.504. They
conclude that as the fetal deformable head showed lesser values, the molding of the fetus head

reduces the stretches on PFM and so less risk of injuries.
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3.2.3 Biomechanical Vacuum-Assisted Vaginal Delivery Simulations

When normal spontaneous vaginal delivery is impossible to achieve, due to maternal exhaustion
making no labor progress or any problem with the fetus, a vacuum delivery is usually performed.
The suction cup of the vacuum extractor is placed in the fetal head and traction force is applied,
coinciding with uterine contractions and a push [96]. Computation simulations with vacuum ex-
tractors have already been accomplished with the view of studying the impact of the suction cup
in the fetus head and also its impact while passing through the PEM.

To develop his master thesis, Gaspar R. [10] resorted to numerical simulations based on the
finite element method to studied vacuum-assisted delivery. He used the pelvis, the PFM, and the
fetus computational models of Parente et al. [40] and performed numerical simulations with a
FE model of the Kiwi vacuum extractor to inquire the impact on the PFM and also on the fetus
head. With the fetus presenting a vertex and an OA position, results showed a 1.55 stretch ratio
on the PFM being the pubococcygeus muscle submitted to the higher values of stretch and strain,
reinforcing the previous studies. Regarding the suction cup, for a vertical displacement of the fetal
head of 40 mm the maximum values of force, stress and logarithmic strain exerted by the suction
cup on the fetal head were 12.3 N, 1.812 MPa, and 0.216, respectively.

In order to evaluate the effect of the incorrect position of the vacuum extractor, Lapeer et
al. [11] developed a computer-based simulation with a finite element analysis of the fetal skull
bones, fontanelles, and the suction cup. Simulations with a correct placement of the suction cup
and with an incorrect placement were performed with and without fetal head molding. The over-
all maximum value of deformation and rotation of the fetus, with an incorrect vacuum extractor
position, was 7.01 mm and 0.69 rads, respectively. Whereas, with a correct position of the suction
cup, the values for deformation and rotations were 3.15 mm and 0.35 rads, respectively. When

adding the molding effect to the numerical simulations, all these values were aggravated.

3.3 Conclusions

Even though there are questions that still demand some more specific answers, this literature re-
view showed that substantial progress has been accomplished in the field of vaginal deliveries.
According to the literature, age, the number of parity, mode of delivery, history of pelvic surgery,
malposition of the fetus, and genetics are some of the most frequent risks for developing PFD [97].
It was also shown that forceps delivery increases the risk of LAM avulsion compared to vacuum
delivery. Computational simulations of childbirth predicted forces and stresses on the PFM, being
the pubovisceral muscle of the LAM the one that suffers from the largest stretch ratio, ranging
from 1.63 to 3.55, which is much higher than the permissible noninjurious length stretch value of
1.5. Although the studies presented in this chapter regarding the biomechanical vacuum-assisted
vaginal delivery demonstrate promising results, there is still a lack of knowledge about the impact
of vacuum extractors in the bony pelvis, the PFM and in the fetus head, with numerical simula-

tions.
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Chapter 4

Finite Element Method

4.1 Introduction

Just as mentioned in chapter 3, the finite element method is a computational method that solves
engineering and mathematical problems mainly from differential equations. Since the majority
of biomedical engineering problems can’t seem to find a solution in vivo due to ethical and clin-
ical issues, computational modeling is a valuable tool that aids in the analysis of such complex
processes.

The finite element method is one of the most important developments in numerical analysis
and the most widely used and versatile method to simulate deformable solids. It is very important
to consider the analysis and determination of the effects of mechanical stresses, strains and inter-
actions of different components in complex geometries by reducing them into a finite number of
elements with simple geometries. Thus, this chapter presents the basic fundamentals of the finite

element method.

4.2 Kinematics Concepts

4.2.1 Continuum Bodies

A macroscopic system involves continuum bodies (or just continuum) which have macroscopic
dimensions and quantities. In macroscopic studies the continuum body mass and volume are con-
tinuous functions of continuum particles. These systems are described with a continuum approach
which leads to the continuum theory. In this theory, a fundamental assumption affirms that a given
body B, can be seen as having a continuous distribution of matter in space and time. It is imagined
as a constitution of a (continuous) set of particles, represented by P € B. This continuum body,
which can change its shape is called a deformable body [98].

Figure 4.1 shows the general motion of a deformable body. A body B with a particle P € B is
described and are in a region of the three-dimensional Euclidean space at a given instant of time ¢.
The continuum body B changes its position in space from one instant of time to another, and the

placement of the body B is described by ¢(B) of the continuum B [98].
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Xg A
time =t

time=0 X

Figure 4.1: General motion of a deformable body, with points P and Q (adapted from [40]).

A configuration of the body B is then a one-to-one mapping, which puts all the particles of
B in the Euclidean space. The motion of the continuum body B is then a temporally parametric
series which is associated with the vector field ¢ that defines the new location x of a particle X for

a fixed time ¢:

x=p(X) @.1)

Considering a given particle X which occupies the position (x, #), in a given time instance, its

position, which is associated with the place x at time ¢ is given by the equation:
X=¢"'(x) 4.2)

4.2.2 Material and Spatial Descriptions

When it comes to the finite deformation analysis, a deliberate distinction is required among the
coordinate systems that can be chosen to describe the behavior of the body whose motion is in
account. The material description (also called referential) is a characterization of the motion, or
any other quantity, that concerns the material coordinates (X, X, X3) and time ¢, given by equation
4.1. In the material description, which is also often mentioned as the Lagrangian description,
when a particle is in motion, what happens to it is studied. The Eulerian (or spatial) description
is a characterization of the motion, or any other quantity, that concerns the spatial coordinates
(x1,x2,x3) and time ¢, given by 4.2. In the spatial description, it is observed what happens to a

point in space as the time is changing [40].

4.2.3 Deformation Gradient

When a continuum is in motion from the reference configuration to some actual configuration, a

deformation on the body will occur, which can change its shape, position and orientation.
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The deformation gradient F is the fundamental kinematic tensor in the finite deformation that
characterizes changes of a material element during motion. It is involved in all equations relating
quantities before deformation to the corresponding quantities after (or during) deformation. It is a
tensor that can present the relative spatial position of two neighboring particles after deformation,
just like particles p and g represented in Figure 4.1. F maps elemental vectors of the reference
configuration to elemental vectors in the spatial configuration. This tensor associates to a material
line element dX in B the spatial line element dx in ¢ (B), which leads to relationship between the

differential elements dX and dx:

dx =FdX 4.3)

Since F is a linear operator, equation 4.3 is also linear, meaning that if F = 1, dX is going
to have the same value as dx (dX = dx), meaning no deformation is observed. To maintain the
continuous structure in B during the deformation, the determinant deformation gradient must be

positive:
J =detF >0, (4.4)

where J is the Jacobian determinant of F.

