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Abstract

The second stage of labour is the primary cause of levator ani (LA) muscle injury, which

is in turn the leading factor contributing to pelvic floor disorders including pelvic organ

prolapse and urinary stress incontinence. Understanding the mechanics of vaginal de-

livery is important for the development of preventative strategies for such disorders.

This thesis presents a finite element (FE) biomechanical modelling framework to quan-

titatively analyse the mechanics of the second stage of labour. This childbirth model

will enable the identification of potential risk factors that are associated with a difficult

labour and LA muscle injuries.

Anatomically realistic, individual-specific FE models were constructed from med-

ical images of 26 nulliparous healthy female volunteers and 28 newborn infants. The

models of the pelvic floor included the LA muscles, part of the obturator internus mus-

cles, external sphincter muscles, perineal body, superficial anococcygeal ligament, and

full bony pelvis. The models of the fetal head represented the vault that comes into

direct contact with the pelvic floor during labour. Statistical shape analyses were con-

ducted on these models and the primary shape variations are presented with reference

to clinically important parameters.

A new modelling framework of the second stage of labour was created based on an

existing model. Additional anatomical structures, including the bony pelvis, external

iii



iv

sphincter muscle, perineal body, and superficial anococcygeal ligament, were incorpo-

rated to provide more complete constraints for the deformation of the levator ani (LA)

muscles and fetal head motion. Through a series of biomechanical simulations, it was

found that the presence of the perineal body, external sphincter muscles, and inferior

pubic rami played important roles in the mechanics of vaginal delivery. The effects of

the mechanical properties of pelvic floor structures were investigated by altering the

constitutive parameters of the pelvic floor within their physiological ranges of values. It

was shown that the mechanical properties of the pelvic floor muscles influenced the de-

livery forces and the distributions of the maximum principal stretch ratios significantly.

The largest maximum principal stretch ratios occurred at the anterior LA muscle- pubis

insertions where injuries are most frequently observed clinically.

The modelling framework was then applied to explore the effects of shape variations

in the pelvic floor and fetal head on the maximum force required by delivery. Several

features of the pelvic floor, including a reduction in the area of the levator hiatus, a

constriction in the subpubic angle, a decrease in angle between the coccyx and the axial

plane, and an increase in the size of the fetal head, increased the maximum delivery

force substantially. Statistical regression models were also constructed to demonstrate

the feasibility of generating approximations of childbirth simulations using fetal head

geometries as input. With further development, such models could take both the pelvic

floor and fetal head geometries as input and could be implemented in a clinical setting

as a predictive model for childbirth planning.
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Chapter 1

Introduction

1.1 Motivation

Childbirth-induced LA muscle injury is one of the leading factors contributing to pelvic

floor disorders, including stress urinary incontinence and pelvic organ prolapse (De-

Lancey et al., 2003). The LA muscles in the pelvic floor regulate the abdominal pres-

sure, support pelvic organs, and maintain urinary and faecal continence. They are also

intimately involved in the birth process (DeLancey, 2002). During a vaginal delivery,

the LA muscles initially resist descent of the fetal head and then undergo extreme stretch

to allow passage of the fetal head through the birth canal (Svabik et al., 2009). If the

stresses are too high, LA muscle damage may occur (Baessler and Schuessler, 2004).

Several imaging studies have demonstrated that the damage, frequently referred to as

avulsion injury, occurs principally at the anterior interfaces between the pubic bones

and the LA muscles. It manifests as a complete or partial detachment of the muscles

from the lateral pubic bones and occurs in 15 % to 30 % of vaginal deliveries (Dietz and

Lanzarone, 2005; Kearney et al., 2006; Dietz et al., 2007). A previous study showed that

1
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53 % of women with a complete avulsion experienced significant pelvic organ prolapse

(Dietz and Simpson, 2008). Preventive strategies are considered high priority research,

because surgical correction is not always effective (DeLancey, 2005). Developing a

better understanding of the mechanics of childbirth and the mechanisms involved in the

development of pelvic floor disorders is one of the main focuses for female pelvic floor

research. This information, together with clinical knowledge, presents potential novel

ways of investigating strategies for the prevention and treatment of pelvic floor muscle

disorders.

1.2 Overview of thesis

1.2.1 Objectives

The primary goals of this thesis were to create a new biomechanical modelling frame-

work that simulates the second stage of labour, and to use this framework to quanti-

tatively analyse the mechanical response of the female pelvic floor during a vaginal

delivery. The specific objectives were to:

• construct anatomically accurate models of the pelvic floor and fetal head from

medical images;

• conduct population-based statistical shape analyses of the pelvic floor and fetal

head;

• create a new biomechanical modelling framework of the second stage of labour

based on an existing model;

• study the roles of pelvic floor structures in the mechanics of the second stage of

labour;
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• examine the influences of the mechanical behaviours of pelvic floor structures on

the mechanics of the second stage of labour;

• investigate the effects of shape variation of the pelvic floor and fetal skull on the

force required for delivery;

• explore the feasibility of using statistical models to predict the maximum force

required for delivery.

1.2.2 Chapter outline

Chapter 2 describes the anatomy of the female pelvic floor with an emphasis on the

structures that are likely to play important mechanical roles during a vaginal delivery,

including the bony pelvis, pelvic joints, pelvic floor muscles, perineal body, and super-

ficial anococcygeal ligament. The second part of the chapter demonstrates the process

of constructing anatomically accurate finite element (FE) models of the pelvic floor

from magnetic resonance images (MRI). This is demonstrated using MRI datasets from

26 nulliparous healthy female volunteers to model the anatomy of female pelvic floor.

Approaches to ensure point-to-point correspondence, as a prerequisite for a population-

based statistical shape analysis, are documented. The primary modes of shape variation

for the pelvic floor, obtained using principal component analysis (PCA), are illustrated

with reference to clinically important biomechanical parameters.

Chapter 3 describes the anatomy of the fetal head with a focus on the structures that

come into direct contact with the pelvic floor during the second stage of labour. The

models of the fetal head were created from computer tomography (CT) datasets of 28

newborn infants of less than 9 days of age. A population-based statistical analysis was

conducted to extract the primary modes of shape variation for the fetal skulls using PCA.
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Chapter 4 provides a brief description of the mechanism of the second stage of labour

and a review of the latest developments in modelling vaginal delivery. A new biome-

chanical modelling framework, based on an existing childbirth model by Li (2010), is

presented with an emphasis on additional anatomical structures, boundary conditions,

and constitutive relations. The mechanics of childbirth were examined using the mean

models of the pelvic floor and fetal head (from Chapters 2 and 3) as a case study.

Chapter 5 examines the roles of the pelvic floor structures, including the perineal

body, anococcygeal ligament, external sphincter muscles, and inferior pubic rami, on

the mechanics of vaginal delivery. These structures were removed from the full model

of pelvic floor, one-at-a-time, and the reduced models were used in a series of childbirth

simulations. The results showed that all of these structures played a role in the childbirth

mechanics. The force required for delivery was most affected by the perineal body and

the inferior pubic rami; while the stretches at the muscle-pubis insertions were affected

by the perineal body and external sphincter.

Chapter 6 analyses the effects of mechanical behaviours of pelvic floor structures,

including the pelvic floor muscles, perineal body, anococcygeal ligament, and pelvic

joints, on the mechanics of vaginal delivery. The parameters in the constitutive relations

were varied within their physiological ranges, one-at-a-time, and used in the childbirth

simulations. It was found that the mechanical constitutive parameters of the pelvic

floor muscles had the largest effects on the delivery forces and stretch ratio distributions

across the LA muscles.

Chapter 7 documents the influences of the pelvic floor and fetal head shape variation

on the mechanics of childbirth using the PCA-derived models from Chapters 2 and 3.
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The feasibility of using statistical partial least squares regression (PLSR) models to

rapidly predict important indices of childbirth mechanics was also investigated, with

the aim of developing the childbirth model into a birth planning tool.

Chapter 8 discusses the challenges and limitations involved in creating the presented

biomechanical model of childbirth and analysing childbirth mechanics using this model.

Chapter 9 summarises the original contributions of this thesis and possible future

directions to achieve a more realistic childbirth model. The challenges that need to be

addressed to develop the modelling framework into a clinical birth planning tool are

also discussed.

1.3 Thesis contributions

The main contributions of this thesis to biomechanical modelling of the second stage of

labour are as follow.

1. Anatomically realistic FE models of the pelvic floor and fetal head were con-

structed from medical images of the sample populations of nulliparous female

volunteers and newborn infants, respectively. These models are suitable for sta-

tistical shape analyses and construction of biomechanical modelling frameworks

of childbirth. They could also be used as an educational tool for visualising dy-

namic three-dimensional anatomy for clinical training.

2. Population-based statistical shape analyses were conducted to demonstrate the

primary shape variations of the pelvic floor and fetal head. To the author’s knowl-
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edge, these are the first quantitative analyses of the shape variations of the fetal

head and female pelvic floor that include both the bony pelvis and soft tissues.

3. A technique for applying a frictionless contact constraint between two deformable

bodies was implemented in the finite element software OpenCMISS 1. The imple-

mentation (not presented in this thesis) was validated against results produced by

another in-house software CMISS 2.

4. A new modelling framework was created using the anatomical models of the

pelvic floor and fetal head to simulate vaginal delivery. The additional anatomi-

cal structures provided more complete constraints for the deformation of the LA

muscles and fetal head motion. The role of each individual additional pelvic floor

structure was examined and the results highlighted the importance of including

all of these structures when modelling the second stage of labour.

5. The effects of the mechanical behaviour of pelvic floor structures were investi-

gated. This was the first time that the nonlinearity of the ground matrix and fibre

of the pelvic floor muscles had been individually studied using a transversely

isotropic constitutive model. It was shown that the degrees of nonlinearity of the

ground matrix and fibre component had different effects on childbirth mechan-

ics. It was also found that the variations in other pelvic floor structures, including

the perineal body, anococcygeal ligament, and pelvic joints, had less substantial

effects on the mechanics of childbirth compared to the pelvic floor muscles.

6. Using the results from the population-based statistical analyses, it was found that

the area of the levator hiatus, subpubic angle, angle between the coccyx and the

1 www.opencmiss.org
2 www.cmiss.org
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axial plane, and size of the fetal head significantly influenced the delivery force.

This is the first quantitative analysis of the geometric features of the pelvic floor

and fetal head that could potentially lead to difficulties during the second stage

of labour or increase the risk of pelvic floor damage. PLSR models were also

constructed to generate approximations of the biomechanical model simulations

using the fetal head geometries as input. With further development, such a model

could be implemented in a clinical setting as a predictive model for childbirth

planning.

The following peer-reviewed articles / book chapters were published based on the

work described in this thesis:

• Yan, X., Kruger, J.A., Nash, M.P., and Nielsen, P.M.F., 2011. A quantitative

description of pelvic floor muscle fibre organisation. Chapter 13 in Computational

Biomechanics for Medicine, pages 119-130. Springer, New York.

• Yan, X., Kruger, J.A., Nash, M.P., and Nielsen, P.M.F., 2012. Effects of levator

ani muscle morphology on the mechanics of vaginal childbirth. Chapter 8 in

Computational Biomechanics for Medicine, pages 63-75. Springer, New York.

• Kruger J.A., Yan, X., Li, X., Nielsen, P.M.F., and Nash, M. P., 2016. Applications

of pelvic floor modelling and simulations. Chapter 18 in Biomechanics of the

Female Pelvic Floor, pages 367-382. Elsevier Science, Oxford.

• Yan, X., Kruger, J.A., Nielsen, P.M.F., and Nash, M.P., 2015. Effects of fetal

head shape variation on the second stage of labour. Journal of Biomechanics

48(9):1593-1599.
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• Yan, X., Kruger, J.A., Nielsen, P.M.F., and Nash, M.P., 2016. Modeling the

second stage of labor. Wiley Interdisciplinary Reviews: Systems Biology and

Medicine 8(6):506-516.

During the course of this thesis, aspects of the research were presented in the fol-

lowing conferences:

• Yan, X., Kruger J.A., Nash, M.P., and Nielsen, P.M.F. (2010, August). A quantita-

tive description of pelvic floor muscle fibre organisation. In: 6th World Congress

of Biomechanics. Singapore.

• Yan, X., Kruger J.A., Nash, M.P., and Nielsen, P.M.F. (2011, August). A 3D

statistical shape analysis of pelvic floor morphology in nulliparous women. In:

41st Annual Meeting of the International Continence Society. Glasgow, UK.

• Yan, X., Kruger J.A., Li, X., Nash, M.P., and Nielsen, P.M.F. (2013, August).

Modelling effect of bony pelvis on childbirth mechanics. In: 43rd Annual Meeting

of the International Continence Society. Barcelona, Spain.

• Yan, X., Kruger J.A., Nash, M.P., and Nielsen, P.M.F., (2014, July). Effect of fetal

head shape variation on mechanics of the second stage of labour. In: 7th World

Congress of Biomechanics. Boston, USA.



Chapter 2

Modelling the Anatomy of the Female

Pelvic Floor

Aspects of this chapter have been published in Proceedings of Computational Biome-

chanics for Medicine - MICCAI workshop 2012, Springer, New York, 63–75

Vaginal delivery is a complicated process that involves interactions between multiple

pelvic floor structures. To simulate such processes, the anatomy of the female pelvic

floor must be examined and the pelvic floor structures that are likely to influence the

second stage of labour should be identified. Imaging studies have revealed that there

were considerable variations in the shape and size of the pelvic floor (Lee et al., 2004;

Kruger et al., 2007; Rosse and Gaddum-Rosse, 1997). This geometric variation is likely

to play an important role in the mechanics of the second stage of labour and affects

the potential risk of childbirth-induced injuries (Kruger and Murphy, 2004; Rosse and

Gaddum-Rosse, 1997). To investigate the effect of this variation on the mechanics of

vaginal delivery, the geometry of the pelvic floor must be measured and translated into

9
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anatomically realistic biomechanical models. Due to ethical restrictions, it is difficult

to obtain anatomical and biomechanical information on the maternal pelvic floor during

the second stage of labour or in the final stage of pregnancy. As an alternative, in this

study, magnetic resonance imaging (MRI) scans of 26 young nulliparous women were

acquired to generate the 3D computer models.

This chapter describes the imaging modalities typically used for the female pelvic

floor and the gross anatomy, with an emphasis on the structures that are likely to in-

fluence the mechanics of the second stage of labour, including the bony pelvis, pelvic

joints, pelvic floor muscles, perineal body, and superficial anococcygeal ligament. To

model the geometric shape variations of these pelvic floor structures, finite element

models of the lower pelvis were generated from the sample population of MRI scans. A

series of iterative fitting procedures were implemented in an attempt to achieve point-to-

point correspondence among these models. A statistical shape analysis was performed

using PCA to extract the primary modes of shape variation in the sample population.

Due to the limited spatial coverage of the MRI scans, the superior aspect of the bony

pelvis was absent in the PCA-derived models of the pelvic floor. However, the simu-

lations of vaginal delivery require a complete bony pelvis to specify realistic boundary

constraints. Hence, these models were augmented to incorporate transformed versions

of a model of the upper bony pelvis that was constructed from the Visible Woman dataset

(Ackerman, 1999).

2.1 Pelvic floor anatomy

The pelvis, derived from the Latin word ‘basin’, is a bowl-shaped structure in the in-

ferior aspect of the visceral cavity, commonly referred to as the ‘pelvic cavity’ (Rosse
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and Gaddum-Rosse, 1997). The structural integrity of the pelvis is maintained by the

bony pelvis and the ligaments that interconnect the bones (Standring, 2008), while the

pelvic organs, including the bladder, uterus, vagina, urethra, and rectum, are primarily

supported by the pelvic floor muscles that constitute the caudal border of the pelvic

cavity (Fritsch et al., 2004). During the second stage of labour, the fetal head descends

through the vaginal orifice enclosed by the LA muscles and bony pelvis (Svabik et al.,

2009). To model the complex interactions between these structures, the anatomy of the

pelvic floor must be examined. A range of modern imaging modalities used for diag-

nosis in obstetrics and research are described in the following section with reference to

their applicability in constructing anatomical models of the pelvic floor.

2.1.1 Imaging the pelvic floor anatomy

To acquire morphological information of the pelvic floor, ultrasound imaging (Dietz,

2006), MRI (DeLancey et al., 2003), and CT (Guo and Li, 2007) are the most commonly

used traditional modalities in a clinical setting. To understand the anatomy at a micro-

scopic level, dissection and histology (Shafik et al., 2003; Janda et al., 2003; Shobeiri

et al., 2008) are the most acceptable practice since radiological images are restricted

by imaging resolution and different degrees of artefact. New imaging technologies,

including elastography (Chen et al., 2015), diffusion tensor magnetic resonance imag-

ing (DT-MRI) (Zijta et al., 2012; Rousset et al., 2012), and high-resolution cryosection

photographs (Ackerman, 1999), are also used in pelvic floor research.
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Ultrasound imaging

Ultrasound is most widely used by obstetricians and urogynaecologists (Figure 2.1), due

to its non-ionising nature, portability, and low cost (Dietz, 2004a; Zhang et al., 2011). It

has good temporal resolution needed for capturing rapid muscle movements during an

LA contraction or Valsalva manoeuvre commonly used for assessment of pelvic floor

function. (Dietz, 2004b). However, ultrasound images are difficult to interpret with-

out expert training, because of the substantial geometric distortion, poor signal-to-noise

ratio, and low spatial resolution (Zhang et al., 2011). These limitations make this modal-

ity less suitable than some other imaging modalities for creating detailed biomechanical

computer models of the pelvic floor.

Figure 2.1: Ultrasound images in (a) the midsagittal plane and (b) the plane of
minimal hiatal dimensions. Illustrated are the pubic symphysis (S), anal canal (A),
bladder (B), the hiatal area (dotted line), and the plane of minimal hiatal dimensions in
the sagittal plane (solid line) between the inferoposterior margin of the pubic
symphysis and the posterior aspect of the anorectal angle where it is encircled by the
puborectalis muscle. (Reproduced with permission from Kruger (2008))
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Magnetic resonance imaging

MRI has emerged as a common imaging modality to examine the detailed anatomy of

the pelvic floor (Law and Fielding, 2008; DeLancey et al., 2003; Kruger et al., 2008a).

It provides excellent contrast between soft tissues and a higher spatial resolution than

ultrasound imaging (Figure 2.2). Images produced by a high field scanner have superior

discriminatory capabilities that enable visual identification of LA muscle subdivisions

(Margulies et al., 2006; Zhang et al., 2011). Most biomechanical models of the pelvic

floor have been constructed from MRI images (Kruger et al., 2008a; Li et al., 2008;

Jing et al., 2012; Berardi et al., 2014). The main limitation of using MRI in pelvic

floor research is that the spatial resolution and signal-to-noise ratio of the images are

restricted by acquisition time (Macovski, 1996). Detailed connective tissue structure

and muscle fibre organisation are difficult to acquire through traditional in vivo MRI

(Janda et al., 2003).

Figure 2.2: MR images in (a) the midsagittal plane and (b) the plane of minimal hiatal
dimensions. Illustrated are the pubic symphysis (S), vagina (V), puborectalis muscle
(P), and the plane of minimal hiatal dimensions (solid line). (Reproduced with
permission from Kruger (2008))
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X-ray computed tomography

CT acquires multiple X-ray images at different orientations and reconstructs these im-

ages to obtain the tomographic views in the region of interest (Zhang et al., 2011). This

modality is typically used to image the bony pelvis (Handa et al., 2003) and the vas-

culature of tumours (Chao et al., 2005) due to its superior contrast and high resolution.

However, this modality is rarely used in obstetrics to avoid exposure of the fetus to

high-dose radiation (McCollough et al., 2007).

Dissection and histology

One of the earliest quantitative descriptions of pelvic floor muscle structures was col-

lected from a 72-year-old female embalmed cadaver (Janda et al., 2003) and provided

the primary source of information to construct many of the childbirth models (Parente

et al., 2008, 2009a,c, 2010a,b; da Silva et al., 2015). The histology of the LA muscles

was examined by Shafik et al. (2002, 2003) by staining and photographing cadaveric

specimens. Shobeiri et al. (2008) quantified the internal innervation and gross fibre or-

ganisation of the LA muscles based on the dissection of six specimens (Figure 2.3).

Although useful as initial attempts for describing the fibre architecture, the information

from the cadaver-based studies is unlikely to accurately represent the in vivo muscle

shape, due to the loss of muscle tone and/or change in muscle structures resulting from

the embalming process.

Elastography

Ultrasound or magnetic resonance elastography quantifies the stiffness of tissues by ap-

plying compressive waves, measuring the local deformations, and calculating stiffness
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Anterior

Posterior

Cranial Caudal

Figure 2.3: The fibre organisation of the levator ani muscles. Illustrated are the
coccygeous muscle (CG, light brown), iliococcygeous muscle (IC, brown), arcus
tendineus levator ani (ATLA)/ arcus tendeneous fascia pelvis (ATFP), pubovisceralis
muscle (PV, red), puborectalis muscle (PR, green), puboperinealis muscle (PP, pink),
puboanalis muscle (PA, orange), vagina (V), coccyx (C), pubis (PB), anal canal (A).
(Reproduced with permission from Shobeiri et al. (2008))

using Hooke’s law (Zaleska-Dorobisz et al., 2014; Mariappan et al., 2010). It identi-

fies pathological issues that are associated with changes in mechanical properties. Re-

cently, ultrasound elastography was used to measure the in vivo stiffness of the perineal

body (Chen et al., 2015). However, such data has not been incorporated into modelling

the second stage of labour due to its assumed linear stress-strain response and limited

compressive strain range, since the deformation of the perineal body during a vaginal

delivery is mostly tensile and the stretch ratio can be up to 3.3 (Jing et al., 2012).

Diffusion tensor magnetic resonance imaging

DT-MRI constructs a tensor based on the diffusion of water within the tissue. The

dominant molecule diffusion has been shown to indicate the direction of continuous

fibres (Basser and Jones, 2002). This modality has been extensively used in tracking
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in vivo brain white matter architecture and ex vivo cardiac muscle fibre organisation

(Basser et al., 2000; Hsu et al., 1998; Scollan et al., 1998).

Figure 2.4: Fibre tractography obtained from DT-MRI of the pubovisceral muscles
(PV) and perineal body (PB) in (a) oblique anterior view and (b) cranial view.
(Reproduced with permission from Zijta et al. (2011))

The use of DT-MRI has been limited in pelvic floor research, principally because

the spatial resolution of in vivo DT-MRI is restricted by acquisition time. This limited

image sampling rate contributes to a partial volume effect where signals from the region

of interest are contaminated by surrounding tissues. The relative thinness of the pelvic

floor muscles makes this artefact more pronounced compared to larger muscle groups

(e.g. limb or cardiac muscles).

With the limitations stated, recently, Zijta et al. (2011) and Rousset et al. (2012)

have used DT-MRI to investigate pelvic floor muscle fibre organisation (Figure 2.4). Al-

though not quantitatively validated, they reported that satisfactory results were achieved

for the well-developed muscle groups, including the pubovisceral muscles, obturator

internus and sphincters. Zijta et al. (2012) attempted to use DT-MRI to identify differ-

ences in pelvic floor muscle fibre organisation between normal women and those with

prolapse. However, no significant difference was found between the two groups, in-
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dicating DT-MRI might not be the most suitable tool for identification of pelvic floor

muscle fibre defects in prolapse or those muscle fibre defects were not significant in this

study.

The Visible Human Project®

The Visible Human Project was conducted by the National Library of Medicine, Mary-

land, USA (Ackerman, 1999). It consists of high-resolution cryosection photographs,

CT, and MRI scans of a postmortem human male and female.

The resolution for the Visible Woman cryosection images is 0.33 mm× 0.33 mm per

pixel in-plane, with a 0.33 mm interval between two successive images for the pelvis

region (Figure 2.5). Noakes et al. (2008) constructed finite element models of pelvic

floor structures suitable for mechanical simulations based on the Visible Woman images.

However, postmortem morphological changes of the soft tissues and loss of muscle tone

need to be rectified to represent the in vivo anatomy.

Figure 2.5: A slice of the Visible Woman cryosection image in the pelvis region.
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2.1.2 Anatomy of the pelvic floor structures involved in childbirth

This section describes the anatomy of the pelvic floor structures included in the biome-

chanical model of childbirth, including the bony pelvis, pelvic floor muscles, perineal

body, and superficial anococcygeal ligament. Other pelvic floor organs, including the

bladder, uterus, rectum, vagina, and urethra, are very compliant and fully compressed

during the second stage of labour and their anatomies are not considered.

The bony pelvis

The bony pelvis consists of the sacrum and two hip bones, each of them formed by the

fusion of ilium, ischium and pubis (Figure 2.6). The two iliac bones are joined to the

sacrum by the sacroiliac joints. The pelvis has a diamond shape with four apices: the

pubic symphysis anteriorly, sacrum posteriorly, and two ischial spines laterally. They

provide anchoring points for supporting structures and determine the size of the pelvic

cavity (Fischer et al., 2008).

Ilium

Ischium

Pubis

CoccyxIschial spine

Sacrum

Pubic symphysis

Figure 2.6: Anterior view of the female bony pelvis. (Reproduced with permission
from Gray and Lewis (1918))
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The pelvis is bordered cranially from the visceral cavity by the ‘pelvic inlet’ which

is an oval opening bounded by the pelvic brim and the base of the sacrum (Figure 2.7).

The pelvic inlet separates the cranial false pelvis from the caudal true pelvis, at an angle

of between 35 ◦ and 50 ◦ up from the horizontal plane. During childbirth, the fetal head

descends through the pelvic inlet to enter the cavity. The caudal opening of the pelvic

cavity is known as the ‘pelvic outlet’. It has a narrower and a more rectangular shape

in comparison to the inlet. The outlet is anteriorly bounded by the caudal margin of

the pubic symphysis and the connected ischial rami continuing down posteriorly to the

ischial tuberosity. The coccyx and the sacrospinous ligaments that connect the ischial

spines to the lateral aspects of sacrum form the posterior boundary of the outlet. The

outlet is in the plane formed by connecting the tip of the coccyx to the caudal end of the

pubic symphysis, between 5 ◦ and 15 ◦ up from the horizontal plane (Standring, 2008).

Coccyx

Pubic symphysis

Figure 2.7: Midsagittal left lateral view of the pelvic cavity pelvis. (Reproduced with
permission from Gray and Lewis (1918))

The axis of the pelvic cavity, also known as the ‘the curve of Carus’ (Figure 2.7),

runs through the centre of the inlet and outlet. However, since the two openings are tilted



2.1. PELVIC FLOOR ANATOMY 20

at different angles, the direction of the axis changes progressively and is almost parallel

to the sacral curvature (Rosse and Gaddum-Rosse, 1997). When assessing maternal

pelves, the most commonly measured pelvimetric dimensions are the anteroposterior

and transverse diameters of the outlet (Table 2.1). These dimensions, along with the

depth of the cavity, subpubic angle, and the curve of Carus, have been historically used

to classify female pelves into four types, referred to as gynaecoid, anthropoid, android,

and platypelloid (Rosse and Gaddum-Rosse, 1997; Lowdermilk, 2000).

Table 2.1: Pelvimetric parameters for clinical classification of the female bony pelvis.

Parameters Anatomical position

Anteroposterior diameter
Distance between top of coccyx and
bottom of pubic symphysis

Transverse diameter - midcavity Distance between ischial spines
Transverse diameter - outlet Distance between ischial turberosities
Subpubic angle Angle of pubic arch

Ratio of convergence
Ratio between transverse diameters
of midcavity and outlet

The dimensions of the bony pelvis do not stay fixed throughout pregnancy and child-

birth. The ligaments in the pelvis become more flexible and some joints can move

slightly to facilitate delivery, due to the release of the hormone relaxin (Varney et al.,

2004; Macdonald and Magill-Cuerden, 2011). As the fetal head passes through the

pelvic floor during the second stage of labour, the pelvis rotates backwards around the

transverse axis of the sacroiliac joints, increasing the sagittal diameter of the pelvic out-

let (Borell and Fernström, 1967). The coccyx is also forced to rotate posteriorly around

the sacrococcygeal joint by 2.5 cm or more (Cohen and Friedman, 2011).
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Muscles of the pelvis

The muscles of the pelvis are categorised into two groups, including the lateral rotators

of the hip and pelvic diaphragm (Figure 2.8). The piriformis and obturator internus form

the lateral wall of the pelvic cavity and generally function as the muscles of the lower

limbs. The pelvic diaphragm partially closes off the bony frame of the pelvic outlet and

provides dynamic support for the visceral contents of the pelvic cavity (Fritsch, 2006).

The pelvic diaphragm, resembling a sloping floor to the pelvis, consists of the coc-

cygeus posteriorly and the more extensive LA anteriorly. It has been described as ‘a

funnel slotted into the pelvic cavity’ (Rosse and Gaddum-Rosse, 1997), with the rim fit-

ting against the pelvic sidewalls, obturator internus, and sacrum. The stem of the funnel

represents the urogenital hiatus through which the urethra, vagina, and the rectum pass

(Rosse and Gaddum-Rosse, 1997).

The obturator internus, despite being primarily considered a muscle of the lower

limb, is also an important attachment site for the pelvic diaphragm. It covers the internal

aspect of the obturator foramen (the hole created by the pubis and ischium) and inserts

into the inferior ramus of the pubis, the ischial ramus, and the pelvic surface of the

hip bone (Standring, 2008). The arcus tendineus, also known as ‘the white line’, is a

thick white band of condensed connective tissues from the endopelvic fascia, attached

to the membrane covering the obturator internus muscles. The white line originates

laterally from the pubic symphysis and inserts into the ischial spines, joining the LA to

the obturator internus muscles (Scotti et al., 2007; Pit et al., 2003).

The coccygeus, also known as the ischiococcygeus, is a small triangular muscle at

each side of the pelvis which forms an approximately horizontal shelf where the pelvic

organs rest. It arises from the ischial spines and the supraspinous ligaments and inserts
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Figure 2.8: The major pelvic floor muscles surrounded by the bony pelvis in an angled
superior-left lateral view. (Reproduced with permission from Drake et al. (2014))

into the lateral aspects of sacrum and coccyx. The coccygeus is attached to the pelvic

sidewall by fascial bands posterior to the ischial spine. Posteriorly, it blends into the LA.

In some women, the coccygeus can be under-developed and tendineus, existing only in

rudimentary form (Fritsch, 2006).

The LA muscles originate along a semi-circular path on the pubic sidewalls from

the ischial spines to the lateral aspects of pubic symphysis. They are attached to the

arcus tendineus between the bony points in the anteroposterior direction. Posteriorly,

the fibres pass downwards and backwards to the midline of the pelvis, inserting into

the lower sacral and coccygeal vertebrae through the anococcygeal raphe. The LA is

further divided into iliococcygeus, pubococcygeus and puborectalis based on their at-
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tachments and histology (Rosse and Gaddum-Rosse, 1997). The terms used to describe

the musculature in the pelvic floor differ among specialties. A detailed description of

such terminologies can be found in Table 1 and Section 2.2.3.2 of Kruger (2008). The

terminology adopted in this thesis is commonly used in anatomical literature (Fritsch,

2009; Fröhlich et al., 1997).

The iliococcygeus originates from the ischial spines and the posterior part of the

arcus tendineus and inserts into the anococcygeal raphe posteriorly. It is connected to

the coccygeus anteriorly and joins the fibres of the pubococcygeus posteriorly. The

pubococcygeus originates from the pubic symphysis and the anterior part of the arcus

tendineus. Its fibres take a slight descending course with respect to the horizontal plane,

inserting into the anococcygeal raphe and coccyx. The puborectalis is a relatively thick

bundle of muscles in the LA and has its bony origin below the pubococcygeus. It runs

backwards from the pubis and interdigitates behind the rectum, forming a muscular

sling around the anorectal junction (Rosse and Gaddum-Rosse, 1997). Fritsch et al.

(2004) reported that the puborectalis could be differentiated from the pubococcygeus

from its horizontally situated fibre bundles in sectional anatomy. The external sphincter

is fused with the puborectalis anteriorly, constituting part of the sling; posteriorly it

wraps around the anal canal and is attached to the coccyx through the anococcygeal

ligament (Fritsch, 2006). During the second stage of labour, the LA muscles undergo

extensive stretches to allow passage of the fetal head. If the stretches are high, LA

muscle damage may occur (Baessler and Schuessler, 2004). The injury mechanism is

explained in detail in Section 4.1.
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Muscle histology

The pelvic floor muscles participate in a number of functions of the urogenital system,

including support of the pelvic organs, maintenance of continence, and response to fluc-

tuations in abdominal pressure. Hence it is necessary to have a combination of different

fibre types to provide contractions with both excitability (fast response) and extensibility

(long duration).

Shafik et al. (2002) conducted a histological study on human cadavers and illustrated

the presence of both striated skeletal and smooth muscle cells in the LA. The lateral as-

pect of the LA is primarily formed by transversely arranged type I (slow-twitch) skeletal

muscle bundles, which are capable of tonic contractions and demonstrate fatigue resis-

tance for the support of the viscera. In the medial region, both type II (fast-twitch)

skeletal and smooth muscles were observed, separated into two layers by a plane of

large blood vessels enclosed in a sheath of perimysium (Gosling and Dixon, 1994).

The slow and involuntary contractions of the smooth muscles in the deep layer support

the pelvic organs and help maintain a steady abdominal pressure; while the voluntary,

fast contractions of the type II skeletal muscles in the superficial layer respond to rapid

changes in abdominal pressure and regulate the opening of the urogenital hiatus during

urination and defecation (Shafik et al., 2002, 2003).

Perineal body

The term ‘perineal body’ was coined by MacAlister in 1889 and refers to the firm tissue

mass of the perineum (Oh and Kark, 1973). It is a complex fibromuscular mass occupy-

ing the space between the posterior vaginal wall and the anterior rectal wall (Figure 2.9).

The perineal body serves as the anchoring point for the external sphincter anteriorly be-
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low the vaginal orifice, and is positioned along the posterior border of the perineal mem-

brane. It is suspended from the pubic bone by the puborectalis and fixed to the pubic

ramus through the superficial transverse perineal muscles (Oh and Kark, 1973; Wood-

man and Graney, 2002). The rectovaginal septum, the fascia separating the vagina from

the rectum, further stabilises this pyramid-shaped structure (Fraser and Cooper, 2009).

A thin-slice MRI study illustrated the perineal body as a three-region structure, with

the superficial, mid and deep regions linking the bulbospongiosus, puboperinealis and

puboanalis muscles respectively (Larson et al., 2010). Hence, it is considered as a inter-

secting area of fibrotendinous and muscular fibres, connecting all the muscles without

bony attachments (Oh and Kark, 1973).

Figure 2.9: Coronal dissection image of the female perineum. The levator ani and
transverse perineal muscles are intermingled with the perineal body. (Reproduced with
permission from Oh and Kark (1973))

An intact perineal body plays an important role in absorbing changes in abdominal

pressure. During the second stage of labour, most of the uterine pressure is exerted to-
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wards the perineal body and the anorectum due to their close association to the posterior

vaginal wall (Woodman and Graney, 2002). The perineal body becomes elongated and

pushed backwards against the external sphincter by the descending fetus (Henderson

et al., 2004). Damage to the perineal body may be one of the causes of urogenital or

rectal prolapse (Fritsch, 2009).

Anococcygeal raphe and ligament

The anococcygeal raphe and ligament are continuous anatomically and located in the

posterior pelvic floor. The anococcygeal raphe is formed by the interdigitation of the

iliococcygeal fibres from both sides and extends from the coccyx to the anorectal junc-

tion (Figure 2.10). It attaches the iliococcygeus and pubococcygeus medially to the

coccyx and is caudally continuous with the superficial and deep anococcygeal ligaments

(Stoker, 2009).

The superficial anococcygeal ligament lies posteriorly to the ‘retro-sphincteric space

of Courtney’ that is filled with fibrofatty tissues (Barleben and Mills, 2010). It connects

the superficial component of the external sphincter to the coccyx and gives posterior

support to the external sphincter (Ortega et al., 2008; Stoker, 2009). The deep anococ-

cygeal ligament extends from the coccyx to the dorsal aspect of the anorectal wall (Kin-

ugasa et al., 2011). Histological studies have shown that the superficial anococcygeal

ligament contains mainly elastic fibres, while the deep anococcygeal ligament is com-

posed of smooth muscles, collagen, and elastic fibres (Jin et al., 2015). The role of the

anococcygeal ligaments in the mechanics of the second stage of labour is unclear and

will be investigated in Chapter 5.
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Figure 2.10: Diagram of the female pelvic floor in a midsagittal left lateral view.
Illustrated are the coccyx (CX), deep anococcygeal ligament (deep ACL), superificial
anococcygeal ligament (supf ACL), external anal sphincter (EAS), levator ani muscles
(LAM), internal anal sphincter (IAS), longitudinal layer of the rectum (LM), circular
muscle layer of the rectum (CM), and presacral fascia (PFS). (Reproduced with
permission from Jin et al. (2015))

2.2 Finite element model generation of the female lower

pelvic floor

Having examined the anatomy of some birth-related pelvic floor structures, individual-

specific finite element models of the lower pelvic floor were generated from MRI datasets

of 26 nulliparous female volunteers. The upper pelvis was not included in these mod-

els due to the restricted coverage of the MRI datasets. These customised models were
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subsequently used in the statistical shape analysis that examined the primary modes of

shape variation in the sample population.

2.2.1 Imaging protocol

The pelvic floor models were constructed using MRI datasets collected in a previous

study (Kruger et al., 2008a). Twenty-six healthy nulliparous women, with no history

of pelvic floor dysfunction, were scanned using a 3D turbo spin echo Siemens SPACE

sequence. The images were acquired using the same acquisition angle with a consistent

resolution of 1 mm× 1 mm× 1 mm. The demographics of these women are given in

Table 2.2. Ethical approval for using the images was obtained from the University of

Auckland Human Participants Ethics Committee (project number: 7259).

Table 2.2: Demographics of the nulliparous women (n = 26) in Kruger et al. (2008a).

Subject Age (years) Height (cm) Weight (kg) Body mass index (kg m−2)
Mean 29.3 164.8 60.7 22.4
Range 21 to 41 153 to 176 50 to 78 18 to 29

2.2.2 Segmentation of the pelvic floor images

Pelvic floor anatomical structures that are necessary for a representative biomechanical

model for simulations of childbirth include the LA, external sphincter, obturator inter-

nus, perineal body, superficial anococcygeal ligament, and bony pelvis. These struc-

tures were segmented from all 26 sets of MRIs (Figure 2.11a). The ilium was absent

in the MR images due to their limited cranial field of view. The caudal components

of the bony pelvis, including the pubis, ischium, sacrum, and coccyx were identified.

The pelvic floor muscles and bony pelvis were segmented from the angled axial images
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where the muscle-bone interface was the most visible. The perineal body and the su-

perficial anococcygeal ligament were identified from the sagittal images, because the

perineal body exists between the distal vaginal and rectal walls in the medial aspect

of the pelvic floor. The boundary between the perineal body and canals of the vagina

and rectum could be best imaged for segmentation (Larson et al., 2010) in the sagit-

tal plane. The superficial anococcygeal ligament connects the external sphincter to the

apex of the coccyx. Its geometry was also best identifiable in the sagittal plane. The

deep anococcygeal ligament could not be segmented due to its low contrast against the

surrounding soft tissues. The final segmentation results were checked in all three planes

and combined to form individual sets of surface data for each of the anatomical struc-

tures as, for example, shown in Figure 2.11b. The effect of human error introduced

during the segmentation process on childbirth mechanics was not examined. Neverthe-

less, the change in most biometric parameters (Table 2.3) measured from the model of

the pelvic floor due to the addition of one standard deviation of the primary modes of

shape variation was greater than the segmentation error at a sub-pixel level (image reso-

lution of 1 mm× 1 mm× 1 mm). Hence, the effect of segmentation error on childbirth

mechanics is unlikely to be more substantial than the effect of one standard deviation of

the pelvic floor shape variation.

2.2.3 Data alignment

Point-to-point correspondence (common parameterisation) of anatomical structures in

the geometric models of the lower pelvis is required for statistical shape analysis (Sec-

tion 2.3) and consistent specification of boundary conditions in the biomechanical mod-

elling of the second stage of labour (section 4.3). Point-to-point correspondence was
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(a)

(b)

Figure 2.11: (a) Axial MR image of a 23-year-old female subject at the level of the
proximal urethra in a cranial view. (b) Sets of data for pelvic floor structures in an
angled anterior view. Illustrated are the pelvic bones (cream), levator ani muscles
(beige), obturator internus muscles (maroon), external sphincter muscles (gold),
sacrococcygeal joint (green), pubic symphysis (pink), perineal body (aqua), and
anococcygeal ligament (purple).

achieved by developing a systematic process for generating the geometric models. As

a prerequisite for this process, the segmented data for all subjects needed to be aligned

objectively in a consistent orientation. The bony pelvis forms the internal framework
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for the pelvic floor and the high material stiffness of the bones and ligaments maintain

the shape and integrity of the pelvis regardless of one’s posture. Hence, the orientations

of the anterior bony pelves, including the pubis and ischium across the sample popula-

tion, were centred and aligned to one arbitrarily selected subject. A nearest neighbour

algorithm (Nisbet et al., 2009) was used to compute the rigid body transformations

(translation and rotation) that best aligned the datasets. The segmented data for the rest

of the pelvic floor structures were rigidly aligned according to the same transformations.

2.2.4 Model generation

Finite element models of the pelvic floor consisted of a soft tissue complex enclosed by

the bony pelvis. In contrast to the precursor to these new models (Li, 2010), where the

pelvic floor structures were modelled as separate meshes, all structures were represented

by a continuous mesh in this thesis. The pubis and ischium for each side of the bony

pelvis were represented by a ring of finite elements. The left and right sides were joined

anteromedially by the pubic symphysis and posteriorly to the sacrum by the sacroiliac

joints. Posteromedially, the coccyx was connected to the sacrum by the sacrococcygeal

joint. The model for the soft tissue complex that forms the birth canal included the LA,

external sphincter, part of the obturator internus, perineal body, and anococcygeal liga-

ment. In the model, the anterior aspects of the LA and obturator internus were anchored

at the pubis while the posteromedial portion of the LA inserted into the lateral surfaces

of the coccyx. The posterior portion of the LA laterally inserted into the perineal body

and caudally continued into the external sphincter. The anococcygeal ligament attached

the dorsal aspect of the external sphincter to the apex of the coccyx.

Due to considerable interpersonal variability and complexity in the morphology of
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the pelvic floor, the models for the 26 subjects were decomposed into four parts: (a)

a soft tissue complex consisting of the LA, obturator internus, and perineal body; (b)

the external sphincter; (c) the anterior bony pelvis including the pubis and ischium; and

(d) the posterior bony pelvis consisting of the sacrum and coccyx. The four parts were

generated separately and later combined to form a continuous model of the pelvic floor

for each individual.

Geometric fitting of the finite element models was performed using a nonlinear, least

squares algorithm (Nielsen, 1987; Bradley et al., 1997) implemented in the in-house

software CMISS1. The resulting cubic Hermite models preserved G1 (tangent) continu-

ity on the surfaces of the soft tissues and bones. The goodness of fit was determined by

the root-mean-squared error (RMSE, equation 2.1) between the segmented data and the

fitted surfaces.