4.2.4 Strain Measures

Changes of material elements during motion are characterized by the deformation gradient. Is it
now required to determine these changes in terms of strain tensors related with both reference or
current configuration. Considering the change in the scalar product of two elemental vectors dX;
and dX; that deform to dx; and dx;,, stretching (change in length) and the changes in the enclosed
angle between the two vectors will be involved. Therefore, in equation 4.3, the spatial scalar

product dx; - dx, can be written with the designation of the material vectors dX; and dX>:

dxy -dx; = dX; - CdX;, 4.5)

where C corresponds to the right Cauchy-Green deformation tensor, known as material tensor
quantity which is an important strain measure in material coordinates, that is given in terms of the

deformation gradient as F:

C=F'F (4.6)

As another option, the initial material scalar product dX; - dX, can be viewed in terms of the

spatial vectors dx; and dx;:

dX,-dXo = dx; -b~ 'dx,, 4.7
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where b corresponds to the left Cauchy-Green or Finger deformation tensor, being a spatial tensor
quantity:
b =FF’ (4.8)

The change in scalar product can be written in terms of the material vectors dX; and dX; as:
1
E(dxl . dXQ — Xm . dXz) = dX] -EdXz, (49)

where E is a material tensor defined as the Green-Lagrange strain tensor:

1 1
E=_(F'F)=_(C-1) (4.10)
2 2
The same change in scalar product can be written with reference to the spatial elemental vec-

tors dx; and dx; and the Eulerian or Almansi strain tensor € as:

1
E(dxl ~dxy —dX; -dXp) = dx) - edxy, 4.11)
where e equals to:
1 ~1
e:E(l—b ) 4.12)

4.2.5 Stress Tensors

The motion and deformation described until now causes interactions between the material and the
neighboring material in the interior part of the body. These interactions lead to stress, which is
responsible for the deformation of material and has a physical dimension force per unit of area. It
is also one of the most important quantities in solid mechanics.

In linear analysis, there was no need to differentiate the deformed from the undeformed area,
as an infinitesimal deformation occurred. However, when a large deformation occurs, it is relevant
to make clear what area is used in defining stress, because depending on the area, the definition of
stress changes [98,99]

To define the concept of stress it is necessary to consider a general deformable body during a
finite motion. For this body, a traction vector t can be described using the area of the differential
element Aa normal to the unit vector n and the resultant force on the area Af:

Af

t= lim —=% = 4.13
Ad0 Aa on, (4.13)

where ¢ denotes a symmetric spatial tensor known as the Cauchy stress tensor which refers to the

current deformed geometry as a reference for both the force and area.
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Another stress vector T, can be also defined, considering the same force (Af), a differential
area AA and the unit normal N in the undeformed geometry as:
Af

T= lim — =PIN 4.14
A,E}OAA ’ @14

where P is the first Piola-Kirchhoff stress tensor. Unlike from the Cauchy stress, the first Piola-
Kirchhoff stress is not symmetric. It refers to the force in the deformed geometry and the area in
the undeformed geometry.

The correlation between the Cauchy stress tensor () and the first Piola-Kirchhoff stress tensor
(P) can be obtained:

P=JoF T (4.15)

As said, the first Piola-Kirchhoff stress tensor is not symmetric, once the deformation gradi-
ent is also not symmetric. With this inconvenient property, the definition of the Second Piola-

Kirchhoff S stress tensor appeared, which is already symmetric:

S=PF T =JF 'cF T (4.16)

On the deformed configuration, the Kirchhoff stress tensor 7 is also often used and it is de-

scribed as the "push forward" of S to the deformed configuration

7=Jo = FSF’ 4.17)

4.3 Variational Principles

4.3.1 Principle of Virtual Work

Usually, the finite element formulation is settled as a weak form regarding the differential equa-
tions. In solid mechanics this implies the use of the virtual work equation. Several problems
in computational mechanics need to discover an approximate (finite element) solution for forces,
deformations and other variables when a solid body is subjected to different events [99].

Consider a deformable solid that is subjected to the loading that induces a displacement u(x)
and a velocity field v(x). The loading comprises a prescribed displacement on part of the boundary
(S1), together with a traction t applied to the rest of the boundary (S,) and it induces a Cauchy stress
o;; [100].

The principle of conservation of linear momentum says that the rate of change of the total
linear momentum of a continuum medium is the same as the vector sum of all external forces
acting on the body. Therefore, the following equation of motion, also called Cauchy’s Equation of
Motion can be written:

Jdo d’u

+f
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where o is the Cauchy stress distribution, f represents the body force vector (per unit volume), p

is the mass density of the deformed solid and u is a displacement vector.

The principle of virtual work forms the basis for the finite element method and corresponds to
the equilibrium of the work done by internal and external forces with small, arbitrary, virtual dis-
placements that satisfy kinematic constraints. It is another method of expressing partial differential

equations for linear moment balance in an equivalent integral form [100].
To express this principle a continuous and differentiable velocity field v(x) is required, sat-

isfying 6v = 0 on Sj, corresponding to an arbitrary vector field. Therefore, the virtual velocity

gradient and virtual stretch rate can be written as the following equations:

26
Virtual velocity gradient: 5L — a—v (4.19)
X
| T
Virtual stretch rate: §D = — @ + @ (4.20)
2\ ox dx

As a result, the principle of virtual work can be now written, taking into account that the
stress, body force and traction are in equilibrium if, and only if, the rate of the work done by
Cauchy stresses on the rate of deformation of any virtual velocity field are equal to the rate of
work done by the traction and body forces acting on the body (external forces). Thus, it can be

denoted as:

/c:él)dv+/p@5vdv:/f5vdv+/ 16v dA 4.21)
1% vy dt 1% S

Applying the Gauss’s theorem along with equation 4.21 is currently possible. The theorem is

a quality relationship between surface integrals and volume integrals:

P
/Sn-()dS:/Va-()dV (4.22)

where () is any continuous function-scalar, vector or tensor. Also, some statements regarding the

properties of the Cauchy Stress can be used:

. 1 85\/1‘ 86\/]' . 1 86\/,' 85vj . 851/,-
Gl]5DlJ_2GIJ< + ) _2<Gjl+cjla_xl~> —Glexj (423)

axj a-xi 8xj
being,
86"[ . 0 ani
Gﬁij - ij(cjlévl) - ijavz 4.24)

Substituting the latter equation in the principle virtual work equation 4.21, it becomes:

/6:6DdV:/ Iodv dV—/aGSVdV (4.25)
\%4 \% 8x 174 ax
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Applying the Guass’s theorem to first term on the right-hand side of the principle of virtual

work and replacing it, we get:

/(G-n) 6vdA—/ a"avdv+/pdvavdvz/f5vdv+/ t6v dA (4.26)
S5 v dx v dt % S5

Regarding equation 4.13, the following is obtained:

/f6vdV+/ acSvdV:/pdVSVdV 4.27)
v v o0x v dt

4.3.2 Principle of Minimum Potential Energy

In the principle of virtual work, stresses are considered without their connections to the strains.
Here, we assume a conservative mechanical system requiring the presence of an energy I1 for both
stresses and loads [98].

When working with hyperelastic materials, a strain energy function W describes the elastic
energy stored in a body B. Based on this, the minimum principle of the total elastic potential can
be written and we have to consider the potential energy of the forces applied. The main application
of this principle is to make approximate solutions to linear elastic boundary value problems, which
will form the basis of the FEM in linear elasticity. The minimum of total potential energy, I1, is

given as:

H(<p):/B[W(C)—pob~<p} dV—/aBGt-(pdA (4.28)

where C and b represent the right and left Cauchy-Green deformation tensor, respectively, and pg
the density in the undeformed configuration.

From all the possible deformation states ¢ the one that minimizes II is the solution for the
problem. The minimum can be shown by a variation of equation 4.28 and it can be written by

applying the directional derivative D, which leads to the first variation of I1:

oII=DII(¢p)-n (4.29)

where 1] is a vector valued function also called a virtual displacement.

Writing equation 4.29 in an explicit form it is obtained:

aw

DH(QD)'HZ/B 3C 8C—pb-n dV—/aB t-ndA=0 (4.30)

The variation of the right Cauchy-Green tensor §C can easily be expressed in terms of the
Green-Lagrange strain tensor: 2 §C = §E. While, the partial derivative of W with respect to C
leads to the second Piola-Kirchhoff stress tensor S, with: 2 W /dC.
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4.4 Constitutive Equations

The deformation of a material can cause stresses that are produced in the body, and it is now
needed to express the stresses which are related to material straining. These relation depend on the
type of the material that is being considerate and are called constitutive equations. A constitutive
equations defines the state of stress at any point x of a continuum body at time ¢. The intention
of constitutive models is to develop mathematical models that can represent the real behavior of
matter. Although there are several material descriptions, in here constitutive equations are going

to be established with hyperelastic materials, mainly due to its simplicity [99].

4.4.1 Hyperelastic Materials

Elastic materials are those for which the constitutive behavior is only a function of the current state
of deformation. Under such conditions, any stress measure at a particle is a function of the current
deformation gradient F associatedwith that particle. When the work done by the stresses during
a deformation process is dependent only on the initial state at time #y and the final configuration
at time ¢, the behavior of the material is said to be path-independent and the material is named
hyperelastic [99].

For a hyperelastic material, the elastic energy stored in a body B is characterized by the strain

energy function W and the first Piola-Kirchhoff stress tensor can be calculated as:

_ OW(F)
P= JF

4.31)

Taking into account the symmetric Cauchy stress tensor ¢ = J~'PF’ = o7, it is obtained:

ow(F)\"
oc=J 1F<aé)> (4.32)
The strain-energy function can be represented in equivalent forms. The strain energy generated
by motion is assumed to be objective, which means that after a translation and rotation of the
stretched body, the amount of energy stored is unchanged. Hence, it can be said that a hyperelastic
material depends on the stretching part of F, i.e. the symmetric right stretch tensor U.
Employing the transformation rule for the deformation gradient, we see that W cannot be an

arbitrary function of F and must obey the restriction:

W (F) = W(C) = W(E) (4.33)

where C =U? and E = (U2 —1)/2. Tt is possible to reduce the constitutive equations for hypere-
leastic materials at finite strains. Therefore:

(8W(F) ) " 5 IW(C) b (4.34)

JF aC
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which gives an important reduced form of the constitutive equation for hyperelastic materials:

o OWENT 9w (C)
=J'F =2J'F F’ 4.35
° ( OF ) 9C (4.33)
Piola-Kirchhoff stress tensors P (not symmetric) and S (symmetric) may get alternative ex-
pressions:
W (C)
P=2F 4.36
5C (4.36)
d JW(E
S=2 w(c) = W(E) (4.37)

4.4.1.1 Isotropic Hyperelastic Materials

Isotropy is a property that a material can posses that is defined by the physical idea that the re-
sponse of the material is identical in any material direction. One example of an (approximately)
isotropic material with a wide range of applications is rubber [98]. This implies that the constitu-
tive relation between W and C must be independent of the coordinate system chosen and W must

only be a function of the invariants of C as the following isotropic tensor function:

W(C) =W (I¢, e, IIc) (4.38)

where Ic,lic,I11c are the invariants of the right Cauchy-Green train tensor, C.

As aresult of the isotropic restriction, the second Piola—Kirchhoff stress tensor can be rewritten

from equation 4.29 as:

S:2[<8W +1C8W>1—8W C+Ile il c! (4.39)

dlc dll¢ dllc dlll¢

where 1 is the second order identity tensor. The following results for the derivative of invariants
with respect to tensors were obtained by deriving equation 4.39
dlc ollc olllc

— =1, —=Ic1-C
ac ) C

_ -1
g . e =lee (4.40)

4.5 Linearization of the Equilibrium Equations

Variational principles such as the principle of virtual work, which establishes the equilibrium
equations, are generally nonlinear in the unknown displacement vector field u. For a given material
and loading conditions, its solution is given by a deformed configuration in a state of equilibrium.
To obtain this new equilibrium position, the Netwon-Raphson iterative solution is applied, being

necessary to linearize the equilibrium equations such as the virtual work [99].
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4.5.1 Discretized Equilibrium Equations

The displacement field u can be approximated by interpolation functions, where n represents the

number of nodes per element, given as:
u(x) = Y N(X)u (4.41)

where X is the position vector at the beginning of each iteration, N;(X) represents the shape func-
tions defined within the finite element and u; defines the unknown nodal displacement. Taking into
consideration the interpolation of equation 4.41 and that the virtual field du must be compatible

with all kinematics constraints, it can be written as:

n
Sur ) N;(X)du; (4.42)
i=1
Furthermore, the virtual work (6W) equation 4.21 can be rewritten in terms of the virtual
displacement:
5W:/G:6edV—/f-5udV— t-5udA 4.43)
1% 1% $2

This last equation can be approximated by a variation over the finite set of du;, from the

discretization process. Therefore, for an arbitrary node (a) of the element (e), it can be defined as:

SWe) = /( (0 (Sug@No)dV — | £+ (Nabug) dV — /( t-(N,8u,) dA (4.44)
e V(e Sze

Hence, equation 4.44 can be changed, since the virtual nodal displacement is independent of

the integration. In addition, the virtual work per element (e) per node (a) can be expressed in terms

of internal and external equivalent nodal forces F and FY)

it a exr a» TESpectively:

sw© — Su, - ( / L ONadV — | NofaV / ()NatdA> Su,-(F9 —F9 ) (445
vie 145 sy

where F{¢ = = [y ON,dV and Fex,a Jye) NafdV — f ) N tdA.

Due to the fact that the virtual work equation must be satisfied for any arbitrary virtual dis-

int a

placement and the equilibrium conditions require that SW¢ = 0, the discretized equilibrium equa-

tions, in terms of nodal residual force Rff)a, arise as:

R(e)

© — (F, ~FY

int a ext a

)=0 (4.46)

Posterior to getting the sum of the contribution of every nodes and elements, which corre-

sponds to the assembling process, the global equilibrium equation in the discretized form can be
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written as:
Ry = (Fint —Fexs) =0 4.47)

4.5.2 Linearization of the Virtual Work Principle

In order to linearize the principle of virtual work, we have to recall section 4.3.1. Taking into

consideration a trial solution ®, it can be linearized in the direction of an increment Au in @ as:
OW (D, 6u) + Dp, W (Py, 0u) =0 (4.48)

where, like mentioned above, D is the directional derivative of the virtual work equation at ®; in
the direction of Au. Therefore, to get both internal and external forces together into equilibrium, it
is required in the Newton-Raphson procedure to adjust the configuration ®;. The linearization of
the equilibrium equation will be denoted considering the internal and external work components

as:

DAM6W<CI)k, 5!1) = DAMSVV,'M ((Dk, 511) — DAMSWex, ((Dk, 511) =0 (4.49)

The final expression of the directional derivate can be written in the discretized form as:

Dp W (P, 6u) = Su’Ku (4.50)
where K represents the stiffness matrix and K = ‘(%AT‘;.

Considering equation 4.47 and replacing equation 4.50 in equation 4.48, we get:

R;+Ku=0 (4.51)

that gives the basis of the iterative Newton-Raphson scheme, that can be structured as:

Ku= —Rf(xk); Xk+1 = Xt 4.52)

4.6 ABAQUS software

To perform the finite element simulations on this work, the ABAQUS software was used. ABAQUS
is a software for finite element analysis and computer-aided engineering. It has several products,
but in this study, the most used was the ABAQUS/CAE, or "Complete ABAQUS Environment",
which can be used to model and analyze mechanical components and assemblies and also to visu-
alizing the finite element analysis result.