RMSE =

√√√√ 1

n

n∑
i=1

||x̂i − xi| |2 (2.1)

where xi are the coordinates of the ith surface data point, x̂i are the coordinates of the

same data point projected on to the model surface, and n is the number of data points.

The RMSEs for fitting the combined model of each subject were all below 1.4 mm, and

on average 1.3 mm.

Point-to-point correspondence

To ensure the reliability of the statistical shape analysis, it was important to ensure that

corresponding nodes in the models of the pelvic floor represented similar anatomical

locations across the sample population. Hence, the models of the pelvic floor were

1www.cmiss.org
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generated using a transformed common generic mesh as initial guesses. Mismatch in

the positions of material points was mainly introduced as a result of the geometric fitting

when there was a significant change in surface morphology.

When performing geometric fitting of multiple finite element models, the goodness-

of-fit of individual models and the achievement of point-to-point correspondence were

conflicting qualities. The former emphasised inter-individual variability while the latter

required a coherence of morphology on a population level. This trade-off between vari-

ability and compatibility is especially important for statistical shape analysis of small

samples, such as this study. The small sample size made the analysis vulnerable to out-

lier shapes. On the other hand, a lack of point-to-point correspondence could potentially

contaminate the computed modes of shape variations.

In this respect, the initial estimate for geometric fitting should a) preserve point-

to-point correspondence; and b) have geometry as close to the final fitted model as

possible. To achieve this, a series of mathematical transformations were performed

when generating the four separate parts of the model. A detailed description of the

model generation process is included in Appendix A.

2.3 Statistical shape analysis of the lower pelvic floor

The shape variation of normal LA muscles has been investigated based on in vivo MR

images collected from nulliparous subjects (Lee et al., 2003, 2004). However, none of

the studies included the bony pelvis and connective tissue structures that imposes impor-

tant boundary constraints for muscle deformation and fetal head motion in simulations

of childbirth.

Statistical shape analysis has also been used to study the morphological changes in
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LA muscles due to pathology. Lee et al. (2009) differentiated the pathological muscles

in patients with obstructed defaecation from healthy muscles in normal subjects using

shape analysis. Hoyte et al. (2000, 2001, 2004) demonstrated significant LA substance

loss and smaller overall muscle thickness in patients with genuine stress incontinence

and prolapse. The LA-symphysis gaps and the dimensions of the levator hiatus were

also found to increase with increased degree of prolapse (Singh et al., 2003).

To date, there is a lack of population-based information on healthy female pelvic

floors that includes not only the pelvic floor muscles but also the bony pelvis. To address

this issue, this section demonstrates the statistical shape analysis of the lower pelvic

floor using a principal component analysis (PCA) approach (Jolliffe, 2002) to produce

the predominant shape variations in the sample population. The following structures

were considered: the LA muscles, external sphincter muscles, part of the obturator in-

ternus muscles, pubis, ischium, perineal body, and anococcygeal ligament. The models

of the pelvic floor were represented using a Bezier interpolation scheme.

2.3.1 Conversion from Hermite to Bezier representation

The tricubic Hermite interpolation scheme has derivatives specified at the element ver-

tices to preserve G1 continuity across element boundaries. These derivatives have dif-

ferent scales from the coordinates that specify the nodal positions. Thus, the tricubic

Hermite models needed to be transformed to a Bezier representation that was appro-

priate for PCA. The Bezier scheme interpolates the model surface using control points,

which collectively define the nodal positions and derivatives (Prautzsch et al., 2013).

All control points in a Bezier scheme are established by spatial coordinates that have a

similar scale as the nodal coordinate values.
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The Bezier representation of a model was obtained by pre-multiplying the array

of Hermite global nodal parameters by a global conversion matrix. The conversion

matrix, assembled from a constant local conversion matrix of each element (Equation

2.2), encapsulated the linear transformation from Hermite to Bezier parameters.

b = Mh (2.2)

where b, M, and h are the Bezier parameters, conversion matrix, and Hermite pa-

rameters, respectively (Lam, 2011).

2.3.2 Principal component analysis

The Bezier representation of each model was arranged into an
[
n ×m

]
X matrix. n is

the number of observations (26) and m is the number of degrees of freedom in a model.

A singular value decomposition algorithm implemented in MATLAB was adopted to

extract the shape modes (eigenvectors) and their corresponding variances (eigenvalues)

of XTX. PCA determines the set of orthogonal shape vectors such that the variance

of X with respect to these new basis vectors is maximised (Jolliffe, 2002). The basis

vectors ai (i.e. eigenvectors) represent the modes of shape variation; while the standard

deviations, σi, indicate the degree of variation explained by ai.

Proportion of variation explained by ai =
σ2
i∑n

i=1 σ
2
i

(2.3)

2.3.3 Iterative PCA fitting procedure

To further improve the point-to-point correspondence across the sample of 26 cus-

tomised models of the lower pelvic floor, an iterative fitting approach using PCA-
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reconstructed models as the initial estimates for the geometric fitting of individual

subjects was conducted. To preserve the point-to-point correspondence in the fitted

models, it is important to start the geometric fitting with an initial estimate as close to

the segmentation data as possible. PCA extracts modes of shape variation according

to their relative appearance across the sample population. This means that highly lo-

calised and individual-specific features, considered as undesirable when constructing

initial estimates for other cases, may be removed by a dimensionality reduction ap-

proach. The PCA-reconstructed models were used as initial estimates for the geometric

fitting. The process was iterated until a satisfactory level of point-to-point correspon-

dence was achieved (Figure 2.13). A similar iterative PCA fitting procedure has been

used to address the issue of the lack of material point correspondence when creating

geometric models of the femur (Zhang et al., 2014) and carpometacarpal joint bones

(Schneider et al., 2015). When the iterative procedure converged, a final PCA was per-

formed on the resulting 26 individual-specific anatomical models of the lower pelvis to

extract the modes of shape variation in the sample population.

Dimensionality reduction

The input X is projected from the original space to the PCA space using the transforma-

tion

X = AT + X (2.4)

where
[
m × (n − 1)

]
matrix A and

[
(n − 1) × n

]
matrix T are the shape modes and

their corresponding weights for the N subjects, respectively; X is the mean of the fitted

models.

The above transformation denotes the exact representation of X in the PCA space
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with n − 1 (the complete set) principal components preserved. When only a subset of

first p modes are considered, the variation in the reconstructed input XR is maximally

preserved, while the sum of squared errors between the X and XR is minimised. The fol-

lowing section described how a suitable number of shape modes, p, was systematically

selected.

Model selection

To achieve point-to-point correspondence, the mean model and shape modes computed

from PCA were used to reconstruct individual-specific models of the pelvic floor as the

initial geometry for the subsequent geometric fitting. Shape modes associated with low

variance are likely to represent localised features associated with a single subject, and

were therefore not used for reconstruction of the models. There are several model se-

lection criteria that can be used to systematically determine the number of shape modes

to retain. Examples of these criteria include the Akaike information criterion (AIC), the

Bayesian information criterion (BIC), and parallel analysis.

Parallel analysis can be used to determine the number of PCA modes to keep by

identifying the modes that represent noise (Horn, 1965). However, it can only be used

on correlation matrices, for which the variance for each variable has been normalised

(Franklin et al., 1995; Dinno, 2009). Hence, it is inappropriate for the application of the

shape analysis in this thesis where the PCA was conducted on the covariance matrices.

AIC and BIC determine the number of shape modes to retain (p) by penalising the

goodness-of-fit by the complexity of the model (Burnham and Anderson, 2004). Com-

pared to AIC, BIC generally penalises the complexity of the models to a greater extent.

In this study, the small sample (n
p
< 40) unbiased AIC (AICc) was used, for which

a bias correction term was applied to the standard AIC score (Burnham and Ander-
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son, 2004). Figure 2.14 illustrates the process of model selection. PCA-reconstructed

individual-specific models were generated using linear combinations of the mean model

and different numbers of shape modes. Scores were calculated for reconstructing the

individual-specific models using different numbers of shape modes and the mean (Equa-

tion 2.5). The lowest score indicates that the addition of the next shape mode (i.e. the

inclusion of p+ 1 modes) does not sufficiently improve the goodness of fit of the recon-

structed models, XR. The overall mean squared error (MSEo in Equation 2.6) between

the segmentation data and the reconstructed model surface was calculated as the average

of the mean squared error for each individual (see Equation 2.1) used as the goodness

of fit required by the AIC. The number of modes retained by the AIC, when fitting the

models of the pelvic floor, was found to be 5 for every iteration of the iterative PCA

fitting procedure.

AICc = n ln MSEo + 2p

(
n

n− p− 1

)
(2.5)

Where

MSEo =
1

n

n∑
i=1

(RMSEi)2 (2.6)

Convergence

The PCA-reconstructed, subject-specific models were generated using linear combina-

tions of the sample mean and the p shape modes. These models then became the initial

estimates for the geometric fitting in each iteration of the PCA fitting procedure. A

small root-mean-squared difference (RMSD) between two successive iterations in the

position of a set of regularly distributed material data points on the surfaces of the fitted

models indicated a high level of correspondence in the positions of the material points



39 2.3. STATISTICAL SHAPE ANALYSIS OF THE LOWER PELVIC FLOOR

between two successive iterations.

Figure 2.12: RMSD for positions of surface material points for the fitted models of the
pelvic floor. The red circle indicates the converged iteration.
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Figure 2.13: The iterative PCA fitting procedure. The process to select the optimal
number (p) of shape modes based on AICc (* indicated using red dashed box) is
illustrated in Figure 2.14.
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Figure 2.14: The process to select the optimal number (p) of shape modes based on
AICc in the iterative PCA fitting procedure.
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Model convergence was achieved and the final PCA was conducted after the second

iteration of geometric fitting (Figure 2.12). Following convergence of this iterative pro-

cess, the RMSD in the positions of regularly distributed material points was less than

0.5 mm, which is smaller than the resolution of the MRI dataset (voxel dimension was

1 mm× 1 mm× 1 mm).

2.3.4 Primary modes of shape variations

The first five shape modes collectively explained 96 % of the geometric variation in the

sample population. The next most significant mode (i.e. the sixth mode) explained less

than 1 % of the variation and was therefore neglected.

There is no systematic clinical classification for the morphology of intact pelvic

floor muscles. Clinically the diagnosis of LA muscle avulsion is normally based on a

subjective description of muscle tone and detachment from the pubic bone by palpation.

Qualitative biometric indices from ultrasound imaging include measurements of mus-

cle detachment, area of the levator hiatus, and thickness of the puborectalis muscles.

The measurements obtained from the mean model of the pelvic floor (Table 2.3, Fig-

ure 2.15) were consistent with those quantified from MRI and ultrasound images (Tunn

et al., 1998; Dietz et al., 2005). The variation in the average thickness of the puborectalis

muscle (PT in Table 2.3), associated with the first five shape modes (less than 1 mm),

was smaller compared with that observed from medical imaging (1.6 mm, reported in

Dietz et al. (2005)). This is because, clinically, such average thickness was measured

locally in one axial plane of the puborectalis (Figure 2.15b). The primary modes ob-

tained from a PCA approach described the global shape variation of the entire pelvic

floor and might not have picked up the variation in thickness locally in the specific axial
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Table 2.3: Statistics of the biometric indices of the levator ani muscles and pelvimetric
parameters for the mean and five shape modes. LHA, area of the levator hiatus; PT,
average thickness of the puborectalis muscle; APD, anteroposterior diameter of the
pelvis; TMD, transverse diameter of the pelvic midcavity; TOD, transverse diameter of
the pelvic outlet; SPA, subpubic angle; MOR, ratio between the transverse diameters of
the midcavity and outlet; ai, the ith shape mode; +σi, one positive standard deviation
of the ith shape mode.

LHA PT APD TMD TOD SPA MOR
Unit mm2 mm °

Mean 1190 7.0 120 123 122 82 1.0032
+σ1a1 41 -0.3 -1 3 1 0 0.0091
+σ2a2 -56 -0.4 -4 0 4 2 -0.027
+σ3a3 -32 0.0 -6 0 2 3 -0.020
+σ4a4 -14 0.2 -1 -6 -4 -2 -0.012
+σ5a5 113 -0.3 0 6 7 3 -0.015

plane. The bony pelvis has been historically classified into four types based on a set of

pelvimetric parameters (Table 2.1, Figure 2.16). These parameters were measured from

the PCA-derived models and are presented in Table 2.3. A detailed illustration of the

PCA-derived models is given in Appendix B.

Posterior

Anterior

(a) Cranial view, LHA in blue. (b) Left lateral view, plane of PT in green.

Figure 2.15: (a) The area of the levator hiatus (LHA) was measured from the model of
the pelvic floor in the plane with the minimal anterior-posterior dimension of the
levator ani muscles. (b) The thickness of the puborectalis muscle (PT) was measured in
the plane in green.
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SPA

TOD

(a) Caudal view

APD

TMD

(b) Cranial view

Figure 2.16: Pelvimetric parameters illustrated on the PCA-derived mean pelvis
model: APD, anteroposterior diameter; TMD, transverse diameter - midcavity; TOD,
transverse diameter - outlet; SPA, subpubic angle; cream, pelvic bones; green,
sacrococcygeal joint; pink, pubic symphysis, red dots, landmarks on bony pelvis.

The first mode of geometric variation corresponded to moderate differences in the

area of the levator hiatus and average thickness in the puborectalis muscle. The pelvi-

metric parameters that indicate shape variation in the bony pelvis did not change signif-

icantly for the first shape mode compared to other modes of variations. The second and

third modes showed moderate differences in the area of the levator hiatus, reductions

in the anteroposterior diameter, increases in the transverse diameter of the pelvic out-

let, and increases in the subpubic angle, representing features of a contracted, divergent

pelvis. The second mode shape also demonstrated the largest change in the average

thickness of the puborectalis muscle. The fourth mode demonstrated reductions in the

transverse direction for both the midcavity and outlet, representing features of a con-

vergent pelvis that is generally narrower in the transverse direction. The fifth mode

represented increases in the transverse dimensions of both the midcavity and outlet,

representing features of a divergent pelvis that is generally wider in the transverse di-

rection. This mode was also associated with the largest change in the area of the levator
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hiatus and a moderate variation in the average thickness of the puborectalis muscle.

2.4 Extending the anatomical model of the lower pelvic

floor

Due to the limited spatial field of view of the MRI acquisition in the cranial direc-

tion, anatomical data from only the lower pelves for the 26 subjects were present in the

datasets. The upper pelvis, including the ilium, superior aspect of sacrum, and sacroiliac

joints were not contained in the image data. However, the superior portion of the bony

pelvis is essential for the specification of realistic boundary conditions in childbirth sim-

ulations. The sacroiliac joints connect the anterior and the posterior aspects of the bony

pelvis, serving the important function of load transfer from the hip bones to the sacrum

during the second stage of labour. To approximate these structures (in the absence of

imaging data), transformed models of the upper pelvis (ilium and superior aspect of the

sacrum) constructed from the Visible Woman dataset (Ackerman, 1999) were incorpo-

rated into the PCA-derived models. It should be noted that these data could not be used

to provide additional information on the geometric variation of the upper bony pelvis.

The addition of these missing structures was performed solely for the specification of

boundary conditions in the subsequent biomechanical modelling of vaginal delivery.

This approximation could be superseded if individual-specific geometric information of

the upper bony pelvis is available in alternative medical images.
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2.4.1 Constructing an anatomical model of the bony pelvis from the

Visible Woman dataset

The complete bony pelvis of the Visible Woman dataset was segmented from the axial

images (Figure 2.17a). The surface geometry segmentation data for the lower aspect of

the pelvis (orange points in Figure 2.17b), corresponding to anatomical features present

in the MRI dataset was separated from the segmentation data of the upper pelvis (white

points in Figure 2.17b).

The finite element model for the lower portion of the pelvis (pink mesh in Figure

2.17b) was constructed using the method described in Appendix A. The model of the

lower pelvis was then extended to describe the morphology of the upper pelvis. This

extended model was used as the generic model (gold mesh in Figure 2.17b).

2.4.2 Incorporation of the upper pelvis into PCA-derived models

Each PCA-derived model with a complete bony pelvis (Figure 2.18) was generated

using the following steps:

1. The parameters of a Procrustes transformation (involving translations, rotations,

and isotropic scaling) were computed to transform the data of the lower pelvis for

the Visible Woman (orange points in Figure 2.17b) to best match the surface data

(orange points in Figure 2.18) of the PCA-derived model for the lower pelvis,

using a nearest neighbour algorithm (Nisbet et al., 2009);

2. The Procrustes transformation from step 1 was applied to the generic data (white

points in Figure 2.17b) and to the model of the upper pelvis, so that the trans-

formed generic (Visible Woman) model of the upper pelvis best accounted for the
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(a)

(b)

Figure 2.17: (a) Axial image from the Visible Woman dataset (Ackerman, 1999). (b)
Segmented data and the fitted model for the bony pelvis of the Visible Woman in an
angled superior anterior view. Illustrated are the sets of data and the fitted models for
the upper pelvis (beige model with white points) and lower pelvis (pink model with
orange points).
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differences in size and shape of the PCA-derived model;

3. The PCA-derived model was combined with the transformed generic model.

(a) Anterior view (b) Left lateral view

Figure 2.18: PCA-derived mean model of the complete pelvic floor. Illustrated are the
transformed generic (Visible Woman) data (white), surface data of the PCA-derived
mean model of the lower pelvis (orange), pelvic bones (cream), levator ani muscles
(beige), obturator internus muscles (maroon), external sphincter muscles (gold),
sacrococcygeal joint (green), pubic symphysis (pink), perineal body (aqua), sacroiliac
joints (black), and anococcygeal ligament (purple).

2.5 Summary

This chapter describes the gross anatomy of the pelvic floor and the systematic gener-

ation of the finite element models for a sample of 26 female pelvic floors. Procedures

to achieve point-to-point correspondence were implemented to reduce the variation in

position of material points in the fitted models. Statistical shape analysis was conducted

to extract the mean and primary modes of shape variation for the pelvic floor. To the au-

thor’s knowledge, this is the first statistical shape analysis of the female pelvic floor that
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includes both the soft tissues and the bony pelvis. The mechanics of vaginal childbirth

depends on not only the ‘passage’ but also on the ‘passenger’. For example, a previous

study has shown that delivery outcome is affected by the size of the fetal head (Kearney

et al., 2006). To address this effect, Chapter 3 describes the creation of finite element

models and their shape variations for the fetal heads in a sample population.
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Chapter 3

Modelling the Anatomy of the Fetal

Skull

The fetal head interacts with multiple pelvic floor structures during the second stage of

labour. Its size and shape, in comparison to the maternal pelvis, have implications for the

progress and outcome of a vaginal delivery (Kearney et al., 2006; Valsky et al., 2009;

Tracy et al., 2016). Ideally, models of the fetal skull should be created from medical

images of the fetal head during the later stages of gestation (Jing et al., 2012; da Silva

et al., 2015); however, such information is scarce because of ethical restrictions. This

chapter describes the gross anatomy of the fetal head, the generation of 28 anatomical

finite element models of fetal skulls from CT scans of newborn human infants, and the

shape variations of the fetal skull within this sample population.

51



3.1. FETAL SKULL ANATOMY 52

3.1 Fetal skull anatomy

The skull is the largest bony structure of the fetus and protects the delicate underlying

brain during labour. It is divided into the vault, face, and base. The two latter com-

ponents only occupy a small proportion of the total area and are relatively stiff. Thus,

they do not play significant roles in childbirth mechanics. The large, dome-shaped

vault forms the cranial surface of the head and is deformable during the second stage of

labour, a process called fetal head moulding (Fraser and Cooper, 2009). To study the

detailed anatomy of the fetal head, ultrasound, MRI, and CT are the most commonly

used imaging modalities.

3.1.1 Imaging the fetal head

Routine ultrasound imaging is normally performed for women during early pregnancy

to check maternal and fetal health (Bucher and Schmidt, 1993; Bricker et al., 2008).

Sutures and fontanelles are visible using three-dimensional ultrasound (Fuchs et al.,

2008). However, significant spatial distortion and low spatial resolution of ultrasound

images make the construction of representative computer models from such data diffi-

cult. Therefore, many researchers have used CT images for constructing finite element

models of paediatric heads (Desantis et al., 2002; Coats et al., 2007; Roth et al., 2007a),

as CT provides superior contrast between bony structures and soft tissues (Figure 3.1a)

in comparison to ultrasound imaging. CT scans are normally acquired for diagnostic

purposes. MR images of newborn infants provides detailed brain anatomy but they do

not clearly differentiate the sutures, fontanelles, and scalp from the bones, hence MRI

is less suitable for constructing computer models of the fetal skull (Figure 3.1b).
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(a) CT (b) MRI

Figure 3.1: CT and MRI scans of newborn heads. Illustrated on the CT image are the
frontal suture (FS), coronal sutures (CS), and sagittal suture (SS).

3.1.2 Bony plates and sutures

The vault is comprised of seven bones, including the occipital bone at the back of the

head, the two parietal bones anterior to the occipital bones, two frontal bones forming

the forehead, and two temporal bones, one on each side of the skull (Figure 3.2a). The

sutures are the cranial joints where two bones meet. They are flexible and allow some

deformation when subjected to pressure during labour. The lambdoidal suture separates

the occipital bones from the parietal bones; the sagittal suture lies between the two

parietal bones; the coronal suture separates the frontal and parietal bones, and the frontal

suture run between the two frontal bones. Fontanelles are fibrous joints at positions

where two or more sutures meet. The posterior fontanelle is small and triangular, and is

found at the junction of the lambdoidal and sagittal sutures. The anterior fontanelle is

broad and kite-shaped, and is situated at the junction of the sagittal, coronal and frontal

sutures (Fraser and Cooper, 2009).
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diameter
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(a) Superior view
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bregmatic diameter
(SBD)

(b) Left lateral view

Figure 3.2: The biometric parameters of the fetal head in superior and left lateral
views. (Reproduced with permission from Farquhar and Roberts (2010))
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3.1.3 Biometric parameters of the fetal head

The shape of the fetal head is described by diameters measured between anatomical

landmarks (Varney et al., 2004). With a vertex presentation (i.e. head is delivered first),

the presenting area is created by the suboccipitobregmatic diameter and biparietal di-

ameter, which are both approximately 95 mm on average (Fraser and Cooper, 2009) and

thus provides a favourable circular shape during delivery. The suboccipitobregmatic

diameter measures the distance between the centres of the occipital bone and the ante-

rior fontanelle, and represents the smallest cranial-caudal diameter of the skull; while

the biparietal diameter is the widest transverse measurement. At fetal head crowning,

the occipitofrontal diameter (115 mm on average), measured from the bottom of the oc-

cipital bone to the centre of the frontal suture, distends the vagina when the fetal head

extends (Fraser and Cooper, 2009). Vertex presentation is considered to be favourable to

other types of presentation since minimal stretches are imposed on the maternal pelvic

floor (Fraser and Cooper, 2009).