A complete finite element analysis includes three principal stages:

* Pre-processing or modeling, which involves creating an input file that contains a design for

a finite element analyzer.
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* Processing or finite element analysis, that produces an output visual file.

* Post-processing, which generates an output visual file.

The first stage can also be developed by other compatible CAD software, like for example
SOLIDWORKS. ABAQUS/CAE is capable of processing all these stages.

Regarding the complex mechanical modeling of soft human tissues, the ABAQUS software
comprises a user subroutine, called UMAT, that allows the user to develop is own model to have

in consideration specific constitutive equations to calculate the stiffness matrix and the stresses.



Chapter 5

Numerical Simulations

5.1 Finite Element Models

As most biomechanical studies, the finite element method is used in computational simulations
to study the biomechanics changes of the mother’s pelvic floor during vaginal delivery. Thus,
in this work, the finite element method is going to be used to develop biomechanical computer
simulations in order to study the impact on the PFM and in the bony pelvis in a vacuum-vaginal
assisted delivery. Like mentioned in chapter 3, although providing promising results, few works
had been done in the area of assisted vaginal delivery, especially with vacuum extractors, since
forceps fell out of use. However, as far as we know, these studies do not include a vacuum
extractor to evaluate the effect on both the maternal PFM and on the pelvic bones after labor.
Therefore, to the vacuum-assisted vaginal delivery process, geometric models that represent the
maternal pelvic anatomy such as the pelvic bones and the pelvic floor muscles and also a model of
the fetus’ head are necessary. The finite element model of the suction cup of the vacuum extractor
will also be essential to the simulation. This way, it is going to be possible to evaluate stretches
and deformations on the PFM as well as in the pelvic bones during the passage of the fetus through

the birth canal with the aid of a ventouse.

5.1.1 Pelvic Floor Muscles Finite Element Model

Just like mentioned in chapter 2, the pelvic floor is composed by a group of muscles and fascias
of the female urogenital region. Throughout pregnancy, these muscles along with the abdominal
muscles are those that support the fetus’ weight, which creates an overload during the several
months, making normal labor violent for these muscles [93].

In this work, the finite element model of the pelvic floor muscles was already developed by
Parente et al. in [79] and it was modeled using hexahedral elements with an hybrid formulation
(C3D8H). It was built using a geometrical data point-set obtained from cadaver measurements

by Janda et al. [101] and is represented in Figure 5.1. All measurements were performed on a
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woman’s corpse, that was obtained for scientific investigation mainly because it didn’t present any

known pathologies of the pelvic floor.

Figure 5.1: Pelvic floor muscles finite element model.

5.1.2 Pelvic Bones Finite Element Model

The maternal pelvic bones support the abdominal organs by the pelvic floor muscles and consist
of four bones: two hip bones, the sacrum and the coccyx (Figure 2.5). For the pelvic girdle finite
element model, all four bones were included, as well as, the main pelvic ligaments which are
demonstrated in Figure 5.2. This model was developed by Borges et al. [102] and rigid triangular
shell elements with reduced integration (S3R) were used. This is an important model in defining
the boundary conditions between this structure and the pelvic floor muscles. Like this, it is possible
to know which PFM nodes are fixed and which are left free.

Regarding the pelvic ligaments, the main ones were modeled in the pubic symphysis and in
the sacroiliac joints. Several linear truss elements (T3D2) were used to simulate the anterior,
interosseous and posterior sacroiliac ligaments, the sacrospinous and sacrotuberous ligaments and
in the pubic symphysis, the superior and inferior pubic ligaments. In addition, 3D solid element
were added to the pelvic joints, so that they could have a better movement. To simulate the
synovial part of the sacroiliac joint, a group of wedges elements were added, while to simulate the
interpubic disc of the pubic symphysis, another group of 3D solid elements were added [102].

Between the sacrum and the coccyx, the sacrococcygeal joint is located, which can move in
order to increase the anteroposterior diameter of the pelvis during labor, being easier for the fetus
to pass through. However, the coccyx can only move if there is no surface (a bed, for instances)
under the mother, which is the case in this simulation. In Figure 5.3, the finite element model of the
sacrum and coccyx is represented in light blue, whereas in dark blue is the sacrococcygeal joint.
Every modeling details as well as the maternal pelvic diameters are fully described by Borges et

al. in [102]. According to this model, the initial pubic symphysis gap is 4.05 mm.
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(a) (b)

Figure 5.2: Pelvis finite element model. (a) anterior and (b) posterior view.

Figure 5.3: Sacrum and coccyx finite element model in light blue and the sacrococcygeal joint in
dark blue.

To obtain the desired finite element model for the fetus to pass through during the vaginal
delivery simulation, the pelvic floor muscles and the pelvic bones models were joined together. To
do that, an upgrade was made to the PFM model. Two meshes were added to the model to correctly
support the pelvic floor muscles, and are represented in light grey in Figure 5.4. These represent
the structures that carry the pelvic floor which are divided in three sections, where the lateral
meshes corresponds to the arcus tendinous, obturator fascia and the obturator internus and the
posterior mesh to the different connections between the sacrum and the PFM. Figure 5.4 presents

the modified pelvic floor muscle model attached with the pelvic bones model.
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Figure 5.4: The models of pelvic bones and PFM joined together.

5.1.3 Fetus Head Finite Element Model

To perform childbirth simulations, a model of a fetus is essential, since it is this model that will
cause an impact on the PFM and pelvic bones during the delivery. To simplify the simulations,
only the fetal head was modeled since it is the most massive structure. Figure 5.5 shows the finite
element model of the fetal head used in this work, which is formed by tetrahedral elements and it
was developed by Parente et al. [79]. The dimensions of the fetus model were adjusted so that the

fetal head diameters correspond with the literature for a full-term fetus as shown in Figure 2.11.

Figure 5.5: Fetal head finite element model.
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5.1.4 Vacuum Extractor Finite Element Model

The vacuum extractor used in this work was the Kiwi Omnicup Vacuum Device developed by
Clinic Innovations. This was the instrument of choice because it is one of the most used VE in

Portugal and also because it is available at FEUP.

Since there are no measures available in the literature to create the Kiwi suction cup model,
besides its diameter (50 mm [47]), the measures of the Kiwi suction cup used by Roriz, G. [10] in

his master thesis were also used in this simulation.

5.1.4.1 Creation of the suction cup mesh

Before creating the mesh of a model, it is necessary to design the model in a CAD environment.
Figure 5.6 shows the main measures, in millimeters, required to create the model. For designing
the Kiwi suction cup in 3D, the software SOLIDWORKS was used, and the model obtained can

be observed in Figure 5.7.

Afterwards, the 3D Kiwi model was imported to the ABAQUS software, and there, a mesh
of the object was created using tetrahedral elements, which can be seen in Figure 5.8. Although
hexahedral elements are more accurate in computer simulations, the suction cup is not a structure
where results will be read, hence the choice for the tetrahedral elements. The Kiwi suction cup
mesh contains 7146 linear tetrahedral elements of type C3D4 and 13553 nodes.
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Figure 5.6: Main measures of the Kiwi suction cup model in 2D.
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Figure 5.7: Model of the Kiwi suction cup in 3D, obtained using SOLIDWORKS software.

Figure 5.8: Finite element mesh of the Kiwi suction cup, obtained using ABAQUS software.

5.2 Constitutive Models

The muscle tissue is a complex structure that has a complex mechanical behavior. They are made
of collagen fibers that are covered by an extracelular matrix. These soft tissues usually possess
material and geometric characteristics that are considered nonlinear. Therefore and because it is
possible to analyze a lot of mechanical properties, the theory of continuum mechanics was used in
order to control the PEM deformation.