The bones in the fetal skull are thin and pliable. They allow slight bending and

the sutures allow the bones to move during the second stage of labour, resulting in

fetal head moulding (Corton et al., 2005). The shape change in the fetal skull can

reduce the presenting diameter by up to 10 mm (10 % of an average-sized skull) and

allows an easier passage through the birth canal. In a vertex presentation, the parietal

bones on both sides are observed to be elevated in relation to the occipital and frontal

bones, causing a slight misalignment of the bones at the coronal and lambdoidal sutures

(Borell and Fernström, 1967). Recovery from moulding is separated into two phases;

the acute elastic component diminishes as soon as the head is born; while recovery from

the slower visco-elastic component is usually completed within 3-7 days after delivery
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(Stevenson and Hall, 2005).

3.2 Finite element model generation of the fetal skull

Having examined the anatomy of the fetal skull, the following sections describe how

anatomical models of the fetal skull were systematically generated from the CT im-

ages of 28 newborn infants. In an attempt to achieve point-to-point correspondence

of anatomical features in the models across the sample population – a requirement for

statistical shape analysis – bootstrap fitting and iterative PCA fitting approaches were

adopted when generating these models.

3.2.1 Imaging protocol

The X-ray CT images of 28 newborn infants without skull abnormalities were retrieved

retrospectively. Ethical approval to use the images was obtained from the Auckland

District Health Board (project number: A+5899, 13/NTA/65). The subjects had a range

of gestational ages and the images were acquired within 9 days of birth. Cranial growth

was assumed to be negligible and the size of the newborn skulls was assumed to be

identical that at birth. The effect of fetal head moulding was not considered because

the degree of moulding could not be individually quantified for the newborn subjects

due to the lack of antenatal data. However, the effect of moulding should be taken into

account once such information becomes available. The demographics of the infants

and the image resolution are provided in Table 3.1. The diagnostic reports and images

were inspected by an experienced radiologist to ensure the subjects had skull geometries

representative of the general newborn population.
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Table 3.1: Newborn demographics and imaging parameters (n = 28).

Subject Gestational age
(weeks)

Age
(days)

Pixel size
(mm)

Slice thickness
(mm)

Mean 38.9 4.2 0.2848 3.8
Range 32 to 40 0 to 9 0.1895 to 0.3957 1 to 6

3.2.2 3D segmentation

The bony plates of each skull were semi-automatically segmented from the angled axial

CT images using a Laplacian edge detection algorithm (Najarian and Splinter, 2012).

The sutures and fontanelles were of similar signal intensity to the rest of the soft tis-

sue structures (e.g. brain) and were therefore manually identified as gaps between the

bony plates (Figure 3.3a). The segmented data were combined to form a set of points

representing the skull geometry for each newborn subject (Figure 3.3b). Detailed de-

scriptions of the skull segmentation and data alignment are included in Appendix C.

Posterior

Anterior

(a)

Anterior Posterior

(b) Left lateral view

Figure 3.3: Outer boundary data of the bony plate (yellow) and sutures (red)
superimposed on (a) a CT image and on (b) a model of the fetal skull. The purple line
indicates the plane of acquisition for the CT image.
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3.2.3 Model generation

An existing finite element model of the fetal skull, created from a previous study (Li,

2010), was used as the generic model, which was used as the starting point for the

generation of all 28 individual-specific anatomical models of the fetal skull. The generic

model was constructed from laser scanning data (the generic data) of a glass replica of

the cranial vault of the skull (Lapeer and Prager, 1999). The face and base were omitted

in the model because only the vault comes into direct contact with the birth canal when

the fetal head is delivered in a normal occipitoanterior position during the second stage

of labour. The 28 models of the fetal skull were generated based on the segmented data

using a bootstrap fitting procedure described in Section A.1.2 of Appendix A (Figure

A.4).

3.3 Statistical shape analysis of the fetal skull

To date, there is no quantitative population-based description of the fetal head. This is

likely due to the ethical restrictions and difficulties in imaging. Instead, morphological

information on newborn infant heads has been used to infer the variation in size and

shape of the fetal head. This variation is mainly attributed to differences in gestational

age, genetics, severity of moulding and antenatal well-being (Barbier et al., 2013; Lind-

gren, 1977). Most clinically orientated statistical studies on newborn head geometry

used the circumference as an indicator of head size (Barbier et al., 2013; Sankilampi

et al., 2013). However, this measure does not adequately quantify the complex skull

geometry required for childbirth modelling.

Several finite element models of infant heads have been constructed to simulate

impacts from shaken baby syndrome, falls, or motor-vehicle accidents (Desantis et al.,
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2002; Coats et al., 2007; Roth et al., 2007a,b, 2010). Li et al. (2011b) conducted a

statistical shape analysis on paediatric heads based on a sample population of 11 subjects

of up to 3 months of age. These models were generated from infants that were in most

cases older than three weeks and had various degrees of head growth; hence they are

inappropriate for childbirth modelling. Lapeer and Prager (1999) and Li et al. (2010a)

constructed models of the fetal skull based on a life-size model manufactured by ESP

Ltd. However, such models do not provide any information on the variation of shape

and size of the fetal skull.

In light of this, the next section presents an analysis of the shape and size variation

of the fetal head in the sample population of 28 newborn infants.

3.3.1 Iterative PCA fitting procedure

An iterative PCA fitting procedure (Figure 2.13) was performed to improve the point-to-

point correspondence of the fetal skull anatomical models. The RMSD of the position of

material points in the fitted models converged to 0.2 mm after two iterations (Figure 3.4).

The residual RMSD was comparable to the average in-plane resolution (0.2848 mm) of

the CT dataset, and was much smaller than the average out-of-plane resolution (slice

thickness, 3.8 mm).

3.3.2 Primary modes of shape variation

Statistics for the clinically important biometric parameters of the fetal head, including

the biparietal diameter, occipitofrontal diameter, and head circumference, are given in

Table 3.2. The biometric parameters for the mean model matched reasonably well with

the average dimensions reported by Ricci and Kyle (2009).
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Figure 3.4: RMSD for positions of material points for the fitted models of the vault.
The red circle marks the converged iteration.

The first three shape modes collectively explained 85 % of the shape variation in the

sample population. The next most significant mode (i.e. the fourth mode) explained less

than 5 % of the variation and was neglected. The first mode reflected the overall size

of the fetal skull and explained 64 % of the shape variation. In comparison, variations

in in the biometric parameters from the other shape modes were relatively small (Table

3.2). The second shape mode was associated with a change in the aspect ratio of the

fetal head. With one positive standard deviation added to the mean model, the fetal

head shape was less spherical with an increase of 4 mm in the circumference. The third

shape mode affected the size of the posterior aspect of the fetal head, with one positive

standard deviation increasing the biparietal diameter by 2 mm. A detailed illustration of

the PCA-derived models is given in Appendix D.
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Table 3.2: Statistics of biometric parameters for the mean and first three shape modes
of the fetal skull. BPD, biparietal diameter; OFD, occipitofrontal diameter; SBD,
suboccipitobregmatic diameter; HC, head circumference; ai, the ith shape mode; +σi,
one positive standard deviation of the ith shape mode.

Unit: mm BPD OFD SBD HC
Mean 91 101 93 329
+σ1a1 7 8 6 27
+σ2a2 1 0 1 4
+σ3a3 2 1 1 2

3.4 Summary

This chapter describes the systematic generation of anatomical models for the sample

population of newborn heads. The statistical shape analysis of the newborn skulls il-

lustrated that the largest variation in the sample population was volume, which is also

one of the main risk factors for childbirth-induced LA muscle injuries (Kearney et al.,

2006). The PCA-derived models of the pelvic floor and the fetal head that encapsulated

the shape variations will be used in Chapter 7 to investigate their effect on the mechanics

of vaginal delivery.
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Chapter 4

Modelling Mechanics of the Second

Stage of Labour

Aspects of this chapter have been published in the Proceedings of 43rd Annual Meeting

of the International Continence Society, Neurology and Urodynamics, 32(6):31–532;

and Wiley Interdisciplinary Reviews: Systems Biology and Medicine 2016, 8(6):506–

516.

This chapter describes the physiology of the second stage of labour and gives an

overview of the biomechanical models that have been created to study childbirth. The

development of a new modelling framework, based on the existing work by Li (2010),

is described in detail, from the boundary constraints on the models of the pelvic floor

and fetal head to the constitutive relations adopted for the pelvic floor structures. A

numerical convergence analysis was performed to examine the error caused by insuffi-

cient mesh resolution. To demonstrate an example of a childbirth simulation using the

new modelling framework, the results from a case study using the population-average
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models of the pelvic floor and fetal head are presented.

4.1 Physiology of the second stage labour

The second stage of labour is defined as the time from the full dilation of the cervix

to the delivery of the infant (Stanley and Lewis, 1966). Although this happens mostly

spontaneously in other mammals, childbirth for humans is believed to be challenging in

almost all cultures and ethnic groups (Stone and Selin, 2012). The difficulty of parturi-

tion for humans is mainly caused by the contracted maternal pelvis from bipedalism and

the increased size of the fetal brain and head (Trevathan, 2011). The mean duration of

the second stage labour for nulliparous and multiparous women is 54 min and 19 min,

respectively (Varney et al., 2004).

The mechanism of labour refers to the series of movements that the fetal head under-

goes, including flexion, internal rotation, and extension, to negotiate its way through the

maternal birth canal. In the most common vertex presentation, the fetal occiput (back

of the fetal head) is directed towards the anterior aspect of the maternal pelvis (Varney

et al., 2004).

4.1.1 Childbirth-induced injuries

Vaginal delivery is the leading cause of injuries to the pelvic floor muscles, nerves,

and connective tissues (Baessler and Schüssler, 2008). Evidence from modern medical

imaging modalities, including MRI (Kearney et al., 2006) and ultrasound (Dietz et al.,

2007), has revealed the close association between LA trauma and the second stage of

labour. Damage to the LA muscles enlarges the urogenital hiatus and contributes to the

development of pelvic organ prolapse and stress incontinence (MacArthur et al., 1993;



65 4.1. PHYSIOLOGY OF THE SECOND STAGE LABOUR

DeLancey et al., 2007; Dietz and Simpson, 2008).

LA trauma manifests as a partial or complete detachment from the lateral insertion

of the muscles on the pubic ramus, a condition known as ‘avulsion’. During the sec-

ond stage of labour, as the fetal head enters the vagina, the LA muscles and fascia are

stretched acutely to accommodate its passage (Dietz and Simpson, 2008). Due to ethical

and technological restrictions, it is not feasible to measure the in vivo stretches that the

LA muscles experience during a vaginal delivery. To estimate such stretches, Svabik

et al. (2009) measured the area of the levator hiatus of 227 nulliparous women from

ultrasound images and empirically approximated the average stretch ratio to be 2.47

to deliver a Caucasian infant of average size. A capacity-demand model (Tracy et al.,

2016), that evaluated the risk of avulsion injuries based on the geometry of the maternal

levator hiatus and fetal head presentation dimension, indicated that 10 % of pregnant

women would suffer from avulsion injuries regardless of the fetal head size. While such

models, based on simple measurements of the maternal and fetal geometries, are use-

ful in a clinical setting due to the ease of data acquisition, the female pelvic floor has

complex anatomy and the second stage of labour involves interactions between multiple

pelvic floor structures and the fetal head. Different regions of the LA muscles are likely

to experience different stretches depending on their geometries and the position of the

fetal head. Such distribution of stretches cannot be readily described by simple, qualita-

tive measurements. To address this issue, researchers have used biomechanical models

to quantitatively analyse the mechanics of the second of stage labour and predict pos-

sible locations and likelihood of childbirth-induced injuries (Lien et al., 2004; Parente

et al., 2008; Li et al., 2010a; Jing et al., 2012; Berardi et al., 2014).
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4.2 Review of childbirth modelling frameworks

This section provides an overview of childbirth modelling frameworks, starting with the

development of anatomical models to represent the geometries of maternal pelvic floors

and fetal heads. The boundary constraints on these models to simulate the second stage

of labour, and the studies that estimated the experimentally derived mechanical prop-

erties of the pelvic floor structures, are also described. This is followed by a summary

of childbirth modelling applications that investigated clinical hypotheses and helped

researchers understand the mechanics of labour.

4.2.1 Anatomical structures and boundary constraints

The maternal pelvic floor

An anatomically correct representation of the pelvic floor is necessary for accurately

modelling the behaviour of the LA muscles during the second stage of labour. In or-

der to provide lateral and posterior constraints for the deformation of the LA muscles,

Parente et al. (2008) (Figure 4.1a) and Li et al. (2010a) (Figure 4.1b) introduced two de-

formable supportive structures that were continuous with the LA muscles to simulate:

(1) the part of the obturator internus that is continuous with the LA muscles through

its fascial covering of the arcus tendineous; and (2) the posterior-medial attachment of

the LA muscles to the coccyx, i.e. the anococcygeal raphe. In contrast, Hoyte et al.

(2008) and Jing et al. (2012) (Figure 4.1c) used linear springs to simulate these lateral

and posterior attachments of the LA muscles to the bony pelvis. Further anatomical

additions to the models have included the introduction of the coccyx and the perineal

body. The coccyx has been modelled as a hinge that rotates around the sacrococcygeal

joint to allow for posterior deformation as the fetal head descends (Jing et al., 2012;
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Berardi et al., 2014), and is a structure that has not been accounted for in some existing

childbirth models (Parente et al., 2008; Li et al., 2010a; Hoyte et al., 2008). When the

coccyx was absent, the lack of constraint for elongation in the cranial-caudal direction

at the posterior-medial attachments of the muscles resulted in excessive deformation of

the iliococcygeus muscle as the fetal head descended through the birth canal (Berardi

et al., 2014). The pubis was included partially (Li et al., 2010a), or in full (Buttin et al.,

2013), to provide anterior constraint for the pathway of the fetal head descent, while

other models included the bony pelvis to illustrate the positions of the LA muscle at-

tachments (Jing et al., 2012; Berardi et al., 2014; Parente et al., 2008). Jing et al. (2012)

incorporated the perineal body into their modelling framework to constrain the caudal

opening of the LA muscles and achieve more realistic deformations of the LA muscles,

a feature absent in previous models of vaginal delivery. Other pelvic organs, including

the bladder, rectum, and vagina, have been neglected in most models of childbirth since

they are very compliant and hence are assumed to not provide significant resistance to

the passage of the fetus. The uterus was included in the model created by Buttin et al.

(2013) as the interface between the maternal abdomen and the fetus. In this model, the

uterus deformed under the combined pressure from the uterine contractions and mater-

nal bearing-down forces and contracted to a third of its original length after the delivery

of the fetus.

The fetus

The movements of the fetal head arise from interactions with the bony pelvis and the

pelvic floor muscles (Borell and Fernström, 1967). They are dependent on the combined

influence of the individual-specific morphology and mechanical behaviours of both the

passage and the passenger. However, most studies (Jing et al., 2012; Berardi et al., 2014;
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(a) Right lateral view of the model of
Parente et al. (2009b). Illustrated are the
fetus, the pelvic floor muscles (dark grey)
and the bony pelvis (light grey).

(b) Right lateral view of the model of Li
et al. (2010a). Illustrated are the fetal head
(gray), the levator ani muscles (gold), part
of the obturator internus (brown), and part
of the pubis (blue).

(c) The left lateral view of the model of
Jing et al. (2012). Illustrated are the fetal
head (H), levator ani muscles (LA), and
part of pubis (P).

(d) Anterior view of the model of Berardi
et al. (2014). Illustrated are the fetal head
(H) and levator ani muscles (LA).

Figure 4.1: A selection of existing childbirth models. Reproduced with permission
from Parente et al. (2009b); Li et al. (2010a); Jing et al. (2012); Berardi et al. (2014).

Parente et al., 2008) have prescribed the descent path of the fetal head and imposed the

curve of Carus, a line defined by connecting the centre of the pelvic inlet, cavity, and

outlet (Rosse and Gaddum-Rosse, 1997), on the skull. These constraints typically lead

to an overestimation of the resistive forces and the stretches that occur during childbirth

(Li et al., 2010a). Li et al. (2010a) constructed the first model of childbirth where the
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fetal head position was prescribed only in the direction of the descent and was able to

translate laterally and rotate about all axes. Buttin et al. (2013) also modelled the fetal

descent during the second stage of labour without imposing a theoretical trajectory. In

this model, the expulsive force was exerted on the fetal body and transmitted to the

head through the skin tissue that encapsulated the entire fetus. This approach could

overestimate the translation and rotation of the fetal head relative to the body, since the

stiffness and limited range of motion of the fetal intervertebral discs were not taken into

account.

The deformation of the fetal skull was assumed to be negligible in most modelling

frameworks (Parente et al., 2008; Li et al., 2010a; Jing et al., 2012; Berardi et al., 2014).

This approach is again likely to overestimate the labour forces and muscle deformation

unless the effect of fetal head moulding is taken into account; for example, based on an

empirical description (Jing et al., 2012). da Silva et al. (2015) conducted preliminary

work on passing a mouldable fetal skull through a model of the pelvic floor and reported

that the peak reaction force and stretch on the pelvic floor were approximately 17 % and

2 % lower, respectively, compared to those from a similar model with a rigid fetal head.

4.2.2 Mechanical properties of the pelvic floor structures

LA muscles

Because of the lack of a reliable description of in vivo fibre organization of the LA mus-

cles, some biomechanical models have assumed the fibre bundles to be aligned with the

direction of origin-insertion pairs established in the literature (Li et al., 2011a; Berardi

et al., 2014), while others have adopted muscle fibre organization obtained from cadav-

eric studies (Jing et al., 2012; Parente et al., 2008). Transversely isotropic mechanical
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behaviour, as described, for example, by the Holzapfel et al. (2000) or Humphrey and

Yin (1987) constitutive relations, have been used to represent the mechanical response

of the LA muscles in many studies (Li et al., 2011a; Jing et al., 2012; Berardi et al.,

2014). To estimate the parameters of such constitutive relations, Janda (2006) and Jing

et al. (2008, 2012) conducted uniaxial and biaxial extension testing on fresh specimens

of human LA muscles. They reported a large variation in the mechanical response of

the muscles. Nagle et al. (2014) also conducted failure tests on cadaveric LA muscles

and measured their mean yield strain to be 0.2, which was significantly smaller than the

typical strain range of the LA muscles observed in the uniaxial and biaxial experiments

(Janda, 2006; Jing et al., 2008, 2012), possibly due to the different protocols of sample

preparation and individual variation of the muscles. Oliveira et al. (2016b) modeled the

damage to the LA muscles during childbirth using such data and concluded that even

an apparently uneventful vaginal delivery can cause injury to the LA muscles. When

using the uniaxial (Janda, 2006; Jing et al., 2008, 2012), biaxial (Janda, 2006; Jing et al.,

2012), and failure (Nagle et al., 2014) experimental data to characterize LA muscle be-

haviour for childbirth modelling, extrapolation is typically required due to the lack of

data at high strains.

Perineal body

The mechanical behaviour of the human perineal body was characterised by Jing et al.

(2008, 2012) using ex vivo uniaxial and biaxial extension experiments. The mechanical

response was reported to be significantly more compliant in the uniaxial tests (Jing et al.,

2008) than in the biaxial tests (Jing et al., 2012). The compressive elastic modulus of

the perineal body was measured in vivo for nulliparous women by Chen et al. (2015),

using ultrasound quasistatic elastography, and found to be in a similar range to that of



71 4.2. REVIEW OF CHILDBIRTH MODELLING FRAMEWORKS

striated muscles estimated using a similar technique (Wells and Liang, 2011). However,

such data has not been incorporated into modelling the second stage of labour due to

its assumed linear stress-strain response and limited compressive strain range, since the

deformation of the perineal body during a vaginal delivery is mostly tensile and the

stretch ratio can be up to 3.3 (Jing et al., 2012).

Bony pelvis and connective tissues

The regional distribution of the elastic modulus for the bony pelvis was estimated by

Dawson et al. (1999) based on the apparent local density measured from CT scans

and the experimental data reported by Carter and Hayes (1977). Such information is

not currently used for modelling childbirth, since the bony pelvis acts primarily as the

attachment for the pelvic floor muscles and as a boundary constraint for fetal head mo-

tion. Radiographic studies have revealed that the widening of the pubic symphysis and

sacroiliac joints during labour is typically less than a few millimetres (Borell and Fern-

ström, 1967), which is unlikely to be critical for predicting LA muscle deformation.

Hence, it is sufficient to model the bony pelvis as a homogenous continuum with a

lumped elastic modulus that represents the combined mechanical behaviour of the cor-

tical and trabecular bones. The connective tissue structures that maintain the integrity of

the bony pelvis, including ligaments and joint cartilages, have also been characterised

(Li et al., 2007; Kim et al., 2009). However, the soft tissues in the female pelvic floor

are known to become more compliant towards the end of pregnancy, due to the influence

of hormones (Varney et al., 2004). Such changes should be considered when modelling

childbirth since most of the mechanical experimental data on soft tissues of the pelvic

floor have been obtained from non-pregnant cadavers.
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4.2.3 Applications of childbirth models

The modelling frameworks and material properties described above have been used to

quantitatively analyse the mechanics of vaginal delivery and identify the contributions

of the anatomical structures to the outcome of labour. The largest force required for

delivery, maximum principal stresses, and stretch ratios are some of the common metrics

used for assessing the risk of childbirth-induced injuries. Most studies reported high

principal stresses near the insertion of the pubococcygeus muscles to the pubis (Li et al.,

2010a; Jing et al., 2012; Parente et al., 2008). This is consistent with the typical position

of muscle avulsion observed clinically (Dietz et al., 2007).

Jing et al. (2012) predicted large stresses at the insertion of the puborectalis muscle

to the perineal body during fetal head crowning. However, other models have not shown

similar findings. Instead, some of the models predicted high stresses at the posterior-

medial (anal) aspect of the puborectalis (Li et al., 2010a; Berardi et al., 2014), although

muscle injuries are rarely observed in this region. This discrepancy could be attributed

to the presence of the load-bearing perineal body, which was included in the model of

Jing et al. (2012) but not the others. The additional compliance of the perineal body was

found to reduce the peak stretch ratio at the anal aspect of the puborectalis muscle (Jing

et al., 2012).

The effect of labour forces on fetal head moulding was investigated by Pu et al.

(2011). The results revealed a correlation between the labour force and the degree of

head moulding, which was consistent with the findings of Lapeer and Prager (2001)

using a similar approach.

Variation in delivery technique is also likely to play a role in the mechanics of child-

birth. Jansova et al. (2014) compared the hands-off delivery technique and two varia-
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tions of hands-on manual perineal protection by assessing the tension on the perineal

structures. It was reported that the two hands-on interventions, with appropriate appli-

cation, reduced the peak stress in the perineal structure by 30 % and 39 %, respectively.

There has been little advancement in obtaining reliable biaxial or multiaxial exper-

imental data on muscle mechanical properties in the high strain range for quantitative

analysis of pelvic floor function. Muscle material properties are a critical component

when considering biomechanical behaviours. Initial work by Parente et al. (2009b)

found that the maximum principal stress was unsurprisingly correlated with muscle

stiffness, using a sensitivity analysis approach. Li et al. (2010b, 2011a) investigated the

effects of muscle material nonlinearity and degree of anisotropy on childbirth mechan-

ics based on uniaxial extension experimental data from cadaver tissue (Jing et al., 2008).

Increased strain stiffening in the elastic response of the tissues resulted in a more ho-

mogeneous spatial distribution of strains throughout the LA muscles. A higher degree

of anisotropy, while keeping the stress-strain response in the fibre direction constant,

was shown to reduce the maximum principal stretch ratios experienced by the dorsal-

caudal aspect of the LA muscles, again using a sensitivity analysis approach. Oliveira

et al. (2016b) modelled the damage evolution of the LA muscles during childbirth using

experimental data from the failure test (Nagle et al., 2014) and predicted that even an

apparently uneventful vaginal delivery can cause injuries to the LA muscles.

4.2.4 Challenges in modelling childbirth

Anatomical structures

Most modelling frameworks for vaginal delivery have used simplified models of the

pelvic floor and have not been able to account for all the complex interactions between
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the pelvic structures. This is partly because limitations in imaging have restricted the

identification of fascia, tendons, and ligaments in the pelvic floor. These connective tis-

sue structures serve as important boundary constraints on the deformation of the muscles

and movements of the fetal head in childbirth simulations.

Mechanical properties

Uniaxial and biaxial extension tests have been used to characterise the mechanical re-

sponses of the pelvic floor muscles (Jing et al., 2008, 2012; Janda, 2006; Nagle et al.,

2014). However, experimental data in the high strain range, experienced by the muscles

during childbirth, are currently unavailable. To comprehensively describe the mechani-

cal response of the tissues, multiaxial extension tests that stretch the specimens in a rich

set of deformation profiles and high strain range are required.

The movements of the pelvic bones during labour have been qualitatively described

by Borell and Fernström (1967). To accurately model the deformation of the pelvic bony

frame, the function and physiology of the joints and ligaments must be accurately quan-

tified. This requires mechanical experiments and histological investigations of these

connective tissues, which could be difficult to perform due to ethical restrictions and the

limited availability of specimens.

To quantify the hormonal influence (Varney et al., 2004) on the stiffness of the LA

muscles in the third trimester of pregnancy, a novel hand-held elastometer designed

by Kruger et al. (2015) was used to measure the in vivo passive stiffness of the LA

muscles at a macroscopic level. Muscle stiffness measurements were found to be lower

in antenatal women compared to postnatal women 3 months to 5 months after birth

(Tian et al., 2015). This type of study could potentially be used to quantify the changes

in compliance of the LA muscles during the late stages of pregnancy.
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Modelling the fetus

Realistic simulation of fetal head descent has been one of the most challenging aspects

of modelling childbirth. During a vaginal delivery, uterine contraction and maternal

bearing down provide the expulsive forces on the fetus, which is transmitted to the fetal

head through the neck (Stanley and Lewis, 1966). In a realistic simulation, such expul-

sive forces should be applied to the fetal body, which in turn pushes the head through the

birth canal to determine its own pathway. Such simulation of the complex sequence of

fetal head motion would require that the neck be represented as a set of rotational joints.

Martins et al. (2007) included the fetal body in the simulation; however, the movement

of the fetus and the descent pathway were prescribed. Buttin et al. (2013) exerted expul-

sive forces on the fetal body that pushed the fetal head in the simulation. However, the

fetal head and body were only connected by skin tissues and the neck was not present.

To model the force transmission along the flexible joints in fetal vertebrae, the range

of motion and joint stiffness need to be characterised for each intervertebral disc. Such

work has been done using an animal model to investigate abusive head trauma (Lintern

et al., 2015). However, the translation of such data to modelling the neck of human fetus

remains unclear.

Population-based information

There are significant individual differences in the shape of the maternal pelvis, size of

the fetal head, and mechanical properties of the pelvic floor structures. To describe

such variations, measurements need to be acquired on populations of female and fetal

subjects. Challenges remain with the automatic segmentation of medical images and

creation of computer models. Zhang et al. (2014) proposed an automated process for
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building large population-based statistical models of femur morphology based on auto-

matic segmentation of CT images and statistical shape analysis. Although this technique

is not yet readily applicable to the soft tissue structures of the pelvic floor, due to their

low contrast in MR images, similar techniques could be adapted for constructing models

of the bony pelvis and fetal skull.

Further challenges lie in the difficulty of image acquisition for the soft tissues of the

pelvic floor. The construction of individual specific models of the pelvic floor has been

mainly based on MRI scans. However, the high cost and relatively long imaging time

of MRI makes collection of images from large populations of individuals difficult.

4.3 A new modelling framework

Biomechanical modelling of childbirth provides a quantitative description of the child-

birth mechanics and distributions of the mechanical indices experienced by the LA mus-

cles during a vaginal delivery. Such information could provide insights into the causes of

a difficult labour and risk factors contributing to LA muscle avulsion injury. To improve

modelling frameworks, further research is required to provide realistic representations

of the anatomical structures in the pelvic floor, the mechanical constraints during vagi-

nal delivery, accurate characterisation of the mechanical properties of the pelvic floor,

and population variations in pelvic floor and fetal head geometries.

In light of this, a new modelling framework was created based on the existing model

of Li (2010), including the following additional features:

• incorporating additional pelvic floor anatomical structures. The new model in-

cluded the LA, external sphincter, part of the obturator internus, perineal body,

anococcygeal ligament, and full bony pelvis;
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• applying more realistic boundary constraints for vaginal delivery on the bony

pelvis.

Some of these features have been included in some other modelling frameworks

4.2. For example, the perineal body was present in the model of Jing et al. (2012);

and the coccyx was included in the model of Berardi et al. (2014). The new modelling

framework will be used to address the following modelling challenges, including:

• investigating the roles of the pelvic floor structures in the mechanics of vaginal

delivery;

• testing the sensitivity of the model prediction to the uncertainties of pelvic floor

mechanical behaviours;

• quantify the effects of shape variations of the pelvic floor and fetal head on the

maximum force required for delivery.

4.3.1 Anatomical structures and boundary constraints

The simulation framework presented in this thesis was developed from the existing

model created by Li (2010). The previous model predicted large stretch ratios, and

hence high risk of muscle damage at the dorsal-caudal aspect of the LA muscles and

their insertions into the pubis. While childbirth-induced trauma have been observed

at the LA muscle attachments to the pubis clinically (Dietz et al., 2007), the model is

likely to underestimate the total force required for delivery due to the absence of some

anatomical structures that provide resistance and constraints to the descent of the fetal

head. To address these limitations, additional structures, including the external sphinc-

ter, perineal body, anococcygeal ligament, and full bony pelvis, were incorporated into

the new modelling framework. The roles of these additional structures in the second



4.3. A NEW MODELLING FRAMEWORK 78

stage of labour were investigated and the results are presented in Chapter 5.

Pelvic floor

The model of the pelvic floor of Li (2010) only included the LA, part of the obturator

internus and the anterior portion of the pubis (Figure 4.2a). Anatomical structures were

incorporated (Figure 4.2b) to impose more realistic boundary constraints on the anterior,

posterior, caudal, and cranial aspects of the pelvic floor.

Anterior
View

Left
Lateral
View

(a) Model of Li (2010) (b) New model

Figure 4.2: (a) Gynaecoid pelvic floor from Li (2010); and (b) new population mean
model of the pelvic floor. Illustrated are the pelvic bones (cream), levator ani muscles
(beige), obturator internus muscles (maroon), external sphincter muscle (gold),
sacrococcygeal joint (green), pubic symphysis (pink), perineal body (aqua), sacroiliac
joints (black), anococcygeal ligament (purple), and kinematically constrained nodes
for the sacrum (magenta) and muscles (blue).
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Anterior constraint The pubis and ischium constrain the movement of the fetal head

anteriorly during a vaginal delivery. The occipital bone of the fetal head comes into

direct contact with the pubis while descending through the midcavity of the pelvis.

The fetal head subsequently extends and slides underneath the pubic symphysis at the

moment of fetal head crowning. The presence of the pubic rami in the model of the

pelvic floor constrained the fetal head to descend along the pubic arch. The complete

pubis, connected medially by the pubic symphysis, was able to deform and provided

anterior attachments for the pelvic floor muscles.

Caudal constraint The perineal body provides a centralised attachment point for the

caudal aspect of the LA and the anterior aspect of the external sphincter muscle. It

constrained the lateral deformation of the LA so that the fetal head was completely

enclosed within the hiatus before the delivery of the head.

Posterior constraint The LA and obturator internus muscles were fixed bilaterally

(dark blue nodes in Figure 4.3a) at their attachments to the ischial spines and ischium.

The posterior-caudal constraint on the pelvic floor is provided by the LA muscles, coc-

cyx, and anococcygeal ligament. The iliococcygeus and pubococcygeus insert into the

lateral aspect of the coccyx and become continuous with the posterior sling formed by

the puborectalis. The external sphincter muscle is attached to the apex of the coccyx

through the anococcygeal ligament, connecting the caudal aspect of the pelvic floor

muscles to the posterior aspect. During a vaginal delivery, the coccyx is deflected pos-

teriorly by “2.5 cm or more” (Cohen and Friedman, 2011). This phenomenon was sim-

ulated by introducing segments of deformable connective tissues in the middle and at

the base of the coccyx. The high material stiffness of the coccyx and the presence of the
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anococcygeal ligament prevented excessive cranial-caudal elongation of the LA muscles

in the childbirth simulations.

Cranial constraint The cranial aspect of the sacrum was fixed in space (magenta

nodes in Figure 4.3a), because the maternal vertebrae stay relatively still during the

second stage of labour (Borell and Fernström, 1967). The rest of the pelvis stayed

connected to the sacrum through the deformable sacroiliac joints, which allowed some

opening of the pubic symphysis (Borell and Fernström, 1967). Although the defor-

mation of the pelvis was not of interest when studying childbirth-induced injuries, the

inclusion of sacroiliac joints eliminated the need to prescribe kinematic boundary con-

ditions on the pubic arch. The boundary conditions were moved away from the medial

aspect of the pelvic floor and ensured realistic deformation of the pelvic floor muscles

in the region of interest.

Cranial
z

x

Left
(a) Anterior view

y

z

Posterior

Cranial

(b) Left lateral view

Figure 4.3: Simulating the second stage of labour showing the initial location of the
fetal head (silver). Illustrated are the pelvic bones (cream), levator ani muscles (beige),
obturator internus muscles (maroon), external sphincter muscle (gold), sacrococcygeal
joint (green), perineal body (aqua), sacroiliac joints (black), anococcygeal ligament
(purple), sutures on the fetal head (dark blue), and direction of fetal head descent (blue
arrow).
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Fetal head

The rigid fetal head was able to translate laterally and negotiate its way through the

birth canal in the cranial-caudal direction (z direction, indicated by the blue arrow in

Figure 4.3a) of the pelvic floor. The rotation of the fetal head was fixed because the

existing solution method was not able to solve the problem and achieve a state of force

and moment equilibrium when the fetal head was allowed to rotate. This is a limita-

tion compared to the model of Li (2010). The fetal head was displaced through the

pelvic floor over a series of steps, starting from a well-flexed, occiput anterior presen-

tation. Realistically, during the second stage of labour, the fetal head flexes and rotates

internally gradually as it engages into the pelvic floor, until it reaches the well-flexed,

occiput anterior presentation where fetal head crowning occurs. However, in the mod-

elling framework, the fetal skull started its descent in the final orientation of crowning,

so the flexion, and hence the force, predicted at the beginning stages of the descent was

likely to have been overestimated. Nevertheless, in the simulations, the orientation of

the fetal head at crowning was consistent with the description in Varney et al. (2004).

The extension of the fetal head beyond crowning after the peak force and stretches had

occurred was also not modelled in the simulation framework due to the absence of the

fetal neck and body. The deformation of the pelvic floor and the motion of the fetal head

were solved as a quasi-static equilibrium problem using finite deformation elasticity and

frictionless contact mechanics.

4.3.2 Mechanical properties of pelvic floor structures

Due to the lack of reliable experimental data, there are many uncertainties about the

mechanical properties of the pelvic floor structures. Constitutive relations and the me-
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chanical parameters adopted to model the pelvic floor structures in the new framework

were chosen based on limited experimental data and histology. To test the sensitiv-

ity of the model predictions to these uncertainties, childbirth simulations using vary-

ing mechanical parameters of the pelvic floor structures, changing one at a time, were

conducted and the findings are reported in Chapter 6. Once appropriate experimental

data become available, mechanical parameters obtained from these ‘educated guesses’

should be replaced with those characterised by the experimental data.

The following describes the constitutive relations and the mechanical parameters

used to model the pelvic floor muscles, perineal body, anococcygeal ligament, bony

pelvis, and pelvic joints.

Pelvic floor Muscles

Fibre organisation There is no validated quantitative description of the pelvic floor

muscle fibre organisation suitable for biomechanical simulations. Nevertheless, qualita-

tive descriptions, obtained from dissection of human female cadavers, reported that the

LA muscle fibres are parallel to each other and primarily follow the direction from their

origin to the insertion (Janda et al., 2003; Shobeiri et al., 2008). The external sphincter

muscle, caudally attached to the LA muscles, was shown to have fibres in circular bands

(Oh and Kark, 1972). This description is consistent with the results from the DT-MRI

study of the pelvic floor muscles (Zijta et al., 2012).

The new model of the pelvic floor was modified to incorporate a uniform fibre field

for the LA, external sphincter and obturator internus muscles. The fibre organisation of

the LA and obturator internus muscles followed the origin-insertion directions; while

the external sphincter muscle had its fibres arranged in a loop structure.
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(a) Anterior view (b) Left lateral view

Figure 4.4: Fibre organisation (green cylinders) of the pelvic floor muscles. Illustrated
are the levator ani muscles (beige), obturator internus muscles (maroon), external
sphincter muscle (gold). The rest of the pelvic floor structures were omitted.

Strain energy function The pelvic floor muscles were modelled by a hyperelastic,

incompressible, and transversely isotropic Humphrey and Yin (1987) constitutive rela-

tion. A parameter, α, representing the degree of fibre contribution to the elastic response

of the muscles was introduced by Li et al. (2011a) to scale the contribution of the fibres

to the strain energy function. The Humphrey and Yin constitutive model (Martins et al.,

2007) and its variation (Li et al., 2011a) have been previously used in modelling the LA

muscles.

ΨM = Ψiso + Ψf

= (1− α)a
[
eb(I1−3) − 1

]
+ αc

[
ed(λf−1)2 − 1

] (4.1)

where Ψiso is the isotropic ground matrix in a standard exponential form; Ψf is the

additional strain energy in the fibre direction. a and b collectively describe the mechan-

ical behaviour of the ground matrix; while c and d describe the mechanical response of
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the muscle fibres. The nonlinearity of the ground matrix and fibre are indicated by the

values of b and d, respectively.

Mechanical constitutive parameters Ideally, the mechanical constitutive parameters

should be estimated from experimental data. There has been uniaxial and biaxial exten-

sion testing on specimens of LA muscles harvested from fresh female human cadavers

(Janda, 2006; Jing et al., 2008; Jing, 2010). However, there was significant variation in

the elastic response of the specimens in these studies and the experimental data were

not reported in a reproducible format (the raw data are not available). In addition, the

average mechanical responses for the LA muscles were considerably different between

the experiments conducted by Jing et al. (2008) and Jing (2010). Despite considerable

effort, these datasets could not be reconciled using a single common set of parameters.

The mechanical constitutive parameters of the LA muscles were thus estimated empiri-

cally. In Chapter 6, a wide range of nonlinearity and degree of fibre contribution to the

elastic response were used to capture the effects of such variations on the mechanics of

childbirth.

To estimate the mechanical constitutive parameters of the LA muscles, the ultimate

tensile stress and strain of the skeletal muscle should be used to approximate the me-

chanical behaviour at high strains. The average ex vivo ultimate tensile stretch ratios

and stresses for human skeletal muscles in the fibre direction have been reported as 1.64

and 0.15 MPa for young adults aged between 21 years and 29 years (Yamada and Evans,

1970). The mean ultimate tensile strain for fresh-frozen LA muscles, collected from ca-

davers of adults aged between 64 year and 96 years, was reported to be 0.2 (Nagle et al.,

2014). However, muscle death may lower the ultimate tensile strain. In vivo LA muscles

under hormonal influence during late stage pregnancy are likely to sustain larger exten-



85 4.3. A NEW MODELLING FRAMEWORK

sions before failure. A previous study demonstrated significantly larger ultimate tensile

strains for the vaginal tissues in pregnant rats compared to those in the control group

(Rahn et al., 2008). For human females, the average stretch of the levator hiatus during

childbirth was estimated to be 2.47 (Svabik et al., 2009). A wide variation of maximum

stretch ratios experienced by the LA muscles has been reported from biomechanical

simulations, with values ranging between 1.6 and 4.3 (Parente et al., 2008; Yan et al.,

2015). Similarly, the in vivo ultimate tensile stresses for skeletal muscles in the fibre di-

rection, obtained from animal models, were reported to range from 0.4 MPa to 0.7 MPa

and much higher than those measured ex vivo (Kovanen et al., 1984; Calvo et al., 2010;

Morrow et al., 2010; Takaza et al., 2013). To estimate a mechanical response for the

LA muscles at high stretch ratios from these experimental data and simulation results,

the mechanical constitutive parameters of the strain energy function were calculated so

that the Cauchy stress was 1 MPa at a stretch ratio of 4.3. A detailed description of

the calculation of these parameters is given in Appendix E. For a medium degree of

fibre contribution, nonlinearity of the ground matrix, and nonlinearity of the fibre, the

estimated values were: α = 0.4, a = 246.7 kPa, b = 0.05, c = 408.8 kPa, d = 0.05.

This empirical estimation should be replaced once reliable experimental data on the

mechanical behaviours of the LA muscles become available.

Perineal body

The perineal body was modelled using an isotropic exponential constitutive model (Equa-

tion 4.2) because, from an anatomical perspective, it contains intermingled muscle fibres

without a predominant alignment (Wilson, 1967). The perineal body was described as

the point of connection for the external sphincter muscle, superficial transverse perineal

muscle, and perineal membrane, with the tendinous fibres following a criss-cross pattern



4.3. A NEW MODELLING FRAMEWORK 86

(Oh and Kark, 1973; Shafik et al., 2007).

Uniaxial extension experimental data have illustrated similar mechanical behaviours

between the LA muscles and the perineal body, with significant inter-individual varia-

tions (Jing et al., 2008; Jing, 2010). However, the presence of interlocking fascial and

fibrous components in the perineal body, in addition to the muscle fibres, implied a

stiffer mechanical behaviour than that of the LA muscles. A recent study conducted

by Chen et al. (2015) using ultrasound elastography has indicated approximately 100 %

higher mean compressive stiffness for the perineal body than for porcine skeletal mus-

cles measured using a similar technique (Egorov et al., 2008).

ΨPB = aP

[
ebP (I1−3) − 1

]
(4.2)

For the purpose of the research in this thesis, the stiffness of the perineal body

was set to be 50 % higher than that for the ground matrix of the LA muscles (with

the same degree of nonlinearity), with mechanical constitutive parameters being aP =

370 kPa (1.5× 246.7 kPa), bP = 0.05. Using these values as a basis, the sensitivity of

childbirth model predictions to the stiffness of the perineal body are reported in Chapter

6.