To explain the muscle behavior, simulations of both passive and active finite strain responses
of the muscle were performed using a Helmholtz free-energy function (W). Parts of the tissue
microstructure were considered such as: the extracellular matrix that provides the tissue strength
and resilience (‘¥;,); both passive (Wpg) and active (Wsg) parts of the fibers (W), which are
in control of muscle contraction and (¥,,;) which is the volumetric contribution to enforce the
incompressibility condition. Thus, the quasi-incompressible transversely isotropic hyperelastic
model, was the constitutive model implemented in this work to represent these physical properties.

This model was already been successfully used by Martins et al. [80] and by Parente et al. [40]
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and equation 5.1 describes the strain energy function, per unit volume:

W=, () +¥ (A, &) + W0 () (5.1)
where:
¥, —c [eb(llc ) 1] (5.2)
WYpr \PSE

—— =

_ A
¥, :A[eawl)z - 1] +T({”/ " fsp(AM, o) dAM (5.3)

1
¥ —i(J—1)2 (5.4)
vol — Dl .

In these equations, c, b, A, a, D; and T(f” are constants, whereas I_lc is the first invariant of the

right Cauchy-Green strain tensor, C, with the volume change eliminated, like:

2

€ =tr(C) = tr(F'F) = J31r(C) (5.5)

where F is the deformation gradient with the volume change eliminated and J the volume change,
F=J"1F.

Also Ay represents the fiber stretch ratio in the direction N of the undeformed configuration:

A =VNICN=/C:(N®N) (5.6)

where ® represents the tensor product.

In equation 5.3, to obtain the function fsz(AY, &), the following expression was used:

1—4AM—1)2, for 05<AM <15
fse=a (5.7
0, otherwise
which means that for values of 0.5 > AM > 1.5, the muscle does not produces energy. The level
of activation is controlled by the internal variable a € [0,1].

The constitutive parameters used in this model were the ones in Parente et al. [85] which are
described in table 5.1.

For the meshes that were added to support the pelvic floor muscles, a model that had already
been used in other numerical studies, the Neo-Hookean constitutive model, was applied. This
constitutive model is a basic and trustworthy formulation of a hyperelastic model [103] and it is
described by equation 5.8.

lP(C) = ClO(I_IC - 3) +vaol(J) (58)

in which cj9 = % and yu is a constant representing the shear modulus of linear elasticity.
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Table 5.1: Constitutive material parameters for the PEM [85].

Material Parameters
c=1.85x 1072 MPa
b=1.173

A=2.80 x 1072 MPa
a=0.6215
Di=1x10"*MPa!
TV =0.682 Pa

As for the pelvic bones, in order to reduce bone deformation and to facilitate the simulation
convergence, they were considered rigid structures, except for the sacrum and the coccyx, since
there is a mobility in the sacrococcygeal joint. Cortical and trabelcular bones were considered in
the pelvic model, being the cortical bone made of a stronger and denser material and the trabelcular
a more spongy with more porous in the bone. The material properties assigned to these two bones
are represented in Table 5.2 and were obtained in Borges et al. study [102].

The sacroiliac joint, which connect the sacrum to the ilium, is a synovial joint that can make
pregnancy and labor easier due to the ligaments involved that allow this joint to move. Conversely,
the pubic symphysis is a nonsynovial joint, which can barely manage to move. The ligaments that
enable these joints to move were modeled by Borges et al. [102] and their materials properties are
presented in Table 5.2.

To simulate the pubic symphysis, the synovial part of the sacroiliac joints and the sacrococ-
cygeal joint, a Neo-Hookean constitutive model was applied in the 3D solid elements, taking into
consideration the material properties of the medial collateral ligament of the knee, since there are
few data on the mechanical properties of the pubic ligaments [102].

The material assigned to the fetus head model was a high stiffness material, so that the fetus
head is considered rigid when compared with the pelvic floor, like in other successfully numerical
simulations [84, 102]. Since the goal of this work is to evaluate deformations on the PFM and on
the pelvic bones and not on the fetus head, with this material property, the deformations of the
fetus are reduced and the simulations will be easier to converge.

Regarding the suction cup of the vacuum extractor, it was also considered of a rigid material,

so that it can pull the fetus’ head once both are connected.

Table 5.2: Material parameters for the bones and ligaments [102].

Young’s Modulus [MPa] | Poisson Coefficient

Bones Cortical 6140 0.3
Trabecular 1400 0.3
Sacroiliac 350 0.495
Sacrospinous 29 0.495
Ligaments | Sacrotuberous 33 0.495
Superior Pubic 19 0.495
Inferior Pubic 20 0.495
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5.3 Boundary Conditions

For the pelvic floor muscles boundary conditions, a tie constraint was applied between the two
supporting structures meshes and the pubic bones. Also, the nodes that represent the different

connections between the PFM and the sacrum were considered fixed (Figure 5.9).

Figure 5.9: Pelvic floor muscles finite element model showing the fixed nodes in black.

Regarding the pelvic bone, the sacrum nodes in the articular faces were fixed and another
tie constraint was applied between the sacrospinous and sacrotuberous ligaments and the pelvic

bones.

At a first stage, the fetus movements were entire controlled. To control these movements, a
reference node was assigned in the middle of the fetus head to an element with rigid properties.
Like this, the flexion and extension of the fetal head, corresponding to the cardinal movements can
be made by controlling displacements and rotations of that node, causing the vertical descend of
the fetus. Figure 5.10 shows the fetal head finite element model with the location of the reference

node.

In a second phase, once the prerequisites were fulfilled in order to place the vacuum extractor
in the fetus’ head, the descend of the fetus was no longer controlled by the reference node on the
head, but instead by a reference node in the suction cup. This reference node was placed in the
center of the suction cup, where in the real model, the traction wire is connected. Figure 5.10
illustrates the suction cup model with the assigned reference node. To maintain the fetus’ head
and the suction cup connected during the simulations, a tie constraint was used between the two
surfaces so that once attached to each other one can no longer separate from the other until the end

of the simulation, that is, after the total passage of the fetus head through the pelvic floor.
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Figure 5.10: Reference nodes assigned to the fetus head (P1) and to the suction cup (P2), used to
control the fetus movements.

5.4 Results and Discussion of a Vacuum-Assisted Vaginal Delivery

During vaginal delivery, the maternal pelvis undergoes some modifications, facilitating the passage
of the fetus through the birth canal. Therefore, in this work, a simulation of a vacuum-assisted
vaginal delivery was performed to mimic the second stage of labor with the fetus in a vertex
presentation and in an occiput anterior position, which is the most common position. To develop
the numerical simulation, the ABAQUS software was used. Thus, stresses, strains and stretches
were analyzed in the PFM; while in the vacuum extractor the force was evaluated; in the pelvic
bones, the widening of the pubic symphysis gap and the stresses in the pubic ligaments were
observed as well as the movement and rotation of coccyx and also the stresses in the sacrum and

coceyX.

Just like stated in chapter 2, the fetus’ head must be fully engaged in the maternal pelvis in
order to safely place the suction cup. Before being engaged, the fetus must descend through the
pelvic canal by performing some movements, called cardinal movements of labor. When the fetus
was engaged in the maternal pelvis, the suction cup was correctly placed in the flexion point of
the fetus head, as shown in Figure 5.11. From this point, the reference node of the suction cup
controlled the fetus movements while the remaining degrees of freedom were left free, in order to
conclude the last cardinal movements and the expulsion of the fetus. A normal force was applied
to the reference node of the suction cup to make the fetus descend through the birth canal until
the fetal head was visible at the introitus. Throughout the simulation, due to the pelvic bones and
pelvic floor, some constraints were forced to the fetus movements, so to counter that, a left OA

position was used to successfully complete the simulation.