Anococcygeal ligament

Experimental data on the mechanical behaviour of the superficial anococcygeal ligament

is unavailable. However, its response could be inferred from histological descriptions

(Jin et al., 2015). A neo-Hookean constitutive relation (Equation 4.3) was chosen to

model the ground matrix, which is mainly composed of adipose tissue, with the stiffness

estimated to be c10 = 3 kPa (Del Palomar et al., 2008). The embedded elastic fibres in
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the cranial-caudal direction, which consist of of 90 % elastin (Rosenbloom et al., 2008),

were assumed to exhibit a linear stress-strain relationship (Gundiah et al., 2007). A

mean stiffness cf = 454 kPa was estimated using the uniaxial extension experimental

data of purified elastin obtained from porcine aortas (Gundiah et al., 2007). A detailed

description of the material parameter estimation is given in Appendix E. The volume

fraction of the elastic fibres was indicated by v.

ΨAL = (1− v)c10(I1 − 3) + vcf (λ
2
f − λf ) (4.3)

Joints

The bone connections, including the sacroiliac joints, pubic symphysis, and sacrococ-

cygeal joint, were modelled by a three-parameter Mooney-Rivlin material description

(Equation 4.4). The load-displacement response of the sacroiliac joints was charac-

terised by Miller et al. (1987). However, the thicknesses of the unloaded sacroiliac

joints were unreported and there were large variations in the geometries of the speci-

mens and the measured stiffness. Hence, a set of mechanical constitutive parameters

required by finite element modelling could not be derived for the sacroiliac joints us-

ing the data reported by Miller et al. (1987). In this study, the mechanical response of

articular cartilage (Little et al., 1986) was used to represent the sacroiliac joints. This

approach has been adopted in applications where the movements of the bony pelvis

were modelled (Li et al., 2007; Kim et al., 2009). Similarly, the sacrococcygeal joint

was modelled using the same mechanical properties as the pubic symphysis, due to their

similarity in structure and composition (Gray and Lewis, 1918). Since these mechani-

cal properties were obtained from non-pregnant subjects, the stiffness parameters were

scaled down by 25 % to account for the increased compliance under hormonal influ-
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ence (Table 4.1). The sensitivity of the model predictions to the stiffness of the joints is

presented in Chapter 6.

ΨJ = c10(I1 − 3) + c01(I2 − 3) + c11(I1 − 3)(I2 − 3) (4.4)

Table 4.1: Mechanical constitutive parameters for the sacroiliac joints, pubic
symphysis, and sacrococcygeal joint, modelled by a hyperelastic, incompressible
three-parameter Mooney-Rivlin material description (Equation 4.4). These parameters
were scaled down by 25 % from those reported by Li et al. (2007) to account for the
increased compliance of the joints during pregnancy.

Unit: kPa c10 c01 c11
sacroiliac joints 3075 308 0
pubic symphysis 75 338 450
sacrococcygeal joint 75 338 450

Bony pelvis

When modelling childbirth, the bony pelvis provides attachments for the muscles and

constrains the motion of the fetal head. It is likely to deform when subjected to labour

forces generated by the uterine contractions and maternal bearing down. However, due

to its considerably greater stiffness, deformations of the bony pelvis during childbirth

are relatively small compared to those of the soft tissues. A Saint Venant-Kirchhoff

material description was assumed for the bony pelvis (Holzapfel, 2000).

ΨBP =
Λ

2
tr(E)2 + µtr(E2) (4.5)

where tr(E) is the first invariant of the Green strain tensor E. Λ (Lame’s first parame-

ter) and µ (shear modulus) were set to 0.46 GPa and 0.31 GPa, respectively, to reproduce

the mechanical behaviour of pubic bones (Dawson et al., 1999).
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Table 4.2: Summary of the recent biomechanical models of childbirth and the new modelling framework in this thesis. LA, levator ani muscles.

Author
Berardi et al.

(2014)
Li et al.
(2010a)

Jing et al.
(2012)

Parente et al.
(2008)

da Silva et al.
(2015)

Oliveira et al.
(2016b)

New model in this
thesis

Data source MRI(LA),
empirical

model (fetal
head)

MRI(LA),
Lapeer and

Prager (1999)
(fetal head)

MRI(LA and
fetal head) Janda et al.

(2003) (LA),
unreported
(fetal head)

Janda et al.
(2003) (LA),

CT(fetal head)

Janda et al. (2003)
(LA), unreported

(fetal head)

MRI(LA), CT(fetal
head)

Anatomical
structures of
pelvic floor

LA LA, partial
obturator
internus,

partial pubis

LA, perineal
body, coccyx,

connective
tissues

LA, partial
obturator
internus

LA, partial
obturator
internus

LA, partial obturator
internus

LA, external
sphincter, partial

obturator internus,
perineal body, full

bony pelvis
Constitutive
relation for

LA
Holzapfel

et al. (2000)
Humphrey and

Yin (1987)
Holzapfel

et al. (2000)
Humphrey and

Yin (1987)
Humphrey and

Yin (1987)
Humphrey and Yin

(1987), Simo (1987)
Humphrey and Yin

(1987)

Mechanical
behaviour of

LA
Pena et al.

(2011)
Uniaxial

extension of
prolapsed

vaginal tissue

Jing et al.
(2008)

Uniaxial
extension of

LA

Biaxial
extension of

LA

Janda (2006)
Uniaxial and

biaxial
extension of

LA

Janda (2006)
Uniaxial and

biaxial
extension of

LA

Janda (2006)
Uniaxial and biaxial

extension of LA,
Nagle et al. (2014)
Uniaxial extension

of LA to failure

Empirical
estimation

Boundary
constraints

LA fixed at
attachments,

rotatable
coccyx,

controlled
movements of

fetal head

LA fixed at
attachments,

free fetal head
with

prescribed
vertical

displacement

LA fixed
through

ligaments,
rotatable
coccyx,

controlled
movement of

fetal head

LA fixed at
attachments,
controlled

movement of
fetal head

LA fixed at
attachments,
controlled

movement of
fetal head

LA fixed at
attachments,
controlled

movement of fetal
head

LA fixed at
attachments, fixed
superior surface of
sacrum, fetal head

with prescribed
vertical

displacement and
fixed rotations
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4.3.3 Mesh convergence analysis

Having developed a modelling framework for the second stage of labour, with boundary

constraints and constitutive relations described in the previous sections, a mesh conver-

gence analysis was necessary to investigate the numerical accuracy of the simulation

results. Only the combined mesh for the pelvic floor muscles and perineal body was

considered in the convergence analysis because they undergo the largest deformations

during childbirth. The bony pelvis and the connective tissues underwent relatively small

deformation compared to the muscles, despite providing important constraints for the

deformation of the muscles and the motions of the fetal head. Given that their discreti-

sation was sufficient to describe the anatomy, they were not considered in the mesh

convergence analysis.

PCA-derived models of the pelvic floor and fetal head obtained by adding or sub-

tracting one standard standard deviation of the shape modes from the mean were used

to represent the shape variations in the sample populations. To ensure that all simula-

tions conducted in this thesis had converged solutions, the models of the pelvic floor

and fetal skull that gave rise to the largest maximum force required for delivery among

all simulations were selected for the convergence analysis (see Section F.1 in Appendix

F). For the model of the pelvic floor, a linear combination of the mean and one negative

standard deviation of the first shape mode was chosen. For the model of the fetal skull,

a linear combination of the mean and one positive standard deviation of the first shape

mode was chosen.

Since an analytical solution is not available for muscle deformation during the sec-

ond stage of labour, the difference between the solutions predicted by the models with

different discretisations was used as an indicative metric of numerical convergence. In
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this case, 18576 degrees of freedom (coarsest mesh, Figure 4.5a) were required to de-

scribe the complex anatomy of the pelvic floor and only a limited number of mesh re-

finements could be performed before the model became too computationally expensive

to solve. The solution predicted by the finest mesh was thus used to approximate the nu-

merically converged solution. It was not computationally feasible to solve the childbirth

simulation using a globally strain-converged model. Hence, the convergence analysis

was conducted locally for each FE coordinate direction on the largest maximum princi-

pal strains (presented as the red elements in Figure 4.5a) observed in childbirth simula-

tions at the left and right muscle-pubis interfaces. This locally strain-converged model

(Figure 4.5b) had 28128 degrees of freedom. The analysis was also conducted on the

maximum force required for delivery. The difference in the maximum force required for

delivery between the coarsest and strain-converged models was 4 %. Hence, the coars-

est model was selected as the force-converged model and used when only the maximum

force required for delivery was concerned. A detailed description of the convergence

analysis is given in Appendix F.

4.4 Modelling vaginal delivery using the new modelling

framework

An example of simulating fetal head descent through the maternal pelvic floor is illus-

trated in Figure 4.6. This childbirth simulation, which used the strain-converged model

of the pelvic floor, took approximately 14 days to complete using one core of an Intel

Xeon E5-4650 CPU. The force converged model took approximately 7 days to com-

plete.
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Caudal
View

Left
Lateral
View

(a) Force-converged model (b) Strain-converged model

Figure 4.5: The (a) force and (b) strain-converged models of the pelvic floor in caudal
and left lateral views. The pubic rami are omitted. The refined elements are
highlighted in green and the elements where the largest maximum principal strains
occurred, at muscle-pubis interfaces, are highlighted in red.
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Descent: (a) 23 mm (b) 35 mm (c) 50 mm (d) 65 mm (e) 79 mm

Figure 4.6: The passage of the fetal head descending through the pelvic floor in anterior (top row), left lateral (middle row), and caudal (bottom
row) views.
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4.4.1 Force required for delivery

The reaction force experienced by the pelvic floor was quantified at each stage of the

descent and illustrated in Figure 4.7. The descent was quantified as the distance be-

tween a point that is slightly anterior to the posterior fontanelle on the fetal head and

a line joining the ischial spines, being defined as positive when the lowest point of the

fetal head was below the ischial spines. The resistive force increased as the fetal head

engaged with the pelvic floor, and declined as the biparietal diameter of the fetal head

passed the orifice formed by the pubis, LA muscles, and perineal body. The maximum

force required for delivery, estimated as the peak reaction force, was 27 N. This is rela-

tively low compared to the 120 N maternal contraction force empirically calculated by

Ashton-Miller and DeLancey (2009). This is because a realistic force prediction re-

lies on the complete inclusion of all pelvic floor structures involved in the second stage

of labour in the childbirth model and the accurate characterisation of the LA muscle

mechanical behaviour at high strains. Due to the lack of reliable experimental data,

only the pelvic floor structures that were readily identifiable on MRI images were in-

cluded (Section 4.3.1); and the mechanical constitutive parameters of the LA muscles

were estimated empirically (Section 4.3.2). To explore some of the uncertainties, the

sensitivity of the force prediction to the mechanical behaviour of the LA muscles was

tested and the results are presented in Chapter 6. Such empirical estimation should

be replaced once reliable experimental data on the mechanical behaviours of the LA

muscles become available. The forces predicted by childbirth simulations in this thesis

should be examined comparatively among the different scenarios.
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Figure 4.7: Estimated force required for delivery (reaction force on the fetal head) at
different stages of fetal head descent. The black dashed lines indicate the descent steps
a-e in Figure 4.6 and the red dashed line indicates the descent where the maximum
principal stretch ratios were observed below in Figures 4.8 and 4.9.

4.4.2 Maximum principal stretch ratios

Histograms were used in this thesis to illustrate distributions of the maximum principal

stretch ratios across the LA muscles. Because the principal stretch ratios were calculated

at Gaussian integration points that were associated with different volumes of tissues, the

maximum principal stretch ratios were weighted by these volumes. To quantify the ef-

fect of a variable on the distribution of the stretch ratios and hence the mechanics of

childbirth, results need to be demonstrated at a consistent fetal head descent for all sim-

ulations to make horizontal comparisons. However, amongst the simulations reported in

Chapters 5 and 6, the fetal head was delivered at different descents due to the changes in

the boundary condition or the mechanical properties of the tissues. For example, the fe-

tal head was delivered at 80 mm descent in this case study using the mean models of the
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pelvic floor and fetal head. However, when investigating the role of the perineal body

in the mechanics of childbirth (Section 5.1), the fetal head was delivered at 70 mm de-

scent. Hence, the volume weighted histograms of the maximum principal stretch ratios

were illustrated at 70 mm fetal head descent for all simulations reported in this thesis.

At 70 mm descent, the peak force was reached in every simulation.

The histogram of the volume weighted maximum principal stretch ratios for this

case study is presented in Figure 4.8. Ninety-nine percent of the LA muscles expe-

rienced stretch ratios less than 3.0 and this metric (99th percentile of the maximum

principal stretch ratios of the entire LA muscles) was used to indicate the largest strains

experienced by the LA muscles in Chapter 6. Human cadaveric LA muscles failed at a

mean stretch ratio of 2.1 in the uniaxial extension tests along the fibre direction (Jing,

2010). However, muscle death may lower the ultimate tensile strain. The regions with

the highest stretch ratios were the muscle-pubis insertions in the anterior aspect of the

pelvic floor and the interfaces between the external sphincter muscle and the perineal

body. These regions were consistent with the typical positions of LA muscle avulsion

and perineal tear observed clinically (Dietz et al., 2007). At the position of the muscle-

pubis insertions (green elements in Figure 4.10b), the volume weighted 99th percentiles

of the maximum principal stretch ratio (locally at the muscle-pubis interfaces) were used

to indicate the largest stretch experienced by the muscles. This is to remove the numer-

ical artefacts that were possibly present in the largest 1 % of the stretch ratios due to the

limited mesh resolution. The maximum principal stretch ratios at the muscle-pubis in-

terfaces monotonically increased until the delivery of the fetal head (Figure 4.10). The

numerical values of the maximum principal stretch ratios were consistent with those

predicted by Jing et al. (2012).
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Figure 4.8: Histogram and volume weighted normalised cumulative histogram of
maximum principal stretch ratio at the Gaussian integration points across the levator
ani muscles with the fetal skull at 70 mm descent. The material points that had stretch
ratios greater than 4 are collectively shown in the bin of stretch ratio of 4.

4.4.3 Bony pelvis movement

The tip of the coccyx deflected by up to 29 mm during the course of fetal head descent.

This is consistent with the description of the coccyx rotating around the sacrococcygeal

joint by more than 25 mm by Cohen and Friedman (2011). The widening of the pelvic

joints, including the sacroiliac joints and pubic symphysis, is typically less than a few

millimetres (Borell and Fernström, 1967). This qualitative description was reflected in

the simulation results, where the deformations of these joints were found to be less than

1 mm. However, Borell and Fernström (1957) observed downward displacement of the

pubic symphysis as the fetal head entered the pelvis and upward displacement as the

head passed through the pelvic outlet. The largest distance between the extreme upward

and downward displacements, in some cases, could be up to 25 mm. The displacement
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(a) Anterior view (a) Left lateral view

Figure 4.9: The distribution of the maximum principal stretch ratios (λmax) at the
Gaussian integration points across the levator ani muscles with the fetal skull at 70 mm
descent.
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Figure 4.10: (a) Estimated volume weighted 99th percentile of the maximum principal
stretch ratios at the Gaussian integration points near the muscle-pubis insertions,
indicated by the green elements in the model of the pelvic floor (b), at different stages
of descent.

of the pubic symphysis in the childbirth simulation was significantly smaller (less than

1 mm). This indicated that the stiffness of the sacroiliac joints, although softened by
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25 % from the original stiffness as estimated by Little et al. (1986) and Li et al. (2007),

might be too high to achieve the large displacement described by Borell and Fernström

(1957). To test this hypothesis, a sensitivity analysis was used to explore the effect of

joint stiffness on childbirth mechanics in Chapter 6. This finding also highlights the

urgent need to obtain experimental data that are representative of the in vivo mechanical

behaviours of the pelvic joint during pregnancy.

4.4.4 Fetal head motion

The fetal head was able to translate laterally in the simulations and the displacement

in the posterior direction is illustrated in Figure 4.11. The motion of the fetal head

was constrained anteriorly by the pubis and roughly followed the curvature of the pubic

rami.
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Figure 4.11: Fetal head motion in the posterior direction (y) at different stages of
descent.
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The rotation of the fetal head was fixed in the simulation in a well-flexed orientation

where further flexion was not physiologically possible (see Section 4.3.1). During a

normal labour, the fetal head gradually flexes and internally rotates from a transverse

occiput anterior position to a direct occiput anterior position as it descends through the

pelvic floor; therefore the flexion of the fetal head, and hence the force required for

delivery and the maximum principal stretch ratios at the muscle-pubis interfaces, were

likely to have been overestimated at the beginning of the simulation. To examine this

possible overestimation, a simulation was conducted with the fetal head extended 25°

from the well-flexed position. The 99th percentile of the maximum principal stretch

ratio at the left muscle-pubis interface (Figure 4.12b) was found to be slightly lower

at the initial stages of the descent (before 40 mm descent), compared to the simulation

where the fetal head started in a well-flexed position. However, this overestimation

(less than 0.3) was insignificant compared to the magnitude of the 99th percentile of

the maximum principal stretch ratio at delivery estimated from the simulation using the

well-flexed head (4.3). Beyond 40 mm descent, the 99th percentiles of the maximum

principal stretch ratio at the left muscle-pubis interface were very similar between the

simulations using the well-flexed and extended fetal head (Figure 4.12b).When the fetal

head was in an extended position, the maximum force required for delivery increased

by 3.5 N, indicating a potentially more difficult labour.

4.5 Summary

This chapter describes the development of a biomechanical model to simulate the second

stage of labour based on the modelling framework of Li (2010). The additional pelvic

floor structures, including the full bony pelvis, external sphincter muscle, perineal body,
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Figure 4.12: Estimated forces required by delivery (a) and volume weighted 99th

percentile of the maximum principal stretch ratios at the left muscle-pubis insertion (b)
at different stages of fetal head descent in childbirth simulations with the fetal head
starting in a well-flexed position (solid lines) and in an extended position (dashed
lines).

and anococcygeal ligament, provided more complete boundary constraints for fetal head

motion and LA muscle deformation compared to the model of Li (2010). This is the first

modelling framework of childbirth that includes the complete bony pelvis and external

sphincter muscles. The constitutive relations for the pelvic floor structures were selected

empirically, based on experimental data, or inferred from histology. A case study using

the new childbirth modelling framework was presented using the mean model of the

pelvic floor and fetal head. Chapter 5 investigates the effects of the additional pelvic

floor structures on the mechanics of childbirth.
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Chapter 5

Effect of Pelvic Floor Structures on

Childbirth Mechanics

The second stage of labour is a complex process that involves many pelvic floor struc-

tures. The interactions between these structures and the fetal head influence the me-

chanics of vaginal delivery and the deformation of the muscles. However, the role of

individual pelvic floor structures during childbirth is not fully understood. Most models

of the pelvic floor used in biomechanical simulations of childbirth have only included a

subset of the pelvic floor structures, with the remaining structures simplified into kine-

matic boundary conditions. For example, the bony pelvis and pelvic ligaments were

absent in the model created by Parente et al. (2008), and the LA muscle attachments to

these structures were assumed to be fixed in space. Some other structures have been ne-

glected due to their unknown contribution to the mechanics of the second stage of labour

or to reduced the complexity of the model. For instance, with the exception of Jing

et al. (2012), the perineal body has not been taken into account in childbirth simulation

frameworks. These assumptions and simplifications are likely to reduce the accuracy

103
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of predictions from the modelling frameworks. To accurately simulate the physiology

of a vaginal delivery and make appropriate future modelling decisions, the effects of

individual pelvic floor structures on childbirth mechanics should be investigated.

In this chapter, the perineal body, superficial anococcygeal ligament, external sphinc-

ter, and inferior pubic rami were individually omitted from the mean model of the pelvic

floor, and childbirth simulations were conducted using these reduced models together

with the mean model of the fetal head to examine the effects of each structure on the

simulation results. Boundary conditions and constitutive relations of the pelvic floor

structures were kept consistent in all simulations (see Section 4.3). The force required

for delivery, distribution of the maximum principal stretch ratios across the LA muscles,

and stretch ratios at the muscle-pubis interfaces, where LA muscle avulsion injuries are

most frequently observed, were quantified from the simulations. These mechanical in-

dices were then compared to those obtained from the simulation using the full model

(case study in Section 4.4) to examine the role of each pelvic floor structure in the me-

chanics of childbirth.

5.1 Role of the perineal body

Force required for delivery

When the perineal body was omitted, the estimated maximum delivery force was re-

duced by 2.3 N, from 27 N to 24.7 N (Figure 5.3). This was expected because the orifice

formed by the pubic rami, LA muscles, and external sphincter muscles is enlarged in

the absence of the perineal body. The anterior aspect of the puborectalis, originally con-

nected to the perineal body, was pushed laterally as the fetal head descended through

the orifice. In the full model (Figure 5.1), at 70 mm descent (see Section 4.4 for the
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(a) Anterior view

Posterior

Anterior

(b) Caudal view

Figure 5.1: The complete model of the pelvic floor at 70 mm fetal head descent.
Illustrated are the pelvic bones (cream), levator ani muscles (beige), obturator internus
muscles (maroon), external sphincter muscle (gold), sacrococcygeal joint (green),
pubic symphysis (pink), perineal body (aqua), and sacroiliac joints (black).

(a) Anterior view

Posterior

Anterior

(b) Caudal view

Figure 5.2: The model of the pelvic floor with the perineal body omitted at 70 mm
fetal head descent.
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quantification of the fetal head descent), the distance between the left and right sides

of the anterior puborectalis was 37.2 mm. This distance increased to 66.4 mm when the

perineal body was omitted, indicating a weaker constraint on the opening of the pub-

orectalis muscle. The intact perineal body was stretched extensively during labour and

experienced a maximum principal stretch ratio of up to 3.3, predicted by the simulation

using the full model. The absence of the perineal body meant there was less resistive

force from the pelvic floor. When the perineal body was absent, the fetal head delivered

at 70 mm descent, which was approximately 10 mm smaller than that in the simulation

using the full model.
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Figure 5.3: Estimated force required for delivery at different stages of fetal head
descent for the full model and reduced model with the perineal body (PB) removed.

Maximum principal stretch ratios

Larger maximum principal stretch ratios appeared at the posterior-medial aspect of the

puborectalis muscle when the perineal body was omitted (with values of approximately

2.5, Figure 5.4) compared to the full model (with values of approximately 1.7, Figure
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4.9). Similar findings were reported by Li (2010), although muscle injuries are rarely

observed in this region during a normal uncomplicated delivery (Dietz et al., 2007).

The presence of the perineal body seems to protect the posterior-medial aspect of the

puborectalis from excessive stretching. This might provide some supporting evidence

to the controversy that a midline episiotomy (compromised perineal body) can lead to

damage to the external sphincter muscle (Coats et al., 1980; Hartmann et al., 2005). In

addition, when the perineal body was omitted, the large stretches observed at the inter-

faces between the perineal body and the muscles disappeared (Figures 4.9 and 5.4) due

to the removal of the constraint on lateral movements of the puborectalis, indicating that

episiotomy could potentially reduce the risk of perineal tearing. The volume weighted

99th percentiles of the maximum principal stretch ratios, quantified at the Gaussian inte-

gration points at the muscle-pubis insertions, were similar between the complete model

and the model with the perineal body omitted (Figure 5.5). The behaviours for the left

and right muscle-pubis interfaces were approximately the same throughout the entire

descent of the fetal head for all the simulations conducted in this chapter. Hence, only

the changes in the maximum principal stretch ratios for the left interface are illustrated

in Figure 5.5 and subsequent similar figures.
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λmax
1.0 2.5 4.0

(a) Anterior view (a) Left lateral view

Figure 5.4: The distribution of the maximum principal stretch ratios (λmax) at the
Gaussian integration points throughout the levator ani muscles at 70 mm descent for
the model with the perineal body omitted.
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Figure 5.5: The volume weighted 99th percentile of the maximum principal stretch
ratios at the Gaussian integration points at the left muscle-pubis interface at different
stages of descent for the full model and reduced model with the perineal body (PB)
removed.
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(a) Anterior view (b) Left lateral view

Figure 5.6: The complete model of the pelvic floor at 70 mm fetal head descent.
Illustrated are the pelvic bones (cream), levator ani muscles (beige), obturator internus
muscles (maroon), external sphincter muscle (gold), sacrococcygeal joint (green),
pubic symphysis (pink), perineal body (aqua), sacroiliac joints (black), and
anococcygeal ligament (purple).

5.2 Role of the anococcygeal ligament

Force required for delivery

The profiles of the reaction forces from the pelvic floor were similar between the re-

duced model, with the anococcygeal ligament omitted, and the complete model (Figure

5.8). The estimated maximum force required for delivery was reduced by just 0.3 N

when the anococcygeal ligament was omitted from the model. The fetal head in the

reduced model needed to descend by a further 3 mm to reach the peak force, because

the anococcygeal ligament provides posterior constraint on the elongation of the LA

muscles in the cranial-caudal direction (Figure 5.6). Without the anococcygeal liga-

ment, the distance between the tip of the coccyx and the caudal-medial aspect of the

LA muscle (line segment indicated by the black arrows in Figure 5.7) was 58 mm at



5.2. ROLE OF THE ANOCOCCYGEAL LIGAMENT 110

(a) Anterior view (b) Left lateral view

Figure 5.7: The model of the pelvic floor with the anococcygeal ligament omitted at
70 mm fetal head descent. The line segment indicated by the black arrows is the
distance between the tip of the coccyx and caudal-medial aspect of the levator ani.

70 mm descent, significantly longer than that measured in the full model at the same

descent (40 mm). The extra elongation meant that the fetal head had been confined in

the enclosure formed by the LA muscles, external sphincter muscle, and pubic rami for

a longer distance, resulting in the delivery occurring at a greater descent.

Maximum principal stretch ratios

The distribution of the maximum principal stretch ratios throughout the LA muscle did

not change significantly with the omission of the anococcygeal ligament (Figures 4.9

and 5.9). The volume weighted 99th percentile of the maximum principal stretch ratios

at the muscle-pubis insertions was consistently lower at the same stage of descent in the

reduced model compared to that in the full model. This is possibly because the perineal

body and external sphincter were pushed more caudally in the reduced model at the

same level of fetal head descent. Hence, the fetal head stayed enclosed within the LA
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Figure 5.8: Estimated force required for delivery at different stages of fetal head
descent for the full model and reduced model with the anococcygeal ligament
(AnoLig) removed.

for a longer distance of descent in the reduced model compared to the complete model.

However, since the delivery was delayed, the 99th percentiles of the maximum principal

stretch ratios at the moment of delivery were very similar in the full and reduced models

(Figure 5.10).
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λmax
1.0 2.5 4.0

(a) Anterior view (a) Left lateral view

Figure 5.9: The distribution of the maximum principal stretch ratios (λmax) at the
Gaussian integration points throughout the levator ani muscles at 70 mm descent for
the model with the anococcygeal ligament omitted.
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Figure 5.10: The volume weighted 99th percentile of the maximum principal stretch
ratios at the Gaussian integration points at the left muscle-pubis interface at different
stages of descent for the full model and reduced model with the anococcygeal ligament
(AnoLig) removed.
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5.3 Role of the external sphincter

Force required for delivery

The profiles of the reaction forces from the pelvic floor were similar between the re-

duced model with the external sphincter omitted and the complete model (Figure 5.12).

The estimated maximum force required for delivery reduced by 0.5 N when the exter-

nal sphincter muscle was omitted. This is possibly due to the weaker constraint on the

caudal opening of the LA muscles, resulting in the perineal body being stretched to a

greater extent in the absence of the caudal reinforcement from the external sphincter

(Figures 5.6 and 5.11). At 70 mm descent, the maximum stretch ratio on the perineal

body was 3.1 in the model without the external sphincter, significantly larger than the

stretch ratio of 2.5 observed in the full model at the same descent (Figure 5.14).

(a) Anterior view (b) Left lateral view

Figure 5.11: The model of the pelvic floor with the external sphincter omitted at
70 mm fetal head descent.
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Figure 5.12: Estimated force required for delivery at different stages of fetal head
descent for the full model and reduced model with the external sphincter (ExSph)
removed.

Maximum principal stretch ratios

Slightly larger maximum principal stretch ratios were experienced by the posterior-

medial aspect of the puborectalis muscles when the external sphincter was omitted (Fig-

ure 5.13), because the omission of the external sphincter weakened the caudal constraint

to the opening of the anal hiatus. The volume weighted 99th percentiles of the maximum

principal stretch ratios at the muscle-pubis insertions were also consistently lower at the

same stage of the descent in the reduced model due to the weaker caudal constraint

(Figure 5.15). There were high stretch ratios at the caudal-posterior surface of the pub-

orectalis when the external sphincter was omitted, because the caudal aspect of the LA

muscles was only connected to the anococcygeal ligament by an edge of the finite ele-

ment. The reduced area through which the force was transmitted from the anococcygeal

ligament to the puborectalis led to the strain concentration. This strain concentration

only occurred because of the hypothetical omission of the external sphincter.
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λmax
1.0 2.5 4.0

(a) Anterior view (a) Left lateral view

Figure 5.13: The distribution of the maximum principal stretch ratios (λmax) at the
Gaussian integration points throughout the levator ani muscles at 70 mm descent for
the model with the external sphincter muscle omitted.

λmax
1.0 2.5 4.0

(a) Complete model (a) External sphincter omitted

Figure 5.14: The distribution of the maximum principal stretch ratios (λmax) at the
Gaussian integration points throughout the perineal body in anterior view at 70 mm
descent for the complete model and the model with the external sphincter muscle
omitted.
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Figure 5.15: The volume weighted 99th percentile of the maximum principal stretch
ratios at the Gaussian integration points at the left muscle-pubis interface at different
stages of descent for the full model and reduced model with the external sphincter
(ExSph) removed.
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5.4 Role of the pubic rami

The inferior pubic rami were omitted from where they are connected by the pubic sym-

physis (Figure 5.16). In the simulation using a full model of the pelvic floor (Figure

5.6), the inferior pubic rami provided anterior constraint for fetal head movement and

limited the anterior translation of the fetal head. When the pubic rami were omitted,

the contact area between the anterior pubis and fetal head was significantly reduced.

The anterior constraint for the fetal head motion was only provided by the medial pubis

and pubic symphysis. As a result, when using the penalty method to apply contact con-

straint between the pelvis and the fetal head, a large penetration (overlap) was necessary

to maintain the contact force. This penetration caused instability and unrealistic muscle

deformation at the muscle-pubis interface, and the simulation only solved for the first

half of the fetal head descent (until 50 mm). To address this issue, another simulation

using the reduced model was conducted where the contact stiffness was increased to 50

times the original value to ensure numerical stability. The increased contact stiffness

was not applied to any other simulations because it increases the computational time

and the penetrations in those simulations were already less than 0.1 mm using the origi-

nal contact stiffness. Other parameters, including those for the constitutive relations and

boundary conditions, were kept the same for this simulation. The results from all three

simulations, including those using the full model of the pelvic floor, the reduced model,

and the reduced model with higher contact stiffness, are presented. The difference in

the results, including the fetal head motions, forces required for delivery, and maximum

principal stretch ratios at the muscle-pubic insertions, between the full model and the

reduced model was due to the omission of the inferior pubic rami. Beyond a fetal head

descent of 50 mm, the difference between the full model and the reduced model with a
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higher contact stiffness was due to the combined effect of the omission of the inferior

pubic rami and the elevated contact stiffness.

(a) Anterior view (b) Left lateral view

Figure 5.16: The model of the pelvic floor with the pubic rami omitted at 70 mm fetal
head descent.

Fetal head motion

The fetal head motion was similar between the full and reduced models until 50 mm de-

scent, because in the initial stage of labour it was the medial pubis and pubic symphysis

that constrained the anterior motion of the fetal head. A higher contact stiffness reduced

the penetration between the pelvic floor and the fetal head, pushing the head towards the

posterior aspect of the pelvic floor. This resulted in the gap between the curves of fetal

head motion in the reduced model (black dashed line in Figure 5.17) and the reduced

model with a higher contact stiffness (blue dotted line in Figure 5.17) before the 50 mm

descent. Beyond 50 mm descent, the fetal head was displaced less towards the poste-

rior direction when the inferior pubic rami were omitted, because, in the full model, the
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head glided underneath the pubic arch and followed the course of the two pubic rami

in the inferior and posterior directions during delivery. In the absence of the inferior

pubic rami, the fetal head did not translate in the posterior direction any further after it

had descended past the pubic symphysis. This finding suggested the inferior pubic rami

provided an important anterior constraint to the fetal head motion.
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Figure 5.17: Fetal head motion in the anterior-posterior direction at different stages of
descent for the full model of the pelvic floor, the reduced model with the inferior pubic
rami removed, and the reduced model with a higher contact stiffness (ContStiff).

Force required for delivery

The estimated maximum force required for delivery was reduced by 7.4 N when the

pubic rami were omitted from the model (Figure 5.18a), possibly because the fetal head

was delivered in a more anterior position and at an earlier stage of descent in the reduced

model. The tip of the coccyx did not need to be pushed posteriorly to the same extent

as in the full model. The largest deflection of the coccyx was reduced to 22 mm when

the inferior pubic rami were omitted, compared to the deflection of 29 mm in the full
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model, hence less force was required for delivery.

Maximum principal stretch ratios

The 99th percentiles of the volume weighted maximum principal stretch ratios at the

muscle-pubis insertions were very similar between the complete and reduced models

where the inferior pubic rami were omitted (Figure 5.18b). The stretch ratio was reduced

from 4.3 in the full model to 4.1 in the reduced model right before delivery, because the

fetal head was delivered at a slightly earlier stage of the descent.
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(a) Forces required for delivery
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(b) stretch ratios at insertion

Figure 5.18: (a) Estimated forces required for delivery and (b) volume weighted 99th

percentiles of the maximum principal stretch ratios at the left muscle-pubis interface at
different stages of descent for the full model of the pelvic floor, the reduced model with
the inferior pubic rami removed, and the reduced model with a higher contact stiffness
(ContStiff).
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λmax
1.0 2.5 4.0

(a) Anterior view (a) Left lateral view

Figure 5.19: The distribution of the maximum principal stretch ratios (λmax) across the
levator ani muscles at 70 mm descent for the model with the inferior pubic rami
omitted and a higher contact stiffness.

5.5 Summary

This chapter investigated the roles of individual pelvic floor structures, including the

perineal body, anococcygeal ligament, external sphincter, and inferior pubic rami, in

the mechanics of childbirth. It was found that the perineal body affected the force

required for delivery, distribution of the maximum principal stretch ratio across the LA

muscles, and stretches at the muscle-pubis insertions at fetal head delivery. The pubic

rami provided an important anterior constraint for fetal head motion and contributed to

the force required for delivery. The external sphincter muscle provided caudal constraint

to the opening of the anal hiatus and affected the stretches at the muscle-pubis insertions.

The anococcygeal ligament did not have a substantial role in the mechanics of delivery.

However, it provided some posterior constraint to the deformation of the LA muscles.

One major limitation of this childbirth model is the uncertainty of the material prop-

erties. Large variations were observed in the elastic behaviours of the LA muscles
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and perineal body in uniaxial (Jing et al., 2008) and biaxial (Jing, 2010) extension ex-

periments. It was also established that the stiffness of the pelvic joints is affected by

hormones at the late stages of pregnancy (Varney et al., 2004). Chapter 6 describes how

variations within physiological ranges in the mechanical properties of the pelvic floor

structures alter the childbirth model predictions.



Chapter 6

Effect of Pelvic Floor Material

Properties on Childbirth Mechanics

Many structures in the female pelvic floor are involved in the second stage of labour. As

the fetal head passes through the birth canal, these structures deform according to their

mechanical properties, boundary constraints, and imposed loading conditions. Their

complex interactions with the fetal head and with each other collectively contribute to

the mechanics of the second stage of labour. The mechanical properties of these struc-

tures have been mostly characterised in vitro using specimens from elderly cadavers,

which are unlikely to represent in vivo behaviour of pelvic floor structures in young,

pregnant women. In addition, due to the lack of experimental data, the mechanical

properties of some pelvic floor structures, such as the superficial anococcygeal liga-

ments, can only be inferred from the mechanical behaviour of its constituents, including

adipose tissues and elastic fibres. Uncertainty in the choice of mechanical properties

could lead to inaccurate childbirth model predictions.

To investigate the effect of such variations on the mechanics of childbirth, a series

123
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of mechanical constitutive parameters values were systematically investigated within

the range of physiological variation for each parameter in the constitutive relation. The

effects of mechanical properties of the muscles, perineal body, anococcygeal ligament,

and pelvic joints on childbirth model predictions were examined.

6.1 Mechanical properties of pelvic floor muscles

The effects of the mechanical properties of the pelvic floor muscles on childbirth me-

chanics, including stiffness (Parente et al., 2009c), nonlinearity (Li et al., 2010b), and

degree of anisotropy (Li et al., 2011a), have been investigated using sensitivity anal-

yses. Parente et al. (2009c) found that the force required for delivery was positively

correlated with the stiffness of the LA muscles, and similar findings were also reported

by Li et al. (2010b) and Li et al. (2011a). An increased degree of anisotropy, achieved

by decreasing the cross-fibre stiffness while maintaining a constant fibre stiffness, was

found to result in a lower total force required for delivery. In addition, the maximum

principal stretch ratios at the posterior-medial aspect of the LA muscles decreased with

an elevated degree of anisotropy (Li et al., 2011a). The effect of nonlinearity on the

mechanical response of the LA muscles during childbirth has also been investigated us-

ing the previous modelling framework (Li et al., 2010b). It was found that increased

nonlinearity (strain stiffening) in the elastic response of the LA muscles resulted in a

more homogeneous spatial distribution of strains (Li et al., 2010b). This investigation

was performed using isotropic constitutive relations for the muscles where the degree of

nonlinearity was same for both the fibre and cross-fibre directions. However, nonlinear-

ity could be present for both the ground matrix and fibre components in the LA muscles

and their effects on childbirth mechanics could be different. Hence, in the present study,
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the effects of nonlinearity on the ground matrix and muscle fibres were investigated us-

ing the modified transversely isotropic Humphrey and Yin constitutive relation (Li et al.,

2011a), as described in Section 4.3.2.

ΨM = Ψiso + Ψf

= (1− α)a
[
eb(I1−3) − 1

]
+ αc

[
ed(λf−1)2 − 1

] (6.1)

It can be seen from Equation 6.1 that the mechanical response in the fibre direction

is affected by the nonlinearity parameters of both the ground matrix (b) and the fibres

(d); while the response in the cross-fibre direction is only affected by the nonlinearity

of the ground matrix (b). To investigate their individual effects, b and d were varied

independently for the ground matrix and fibres, respectively. In addition, when varying

the nonlinearity parameters b and d, the degree of anisotropy in the mechanical response

of the LA muscles, which is the ratio between the stiffness in the fibre and cross-fibre

directions, could also be affected. The relative contribution of the fibre component to the

elastic response of the muscles in the fibre direction α, affects the degree of anisotropy

as well as the stiffness in the cross-fibre direction.

In this study, the mechanical constitutive parameters were tuned so that each set of

parameters produced a Cauchy stress in the fibre direction of 1 MPa at a stretch ratio of

4.3 (see Appendix E). Empirical material estimation was used in this study due to the

lack of reliable and consistent experimental data. This should could be addressed once

multiaxial extension experimental data for LA muscles at the high strain range become

available. The combinations of mechanical constitutive parameters that were used to

represent low, medium, and high levels of nonlinearity for the ground matrix and fibres

are given in Table 6.1. A medium level of fibre nonlinearity was used when investigating

the effect of ground matrix nonlinearity on childbirth mechanics, and vice versa. A
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Table 6.1: Mechanical constitutive parameters for the pelvic floor muscles modelled
by a Humphrey and Yin constitutive relation, with low, medium, and high levels of
nonlinearity for the ground matrix and fibres. *d was optimised at 0.1501 so that the
LA gave the same mechanical response in the fibre direction when the fibre
nonlinearity was high (c = 45.3 kPa, d = 0.1501) with a medium level of ground
matrix nonlinearity (a = 246 kPa, b = 0.05) as when the ground matrix nonlinearity
was high (a = 55.5 kPa, b = 0.1) with a medium level of fibre nonlinearity
(c = 409 kPa, d = 0.05).

Nonlinearity Ground matrix Fibre component

Low a = 274 MPa, b = 1× 10−4 c = 3.52× 105 kPa, d = 1× 10−4

Medium a = 246 kPa, b = 0.05 c = 409 kPa, d = 0.05

High a = 55.5 kPa, b = 0.1 c = 45.3 kPa, *d = 0.1501

medium degree of relative fibre contribution α = 0.4 was used for all simulations that

studied the effects of nonlinearity.

6.1.1 Nonlinearity of muscle ground matrix – parameter b

The Cauchy stress versus stretch curves for muscles with low, medium, and high lev-

els of ground matrix nonlinearity were analytically derived by differentiating the strain

energy function (Equation 6.1) and are illustrated in Figure 6.1. The three curves were

generated using the three combinations of ground matrix mechanical constitutive pa-

rameters (a and b, “ground matrix” column in Table 6.1), with the medium level of fibre

nonlinearity (c = 409 kPa, d = 0.05), and a medium relative contribution of the fibre

term (α = 0.4) to the elastic response in the fibre direction. Figure 6.1 illustrates how

the elastic responses in both the fibre and cross-fibre directions were affected when the

nonlinearity of the ground matrix was altered. The curve with the highest degree of

ground matrix nonlinearity had the lowest stiffness below a stretch ratio of 3.4, and vice

versa (Figure 6.2a). The stretch ratio of equal stiffness was 3.4 for both the fibre (Figure
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6.2a) and cross-fibre (graph not shown) directions. The degree of anisotropy at stretch

ratios of values below 3.3, calculated as the ratio between the stiffness in the fibre and

cross-fibre directions, was highest when the degree of ground matrix nonlinearity was

high (graphs intersects at stretch ratio of 3.3 in Figure 6.2b).