5.4 Results and Discussion of a Vacuum-Assisted Vaginal Delivery 59

Figure 5.11: Suction cup placed in the flexion point.

5.4.1 Pelvic Floor Muscles

In order to obtain the stretches, stresses and strains on the pelvic floor muscles during the simu-
lation, four different levels along the muscles were defined. Figure 5.12 demonstrate the position
of the curves as well as their initial length. These four levels were defined where the levator ani
muscle and the pubococcygeus muscles are located. The scale of the levels, named the normal-
ized length, ranges from O to 1, where the maximum and minimum values correspond to the PFM

extremities and 0.5 to the middle value.

Levels Initial
lenght
Level 1 18.1 cm
Level2 19.2cm
Level3  20.6cm
Level4 221cm

Normalized length =1

MNormalized length =0
Normalized length=1

Mormalized length =0
gt “ Normalized length =1

Mormalized length =0 Normalized length =1

Normalized length =0

Figure 5.12: Different levels to evaluate stretches, stresses and strains on the pelvic floor muscles.



60 Numerical Simulations

Knowing the curve’s initial length, it is possible to obtain the PFM stretch ratio for each level.
Like already mentioned, the stretch ratio is calculated as the ratio between the current tissue length
and the original tissue length. Figure 5.13 shows the stretch ratio obtained in the four different

levels along the pelvic floor muscles during the descent of the fetus head.
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Figure 5.13: Stretch ratio calculated in the four different levels along the pelvic floor muscles
during the descent of the fetus head.

The maximum stretch ratio was obtained in curve level 1 with a value of approximately 1.7
for a fetal head descent of approximately 83 mm. It can also be noted that the maximum value
for each level decreases as the curve levels are higher, meaning that the lower part of the levator
ani muscle, especially the pubococcygeus muscle is subjected to the higher values of stretch. In
addition, it can also be observed that the peak of stretch varies with the vertical displacement of
the fetus head. The lower the level, the higher the stretch peak, and the greater the displacement
of the fetal head. This can be explained because the larger diameter of the fetal head reaches the
upper levels of the pelvic floor muscles at an earlier stage (lower fetal descent).

In Figure 5.14 the stretch ratio calculated for level 1 along the PFM is presented, as well as the
stretch ratio obtained in Parente et al. [79] and in Borges et al. [102] studies, both on level 1. Par-
ente et al. [79] calculated the stretch ratio during a normal delivery and obtained a maximum value
of 1.63, however, this value was for a vertical displacement of the fetus head of approximately 60
mm. This difference can be explained due to the restrictions forced by the maternal pelvis and
also because in this simulation a left occiput anterior position was performed, while in the study

by Parente et al., a normal occiput anterior position took place. Nonetheless, Borges et al. [102],
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obtained a similar value of stretch ratio in curve level 1, using the same strategy as in this study

but with a normal delivery.
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Figure 5.14: Stretch ratio calculated in the level 1 curve along the pelvic floor muscles during the
descent of the fetus head compared with other studies.

The maximum principal stresses were also analyzed in the different levels along the PEM. The
stresses were evaluated for a vertical displacement of the fetus head of 83 mm, which was the
maximum value obtained in the stretch ratio, and therefore where stresses are predictably higher.

The results of the maximum principal stresses are represented in Figure 5.15.

In both levels 1 and 2, the level extremities present high values of stresses due to the bound-
ary conditions applied in the PFM, corresponding to the attachment of levator ani muscle and the
pubococcygeal muscle to the pelvic bones. However, there is another peak stress that stands out,
which is located in the middle of the level length of the PFM. This maximum value is approxi-
mately 2 MPa in the first two levels. In the other levels, the maximum stresses are lower, although
also appearing approximately in the middle length, confirming that the lower parts of the muscle
are subjected to higher stresses. In comparison with Borges et al. [102], where a normal delivery
was performed, the maximum values are similar, since in their study they also obtained a value of

approximately 2 MPa in the middle length.
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Figure 5.15: Maximum principal stresses obtained along the normalized length in the four
different levels of the pelvic floor muscles for a vertical displacement of the fetus head of 83 mm.

The distribution of the maximum principal stresses can be observed in Figure 5.16 for a vertical
displacement of the fetus head of 75 mm, 83 mm and 90 mm. These figures show the stresses that
the PFM suffer, through the descent of the fetus and it can be confirmed that higher stresses are
shown in a vertical descent of 83 mm. It can also be observed that the posterior part of the levator
ani muscle, more specifically the pubococcygeal muscle, is the one where the maximum value of

stresses appears.

S, Max. Principal

(Avg: 75%)
+6.40%e+00
+2.500e+00
+Z2.2758=+00
+2.057e+00
+1.535e+00
+1.613=+00
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Figure 5.16: Distribution of the maximum principal stresses obtained along the pelvic floor
muscles for a vertical displacement of the fetus head of a) 75 mm, b) 83 mm and c) 90 mm.
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The logarithmic maximum principal strains evaluated in the four different levels of the pelvic
floor muscles are shown in Figure 5.17 and were also obtained for a vertical displacement of the
fetus head of 83 mm. As expected, the evolution of strains is similar to the stresses evolution,
hence the maximum principal strains occur at the same normalized length of nearly 0.5, like in the
maximum principal stresses. The maximum strain value for the first two levels is approximately
0.7, and as predicted this number is lower in levels 3 and 4. Parente et al. [79] obtained a maximum

strain value of 0.67 for a normal delivery, which is similar to this study.

0.8 T T T T T T T T T

Logarithmic Maximum Principal Strains

Level 2 Level 3

1 1 1
0.4 0.5 0.6
Normalized level length

Figure 5.17: Logarithmic maximum principal strains obtained along the normalized length in the
different levels of the pelvic floor muscles for a vertical displacement of the fetus head of 83 mm.

5.4.2 Vacuum Extractor

The reaction forces applied to the suction cup of the vacuum extractor were also evaluated during
the simulation while it pulled the fetus head through the birth canal. In Figure 5.18, the magnitude

of forces during the vertical displacement of the fetus head is represented.

The suction cup was applied to the fetus head when the head was engaged in the maternal
pelvis, that is, for a vertical displacement of 45 mm. Therefore until 45 mm there was no suction
cup to evaluate the forces. A maximum value of force of nearly 300 N was obtained for a fetus
descent of approximately 55 mm. Other studies that performed simulations with normal vaginal
deliveries, like Borges et al. [102] and Oliveira et al. [84], evaluated the forces on the fetus head,

obtaining maximum reaction forces of 175 N and 202 N, respectively. Therefore we can say that
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the forces applied in the suction cup are slightly higher than the forces that the fetus head has to
do in a normal delivery.
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Figure 5.18: Magnitude of forces applied in the suction cup during the vertical displacement of
the fetus head.

5.4.3 Pelvic Bones
5.4.3.1 Pubic Symphysis

The pubic symphysis is a cartilaginous joint that has the ability to widen during pregnancy and
labor, making it easier for the fetus to pass through the maternal pelvis. To analyze this change in
the pubic symphysis, and already knowing the pubic initial gap (4.05 mm), the distance between
the narrowest points of the gap was determined and the gap widening was evaluated and is shown
in Figure 5.19.

The maximum value obtained for the widening of the pubic symphysis was 2.7 mm for a
vertical displacement of the fetus head of 73 mm. This value is still in the range of a normal
widening of 2 to 3 mm that can happen during labor, without feeling pain [33]. Therefore, in
this simulation, it can be claimed that in a vacuum-assisted vaginal delivery, a diastasis of the

symphysis pubis did not occur, like it can happen when an instrumental delivery is performed [32].
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Figure 5.19: Widening of pubic symphysis during the vertical displacement of the fetus head.

In the pubic ligaments, the maximum principal stresses were also evaluated during the descent
of the fetus head (Figure 5.20). It can be observed that the evolution of the maximum principal
stresses in both superior and inferior public ligaments are similar to the widening of the pubic
symphysis. The maximum values in both ligaments occur at the same vertical displacement of
the fetus head of 73 mm, which is coincident with the vertical descent of the fetus head for the
widening of the symphysis pubis. In the superior pubic ligament, the maximum value obtained was
9.3 MPa, while in the inferior pubic ligament it was approximately 2 MPa. This large difference
can be explained because, in the pelvic model used, the elements obtained to measure the stresses
in these ligaments are narrower in the superior pubic ligament than in the inferior pubic ligaments,

therefore presenting greater stresses in the superior ligaments.

5.4.3.2 Sacrum and Coccyx

In this work, it is possible to analyze the results in the coccyx and in the sacrum, since the joint
between them, the sacrococcygeal joint, can move by flexing or extending. When the sacrococ-
cygeal joint moves in an anterior and cranial direction, due to the descent of the fetus head, flexion
in the coccyx occurs. Whereas, in the extension, the coccyx moves in a posterior and caudal
direction [102].

To measure the movement of the coccyx, the reference line represented in Figure 5.21 was

used. This line starts on the inferior border of the pubic symphysis and goes to the inferior border
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Figure 5.20: Maximum principal stresses in both superior and inferior public ligaments during
the vertical displacement of the fetus head.

of the sacrum. Then, with equation 5.9, the distance from the tip of the coccyx to this reference
line was calculated, obtaining the difference movement of the coccyx.

(x2, y2)

(xo, yo)

(X, y1)

Figure 5.21: Reference line used for the calculation of the coccyx movement.
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The movement of the coccyx during the vertical displacement of the fetus head is shown in
Figure 5.22. Although the maximum value slightly varies between a vertical descent of the fetus
head of 58 mm and 71 mm, the maximum movement of the coccyx obtained was approximately
3.3 mm for a vertical displacement of 58 mm. It is at this moment that the fetus starts the cardinal
movement of the head extension and touches the inferior border of the sacrum (point (x,y,) in
Figure 5.21). Borges et al. [102] also calculated this value for a normal delivery and obtained a
maximum value of 3.3 mm, but for a vertical descent of the fetus head of 65 mm. Therefore, in

this simulation, the head extension occurred sooner than with a normal delivery.

Movement of cooccyx [mm)]

'1 1 I L A1 I
0 20 40 B0 a0 100 120
Vertical Displacement of the Fetus Head [mm]

Figure 5.22: Movement of the coccyx during the vertical displacement of the fetus head.

In order to evaluate the rotation of the coccyx, its tip (point (xg,yo) in Figure 5.21) rotation
along the z axis was determined and the results are shown in Figure 5.23.

The maximum value of the coccyx rotation obtained was approximately 17° for a vertical
displacement of the fetus head of 66 mm. It is at this moment that the fetus head touches the tip
of the coccyx while performing the head extension. The negative value presented at the end of the
simulation is explained by a coccyx flexion, which is returning to the original position since not
all ligaments of the sacrococcygeal joint are present in this model. According to Woon et al. [34],
during labor, the maximum rotation that the coccyx can suffer without fracturing is 22°. Thus, in
this vacuum-assisted vaginal delivery simulation, the coccyx did not fracture like it can happen in
an instrumental delivery [35]. Borges et al. [102] obtained a coccyx rotation of 15.7° for a normal

vaginal delivery which is slightly lower than the value obtained in this vacuum-assisted simulation.
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Figure 5.23: Rotation of the coccyx during the vertical displacement of the fetus head.

To obtain the displacement of the sacrum and coccyx along the x-axis, a path was defined in
the sagittal plane of these bones, which is represented in Figure 5.24. The displacements are repre-
sented in Figure 5.25, where the black dashed line represents the beginning of the sacrococcygeal
joint (corresponding to a normalized length of 0.72). Here, two lines are shown, representing two
different situations of the simulation. One was obtained at the beginning of the coccyx move-
ment, for a vertical descent of the fetus head of 41 mm, and the other at the peak value of coccyx

movement, for a vertical descent of the fetus head 58 mm.

Normalized length =0

Normalized length =1

Figure 5.24: Path used to measure the displacement of the sacrum and coccyx.



5.4 Results and Discussion of a Vacuum-Assisted Vaginal Delivery 69

1 T T T T T T T | T T
— 0
£
£
= -1T
o) [
8
o -2 l
o |
@ |
£ !
= |
& 4 I
73]
o |
- 5 |
I |
Y |
= |
g |
B 7r —58mm |
& 41 !
] —41mm
a5l |
|
_9 1 1 1 1 1 1 1 | 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Path Length

Figure 5.25: Displacement of the sacrum and coccyx in x-axis obtained along the normalized
length for a vertical displacement of the fetus head of 41 mm and 58 mm. The black dashed line
represents the beginning of the sacrococcygeal joint.

Analyzing Figure 5.25, it can be observed that a higher displacement of the coccyx and the
sacrum takes place when the sacrococcygeal joint appears, in both moments. Therefore, it can
be stated that the coccyx is more affected than the sacrum when the fetus head is negotiating
to pass through the maternal pelvis. For a vertical displacement of the fetus head of 41 mm, a
displacement of 0.95 mm occurs, while for a vertical descent of the fetus head of 58 mm, this
value is 8.26 mm. As expected, at the moment of the maximum movement of the coccyx (58 mm),
the sacrum and coccyx displacement is higher than when the coccyx starts to move (41 mm), being

consistent with the results of the movement and rotation of the coccyx.
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Chapter 6

Conclusions

This chapter will sum up the principal ideas of this work. It also describes ways in which this

study could be improved as future works.

6.1 Conclusions

During vaginal delivery, to facilitate the passage of the fetus through the birth canal, the maternal
pelvis undergoes some modifications. In addition, the pelvic floor muscles go through a series
of stretches and strains that can cause severe deformations and damage, and muscles can even
rupture. In chapter 3, every study that analyzed this problem found a stretch ratio of the LAM
avulsion superior to 1.5, which is considered the permissible noninjurious length stretch of the
muscle. It was also found that this value increased when an assisted vaginal delivery was per-
formed, especially with a forceps delivery because of the risk of injury to the fetus and maternal
morbidity. As a consequence, vacuum extractor became the technique of choice when in need of
an assisted vaginal delivery.

Therefore, in this work, a noninvasive procedure with a biomechanical numerical simulation
was performed. A finite element model of the fetal head was used to simulate the cardinal move-
ments that the fetus has to perform in the second stage of labor, in a vertex presentation and in an
occiput anterior position. Then the suction cup of the vacuum extractor was placed in the flexion
point of the fetus head. A left OA position was used to successfully complete the simulation,
because of constraints imposed by the pelvic bones and pelvic floor.

In the results obtained in this vacuum-assisted vaginal delivery simulation, a stretch ratio su-
perior than the permissible noninjurious length stretch of the muscle occurred in the lower part
of the pelvic floor muscles. Therefore, concluding that the inferior part of the levator ani mus-
cle, especially the pubococcygeus muscle is the most affected muscle during the delivery and so
where injuries are most prone to occur. As expected, this was also confirmed when evaluating the
maximum stresses and strains on the PFM. In the suction cup of the vacuum extractor, it can be
assumed that the forces needed to pull the fetus head are slightly higher than the forces that the
fetus does by itself in a normal delivery. Regarding the pelvic bones, both the pubic symphysis
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widening and the movement and rotation of the coccyx were in their permissible values that can
occur during labor. Thus, concluding that a diastasis of the symphysis pubic and a coccyx fracture
did not occur, as it can happen during instrumental vaginal deliveries.

Comparing these results with simulations performed with normal vaginal deliveries, there were
not found many significant differences. This may have happened because, in this simulation,
the coccyx could move freely as the suction cup pulled the fetus through the available space in
the pelvis. However, instrumental vaginal deliveries are usually performed with a bed under the
mother, making the coccyx more restricted to movement. Therefore, a different birthing position
in which the coccyx could not move would probably cause some dysfunctions in the mother, and
a pubic symphysis diastasis or even the fracture of the coccyx could occur.

The problem study in this work is of great complexity, so it presents some limitations that one
should pay attention to. The suction cup was tied to the fetal head, but the effect of suction was
not considered. The change in the hormones that happen during pregnancy and labor were not
taken into consideration, but they can change some of the characteristics of the pelvic bones and
ligaments. Also, during the delivery, fetal head molding occurs and modifies the head diameters,

making it easier to pass through the birth canal, which was not considered.

6.2 Future Work

This work has given some encouraging results. We already have an idea of the impact that a
vacuum-assisted vaginal delivery can cause on the maternal pelvic floor muscles and bones, so for
future works, it would be important to test the impact of the suction cup in the fetal head. For
this, the head would not be considered a rigid structure and fetal head molding would have to be
taken into consideration. The effect of suction in the vacuum extractor would also be relevant to
perceive the impact on the fetal head.

Additionally, it would be interesting to test a simulation with a coccyx more restricted to move-
ment, as an instrumental delivery should happen. Perform simulations where hormonal changes
are present would also be significant for future studies to evaluate the changes in the pelvic bones

and ligaments during labor.
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RESUMO
O parto vaginal é considerado a principal causa de disfun¢do do pavimento pélvico. Quando é

necessdrio auxiliar o parto vaginal, os obstetras utilizam ventosas. Neste estudo, foram analisadas
consideracdes iniciais para a simulacdo numérica do parto vaginal assistido. Foram feitas simu-
lagoes numéricas para avaliar tensdes e deformagdes nos misculos do pavimento pélvico materno.
A andlise dos gréaficos obtidos mostra que para um deslocamento vertical da cabeca do feto de
aproximadamente 60 mm, as tensdes maximas nos musculos do pavimento pélvico foram de 0,82
e 0,29 MPa para uma distancia normalizada de 0 e 0,47 respetivamente. Nas deformagdes, os val-
ores maximos foram 0,70 e 0,49 para os mesmos valores das distAncias normalizadas das tensdes.
Esses valores mdximos correspondem aos musculos associados a lesdes que ocorrem durante o
parto.

Palavras-chave: Simulacdo de Parto, Método dos Elementos Finitos, Ventosa Kiwi Omnicup, Ventosa

Malmstrom.

INTRODUCAO
Qualquer problema que impeca a progressao do parto natural requer medidas para acelerar o parto,

uma das quais € o parto vaginal assistido, que segundo a Organiza¢do Mundial de Saudde, corre-

sponde a 2 a 23% dos partos em todo o mundo [1]. Nos tltimos anos, embora a taxa total de partos
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vaginais assistidos tenha diminuido, o uso de ventosas aumentou e representa quase 4 vezes a taxa
de partos com o uso de férceps [2].

Durante o parto vaginal, quando o feto passa pelo canal de parto, o risco de lesdes musculares do
pavimento pélvico aumenta [3], sendo o parto vaginal considerado a principal causa de disfungdo
do pavimento pélvico [4].

Os principais objetivos deste estudo sdo a familiarizagdo com os modelos computacionais e a
andlise numérica com os softwares Abaqus e SolidWorks. Assim, o parto normal foi simulado e
0 impacto nos musculos do pavimento pélvico avaliado. Consideragdes preliminares foram ainda

analisadas para a simulacdo do parto vaginal assistido.

MATERIAIS E METODOS
O método dos elementos finitos (MEF) foi utilizado, para medir tensdes e deformacdes nos mus-

culos do pavimento pélvico durante o parto. O modelo de elementos finitos do pavimento pélvico
e do feto foi desenvolvido no trabalho de Parente et al. [5].

As ventosas sdo o dispositivo mais utilizado no parto vaginal devido a facilidade de uso, segu-
rancga e eficicia [6]. Dois tipos de ventosas foram modelados durante este estudo: a ventosa Kiwi
Omnicup e a ventosa Malmstrom. Na literatura foi verificado que a ventosa Kiwi Omnicup possui
diametro de 50 mm [2]. Este também € um dos didmetros disponiveis na ventosa Malmstrom [7].
A malha de elementos finitos da ventosa Kiwi Omnicup foi criada por Roriz [8]. A ventosa
Malmstrom foi criada utilizando o software SolidWorks (Figura 1a). De seguida, este modelo foi

importado para o ABAQUS e a malha do objeto foi criada (Figura 1b).

Figura 1. a. Modelo da ventosa Malmstrom em 3D. b. Malha de elementos finitos.

No parto vaginal assistido, a ventosa é colocada apds o inicio do parto. Para mimetizar este mo-
mento, estudaram-se diferentes abordagens como o comando MODEL CHANGE, que permite de-
sativar e reativar elementos para simular a remog¢ao ou inser¢do do modelo. Também € necessario
estabelecer a unido entre o modelo de ventosa e a cabeca do feto, e isso € feito a partir do comando
TIE.

RESULTADOS E DISCUSSAO
A Figura 2a mostra a distribuicao das tensdes principais mdximas obtidas no pavimento pélvico,

para um deslocamento vertical da cabeca do feto de aproximadamente 60 mm. Na Figura 2b,

82



observam-se as deformag¢des maximas no pavimento pélvico, para o mesmo deslocamento vertical

da cabeca do feto. Ambos os graficos foram obtidos sem ventosas.
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Figura 2. a. Tensdes médximas e b. deformac¢des maximas no pavimento pélvico para um
deslocamento vertical da cabeca do feto de aproximadamente 60 mm, sem ventosa.

Como pode ser visto na Figura 2a, as tensdes maximas foram obtidas quando a distdncia normal-
izada estava em O e 0,47 e a tensdo correspondente aos valores sdo 0,82 e 0,29 MPa. Esses dois
pontos coincidem com a fixagdo do pavimento pélvico a estrutura éssea e ao ponto intermédio
do miusculo elevador do anus, respetivamente. Estas zonas estdo associados a lesdes que ocorrem
durante o parto [4]. A Figura 2b também apresenta dois pontos onde a deformagdo é maxima.
Esses pontos, sdo quando a distancia normalizada estd em O e 0,47 que, tal como dito, sdo locais

associados a lesdes durante o parto vaginal. As respetivas deformac¢des maximas sdo 0,70 e 0,49.

CONCLUSAO

O risco de lesdes nos misculos do pavimento pélvico aumenta durante o parto vaginal. Estes
musculos, estdo sujeitos a altos valores de tensdes e deformacdes quando o feto passa pelo canal
do parto. Ambos os valores maximos obtidos nos gréficos de tensdes e deformagdes correspondem

aos musculos que estio associados a lesdes durante o parto vaginal.
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