1 2 3 4 5

Stretch ratio

0

500

1000

1500

2000

2500

C
a
u

c
h

y
 s

tr
e
s
s
 (

k
P

a
)

Low GM nonlinearity

Medium

High

(a) Fibre response

1 2 3 4 5

Stretch ratio

0

500

1000

1500

2000

2500

C
a
u

c
h

y
 s

tr
e
s
s
 (

k
P

a
)

Low GM nonlinearity

Medium

High

(b) cross-fibre response

Figure 6.1: The Cauchy stress versus stretch curves for pelvic floor muscles with low,
medium, and high levels of ground matrix nonlinearity.
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Figure 6.2: (a) The stiffness versus stretch curve in the fibre direction and (b) degree
of anisotropy versus stretch curve for pelvic floor muscles with low, medium, and high
levels of ground matrix nonlinearity.
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Force required for delivery

As illustrated in Figure 6.3, the estimated force required for delivery increased dramati-

cally as the level of ground matrix nonlinearity was reduced, which was associated with

increases in the fibre and cross fibre stiffness at low values of stretch (Figure 6.1). The

vast majority of the muscles experienced stretch ratios below 3.4 in the three simula-

tions, as indicated by the histogram of the maximum principal stretch ratios (Figure

6.4c). The predicted forces were hence dominated by the stiffness of the LA muscles at

lower stretch ratios (Figure 6.1).
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Figure 6.3: Estimated forces required for delivery at different stages of fetal head
descent with low, medium, and high levels of pelvic floor muscle ground matrix
nonlinearity.
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(c) Histogram

Figure 6.4: The maximum principal stretch ratio distributions at the Gaussian integration points across the pelvic floor
muscles at 70 mm descent for models with high (top row) and low (bottom row) levels of ground matrix (GM) nonlinearity.
Illustrated are the (a) anterior views, (b) left lateral views, and (c) volume weighted histograms of the stretch ratios. Stretch
ratios of 4 and greater are collectively binned as indicated by the green arrows.
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Maximum principal stretch ratios

The histograms of the volume weighted maximum principal stretch ratios at the Gaus-

sian integration points for muscles with low and high levels of ground matrix nonlinear-

ity at fetal head descent of 70 mm are illustrated in Figure 6.4c. It can be seen that the

shapes of the distributions in the histograms are similar for material points with stretch

ratios less than 3. However, there was a small rightward shift at stretch ratios of greater

than 2.0 in the histogram when the level of ground matrix nonlinearity was high. This

is because the high level of the ground matrix nonlinearity indicated a higher degree of

muscle anisotropy below the stretch ratio of 3.3 (Figure 6.2b). With a higher degree

of muscle anisotropy, the LA muscles could be stretched more in the cranial-caudal di-

rection due to their relatively low resistance compared to that in the fibre direction. At

70 mm descent, it can be seen that the LA muscles were stretched extensively in the

cranial-caudal direction (one of the cross-fibre directions) before the moment of fetal

head crowning. This led to a slight increase in the overall maximum principal stretch

ratios, and hence the right shift on the histogram below a stretch ratio of 3. The in-

creased degree of anisotropy also led to a decrease in the maximum principal stretch

ratio locally at the dorsal-caudal aspect of the LA muscles at 70 mm descent. This find-

ing is consistent with that reported by Li et al. (2011a). There were significantly lower

proportion of high stretch ratios on the right side of the histogram with stretch ratios

being equal to or greater than 4 when the ground matrix nonlinearity was high (green

arrows in Figure 6.4). This indicates a more even spread of stretch ratios due to the

increased nonlinearity in the elastic response of the muscles. The volume weighted 99th

percentile of the stretch ratio across the LA muscles (Table 6.2) for the model with a

high level of ground matrix nonlinearity was 2.9, which is lower than that for the model
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with the a level of nonlinearity (3.1).

Despite the changes in the histograms of the maximum principal stretch ratios with

the different levels of ground matrix nonlinearity described above, high stretch ratios oc-

curred in similar regions of the LA muscles, including at the muscle-pubis and muscle-

perineal body interfaces. The muscle-pubis interfaces consistently experienced the high-

est maximum principal stretch ratios, which is consistent with the high risk of muscle

avulsion injury in that region (Dietz et al., 2007).

The volume weighted 99th percentiles of the maximum principal stretch ratios at the

muscle-pubis interfaces (evaluated for the green elements in Figure 4.10b) decreased

significantly as the level of ground matrix nonlinearity was increased (Figure 6.5 and

Table 6.2). This highlights the urgent requirement of reliable biaxial experimental data

to estimate the LA muscle ground matrix nonlinearity for the accurate prediction of

avulsion injury. The behaviours for the left (shown) and right (not shown) muscle-

pubis interfaces were similar throughout the entire descent of the fetal head for all the

simulations conducted in this chapter.

Table 6.2: The maximum forces required for delivery (F) and volume weighted 99th

percentiles of the maximum principal stretch ratios of the LA muscles (λLA) and at the
left muscle-pubis interface (λI) at 70 mm of fetal head descent for models with low,
medium, and high levels of ground matrix nonlinearity.

Ground matrix nonlinearity
F (N) λLA λI

Low 45.5 3.1 4.6
Medium 26.7 3.0 3.8

High 16.4 2.9 3.6
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Figure 6.5: The volume weighted 99th percentiles of the maximum principal stretch
ratios at the left muscle-pubis interface at different stages of descent for models with
low, medium, and high levels of ground matrix nonlinearity.

6.1.2 Nonlinearity of fibres – parameter d

The Cauchy stress versus stretch curves for muscles with low, medium, and high lev-

els of fibre nonlinearity are shown in Figure 6.6. The three curves were generated by

differentiating the strain energy function and using the three combinations of fibre me-

chanical constitutive parameters (c and d, “Fibre component” column in Table 6.1), with

the medium level of ground matrix nonlinearity (a = 246 kPa, b = 0.05) and medium

level of relative contribution from the fibre component to the elastic response in the fi-

bre direction (α = 0.4). For all three cases, the responses in the cross-fibre directions

were the same because they were not affected by the nonlinearity of the additional fibre

reinforcement. The mechanical constitutive parameters for the model with a high level

of fibre nonlinearity were optimised so that they gave a similar stress-strain response in

the fibre direction compared to those in the model with a high level of ground matrix

nonlinearity. This curve had the lowest stiffness in the fibre direction and the lowest
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level of muscle anisotropy below the stretch ratios of 3.4 (Figure 6.7a) and 3.3 (Figure

6.7b), respectively.
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Figure 6.6: The Cauchy stress versus stretch curves for pelvic floor muscles with low,
medium, and high levels of fibre nonlinearity. Note that the cross-fibre response is
unchanged.
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Figure 6.7: The (a) stiffness versus stretch curve in the fibre direction and (b) degree
of anisotropy-stretch curve for pelvic floor muscles with low, medium, and high levels
of fibre nonlinearity.
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Force required for delivery

While keeping the stress-strain response in the fibre direction the same, the effect of

the reduced fibre component stiffness in the stretch ratio range of 1 to 3.4 was less

significant than that predicted by the models with the reduced ground matrix stiffness

(Figure 6.8b and Tables 6.2 and 6.3). This is because the reduction in the ground matrix

stiffness affected the stress-strain responses in both the fibre and cross-fibre directions,

resulting in a more substantial combined effect compared to only altering the stiffness

of the fibre component.
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20 30 40 50 60 70 80 90

Descent (mm)

0

10

20

30

40

50

F
o
rc

e
 (

N
)

High GM and medium fibre nonlinearity

Medium GM and medium fibre nonlinearity

Medium GM and high fibre nonlinearity

(b) High fibre or GM nonlinearity

Figure 6.8: Estimated forces required for delivery at different stages of fetal head
descent with (a) low, medium, and high levels of pelvic floor muscle fibre nonlinearity
and (b) high and medium levels of fibre nonlinearity and a high level of ground matrix
(GM) nonlinearity.

Maximum principal stretch ratios

The histograms of the volume weighted maximum principal stretch ratios at the Gaus-

sian integration points for muscles with low and high levels of fibre nonlinearity at a

fetal head descent of 70 mm are illustrated in Figure 6.10c. A slightly lower volume
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of LA muscles experienced maximum principal stretch ratios equal to or greater than 4

(green arrow in Figure 6.10) when the fibre nonlinearity was high compared to when the

fibre nonlinearity was low. This reduction in the volume of muscles with high stretch

ratios was less significant compared to that predicted by the models with varying ground

matrix nonlinearity (Figure 6.4), because the ground matrix nonlinearity influenced the

mechanical responses in both the fibre and cross-fibre directions. The stretch ratios in

both directions became more evenly distributed with an elevated level of ground matrix

nonlinearity and hence fewer material points experienced extreme stretches. This effect

was less pronounced when the nonlinearity in the elastic response was affected only in

the fibre direction (Tables 6.2 and 6.3). The volume weighted 99th percentile of the

stretch ratios across the pelvic floor muscles at 70 mm descent for the model with a high

level of fibre nonlinearity was 2.99, only slightly smaller than that for the model with a

low level of nonlinearity (3.04). In addition, when the fibre nonlinearity was low, there

was a slight right shift in the histogram of the maximum principal stretch ratios. This is

because the reduced level of fibre nonlinearity increased the level of muscle anisotropy

at lower strains (Figure 6.7b) and hence decreased the relative resistance to stretch in

the cross-fibre direction compared to that in the fibre direction. This caused the muscles

to undergo more extensive stretches in the cranial-caudal direction before the moment

of fetal head crowning. A similar right shift was also observed when a high level of

muscle ground matrix nonlinearity was used in the simulation (Figure 6.4c).

The effect of fibre nonlinearity on the volume weighted 99th percentiles of the stretch

ratios at the muscle-pubis interfaces (Figure 6.9) was also less significant compared to

that of ground matrix nonlinearity (Figure 6.5), again due to the fact that the increased

level of fibre nonlinearity only affected the mechanical response of the muscles in the

fibre direction. A comparison of the volume weighted 99th percentiles of the stretch
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ratios of the LA muscles and at the muscle-pubis interfaces at 70 mm descent is given

in Tables 6.2 and 6.3.
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Figure 6.9: The volume weighted 99th percentiles of the maximum principal stretch
ratios at the left muscle-pubis interface at different stages of descent for models with
low, medium, and high levels of fibre nonlinearity.

Table 6.3: The maximum forces required for delivery (F) and volume weighted 99th

percentiles of the maximum principal stretch ratios of the LA muscles (λLA) and at the
left muscle-pubis interface (λI) at 70 mm of fetal head descent for models with low,
medium, and high levels of fibre nonlinearity.

Fibre nonlinearity
F (N) λLA λI

Low 28.5 3.0 3.9
Medium 26.7 3.0 3.8

High 23.7 3.0 3.8
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(c) Histogram

Figure 6.10: The maximum principal stretch ratio distributions at the Gaussian integration points across the pelvic floor
muscles at 70 mm descent for the model with high and low levels of fibre nonlinearity. Illustrated are the (a) anterior views,
(b) left lateral views, and (c) volume weighted histograms of the stretch ratios. Stretch ratios of 4 and greater are
collectively binned as indicated by the green arrows.
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6.1.3 Relative degree of fibre contribution – parameter α

When varying the relative degree of fibre contribution to the elastic response of the

muscles in the fibre direction (parameter α in Equation 6.1), the degree of muscle

anisotropy and stiffness in the cross-fibre direction were both affected (Figure 6.12).

In this study, the muscles behaved isotropically when the degree of fibre contribution

was zero (α = 0). When considering a high level of relative fibre contribution, α = 0.8

was chosen because it was physically unrealistic to have zero stiffness in the cross-fibre

direction at α = 1. α = 0.4 was used to model the elastic response of the pelvic floor

muscles with a medium level of relative fibre contribution. The Cauchy stress versus

stretch curves obtained by differentiating the strain energy function for the muscles with

different levels of relative fibre contribution are provided in Figure 6.11. Medium levels

of nonlinearity were used for both the ground matrix and fibre components, giving sim-

ilar elastic responses in the fibre direction regardless of the degree of fibre contribution.
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Figure 6.11: The Cauchy stress versus stretch curves for pelvic floor muscles with low
(α = 0, isotropic), medium (α = 0.4) and high levels (α = 0.8, highly anisotropic) of
relative fibre contribution in the elastic response.
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Figure 6.12: (a) The stiffness versus stretch curve in the cross-fibre direction and (b)
degree of anisotropy-stretch curve for pelvic floor muscles with low (α = 0, isotropic),
medium (α = 0.4), and high (α = 0.8, highly anisotropic) degrees of relative fibre
contribution to the elastic response.

Force required for delivery

An increased level of relative fibre contribution reduced the estimated forces required

for delivery (Figure 6.13a) due to the reduced stiffness in the cross-fibre direction (Fig-

ure 6.12a).

Maximum principal stretch ratios

The increased degree of relative fibre contribution resulted in a significant elevation of

muscle anisotropy (Figure 6.12b) and hence a substantial right shift in the histogram

of the maximum principal stretch ratios at 70 mm descent (Figure 6.14c). The reduced

relative stiffness in the cross-fibre direction led to extensive stretches in the cranial-

caudal direction of the LA muscles, apparent in the spatial distribution of the maximum

principal stretch ratios (indicated by red arrow in Figure 6.14b). In addition, the increase

in muscle anisotropy caused a slight decrease in the maximum principal stretch ratios
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locally in the medial-dorsal aspect of the LA muscles, which is consistent with the

findings of Li et al. (2011a). Similar phenomena were discussed in Sections 6.1.1 and

6.1.2, where the change in the degree of muscle anisotropy was a result of varying the

nonlinearity of the ground matrix and the fibre component.

The volume weighted 99th percentiles of the stretch ratios across the pelvic floor

muscles were 3.0 and 3.2 with low and high levels of relative fibre contribution, re-

spectively. At the muscle-pubis interfaces, the volume weighted 99th percentiles of the

maximum principal stretch ratios were also consistently lower at the same descent when

the degree of muscle anisotropy was lower (Figure 6.13b).
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Figure 6.13: (a) Estimated forces required for delivery and (b) volume weighted 99th

percentiles of the maximum principal stretch ratios at the left muscle-pubis interface at
different stages of descent for models with low (α = 0, isotropic), medium (α = 0.4),
and high (α = 0.8, highly anisotropic) levels of relative fibre contribution to the elastic
response of the pelvic floor muscles.
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(c) Histogram

Figure 6.14: The maximum principal stretch ratio distributions at the Gaussian integration points across the pelvic floor
muscles at 70 mm descent for models with high (α = 0.8, highly anisotropic) and low (α = 0, isotropic) levels of relative
fibre contribution to the elastic response of the pelvic floor muscles. Illustrated are the (a) anterior views, (b) left lateral
views, and (c) volume weighted histograms of the stretch ratios. Stretch ratios of 4 and greater are collectively binned. The
large stretches in the cranial-caudal direction experienced by the highly anisotropic levator ani muscle are indicated by the
red arrow.
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6.2 Mechanical properties of perineal body

In Section 5.1, it was demonstrated that the presence of the perineal body in the child-

birth model played an important role in the prediction of the force required for delivery,

as well as the maximum principal stretch ratios at the muscle-pubis interfaces at deliv-

ery. However, uniaxial (Jing et al., 2008) and biaxial (Jing, 2010) extension data illus-

trated that there was large variation in the stiffness of the perineal body. The following

section examines the effect of such uncertainty on the mechanics of childbirth.

The perineal body was modelled by an isotropic exponential constitutive relation

(Equation 4.2), where the stiffness was collectively defined by the material parameters

aP and bP . The stiffness of the perineal body estimated by ultrasound elastography

(Chen et al., 2015) was approximately 50 % stiffer than that of the muscles (see Section

4.3.2). Although this measurement cannot not be used directly in the childbirth model,

it indicated the relative stiffness of the perineal body compared to the LA muscles. aP

was set to be the same, 50 %, and 100 % higher than the parameter a for the muscles

in the sensitivity analysis (Figure 6.15a). When considering nonlinearity of the perineal

body, experimental data at high strain ranges were required. The case study using the

mean models of the pelvic floor and fetal head (Section 4.4) revealed that the maximum

principal stretch ratio experienced by the perineal body could be up to 3.3. To date,

experimental data have not been available for such high strains. Values of bP = 0.03,

0.05 (the same as parameter bP for the muscles), and 0.07 were selected to represent

the most linear, intermediate, and most nonlinear cases (Figure 6.15b). It can be seen

that the Cauchy stress-strain curves obtained by evaluating the first derivative of the

strain energy function for varying values of aP were enveloped by the variation for the

considered values of bP . Hence, for the purpose of investigating the effect of perineal
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body stiffness on the mechanics of childbirth, only the nonlinearity of the perineal body

(indicated by the parameter bP ) was varied in the simulations as indicated in Table 6.4.
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Figure 6.15: The Cauchy stress versus stretch curves with different parameters aP and
bP in the constitutive relation of the perineal body (PB, Equation 4.2). a is one of the
mechanical constitutive parameters of the pelvic floor muscles.

Table 6.4: Mechanical constitutive parameters for the perineal body with high,
medium and low stiffness

Stiffness aP (Unit: kPa) bP
Low 370 0.03

Medium 370 0.05
High 370 0.07

Variation in the stiffness of the perineal body did not have a significant effect on the

estimated force required for delivery. The difference in the maximum reaction forces

from the pelvic floor between the models with high and low perineal body stiffness was

only 0.6 N, due to the perineal body being only a small proportion of the deformable

structures. The changes in the volume weighted 99th percentiles of the maximum prin-

cipal stretch ratios of the LA muscles and at the muscle-pubis interfaces were also negli-

gible, being as little as 0.04 and 0.1, respectively at 70 mm descent. While the inclusion
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of the perineal body was important for the accurate predictions of childbirth mechan-

ics (Section 5.1), these predictions were relatively insensitive to the variation of the

perineal body mechanical properties within the values reported in Chen et al. (2015).
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Figure 6.16: (a) Estimated forces required for delivery and (b) volume weighted 99th

percentiles of the maximum principal stretch ratios at the left muscle-pubis interface at
different stages of descent for models with low, medium, and high perineal body
stiffness.

6.3 Mechanical properties of the anococcygeal ligament

The anococcygeal ligament is mainly composed of elastic fibres (90 % elastin) that are

arranged in the cranial-caudal direction from the tip of the coccyx to the posterior as-

pect of the external sphincter and embedded in adipose tissue (see Section 2.1.2). Due

to the lack of experimental data, the mechanical properties of the anococcygeal ligament

were inferred from the mechanical behaviour of its constituents (see Section 4.3.2). The

mechanical behaviour of the anococcygeal ligament in the direction along the elastic

fibres was mainly determined by the stiffness and volume fraction of the elastic fibres,

whereas the mechanical behaviour in the cross-fibre direction was determined by the
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volume fraction of the adipose tissue and stiffness of the adipose tissue (Equation 4.3).

Only the stiffness and volume fraction of the elastic fibres was considered in this sensi-

tivity study because the adipose tissue was highly compliant and its contribution to the

overall stiffness of the anococcygeal ligament was relatively small.

Uniaxial extension testing data demonstrated large inter-specimen variations in the

elastic response of the elastin that formed the fibre component of the anococcygeal liga-

ment (Gundiah et al., 2007). The stiffness obtained from the most compliant (cf =158 kPa)

and stiffest (cf = 1100 kPa) specimens in Gundiah et al. (2007) were selected to repre-

sent the two extreme cases, while the stiffness for the intermediate case was the average

(see cf = 454 kPa) of the stiffness of all specimens (Figure E.1 in Appendix E). A

medium volume fraction of elastin (v = 0.4) was used and the stiffness of the adipose

tissues was set to be c10 =3.0 kPa.

It was demonstrated in Section 5.2 that the mechanical indices for childbirth me-

chanics were not significantly affected by the absence of the anococcygeal ligament.

Hence it was unsurprising that the mechanical indices did not change significantly when

the stiffness of the elastic fibres was changed (Table 6.5). The childbirth mechanics

were also shown to be unaffected by the volume fraction of the elastic fibres within the

surrounding adipose tissue (Table 6.6). Values of v = 0, 0.4, and 0.8 were selected

to represent the models with low, medium, and high volume fractions of elastin in the

anococcygeal ligament and a medium elastin stiffness cf = 454 kPa was used.

6.4 Stiffness of pelvic joints

The soft tissues in the pelvic floor, including the muscles and joints, are known to be-

come more compliant towards the end of the pregnancy due to the influence of hor-
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Table 6.5: The maximum force required for delivery (F) and volume weighted 99th

percentiles of the maximum principal stretch ratios of the LA muscles (λLA) and at the
left muscle-pubis interface (λI) at the moment of delivery from childbirth simulations
that used low, medium, and high levels of elastin stiffness.

Elastin stiffness cf
F (N) λLA λI

Low 26.7 4.3 4.3
Medium 26.7 4.3 4.3

High 26.7 4.3 4.3

Table 6.6: The maximum force required for delivery (F) and volume weighted 99th

percentiles of the maximum principal stretch ratios of the LA muscles (λLA) and at the
left muscle-pubis interface (λI) at the moment of delivery from childbirth simulations
that used low, medium, and high volume fractions of elastin.

Volume fraction v
F (N) λLA λI

Low 26.5 4.3 4.4
Medium 26.7 4.3 4.3

High 26.7 4.3 4.3

mones (Varney et al., 2004). To date, experimental data on the mechanical properties of

the pelvic joints during pregnancy are unavailable. To account for the increased com-

pliance, the mechanical constitutive parameters obtained from non-pregnant cadavers,

including those for the sacroiliac joints, pubic symphysis, and sacrococcygeal joint,

were scaled down by 25 % to represent a medium level of joint stiffness (Section 4.3.2).

To investigate the effect of joint stiffness on childbirth mechanics and to test the sen-

sitivity of the mechanical predictions to these mechanical constitutive parameters, the

parameters used for a medium level of joint stiffness were scaled to 1.3 %, 66 %, and

133 % to represent pelvic joints with very low, low, and high stiffness, respectively. In

reality, 1.3 % of medium joint stiffness might not be physiologically plausible, since

the integrity of the bony pelvis would likely be compromised at this low level of joint
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stiffness. This extreme case was only considered to examine an upper limit on the effect

of softening pelvic joints on the childbirth mechanics. Several aspects of the childbirth

simulations were examined, including the movement of the bony pelvis, force required

for delivery, and maximum principal stretch ratios at the muscle-pubis interfaces.

Bony pelvis movement

The changes in the dimensions of the bony pelvis (Table 6.7) were insignificant when

the stiffness of the joints was reduced to 66 % of the original values. However, the

pubic symphysis opened up slightly more (to 2.9 mm) when the stiffness was reduced to

1.3 %. This is possibly because the pubis, pubic symphysis, and LA muscles enclose the

fetal head along the circumferential direction of the pelvic floor and the most compliant

structure undergoes the most stretch when the fetal head descends through the birth

canal. An analogy of this arrangement is several linear springs in series, where the

most compliant spring deforms the most when the series is under tension. The joints

with low, medium, and high stiffness were still significantly stiffer than the muscles.

As a result, it was the muscles that stretched the most to accommodate the passage

of the fetal skull. However, at 1.3 % of the stiffness, the joints were more compliant

and therefore the pubic symphysis widened significantly. The deflection of the coccyx

did not change significantly with the different stiffness of the joints (Table 6.7). This

is possibly because the orifice formed by the LA muscles, perineal body, and pubic

rami did not change dramatically in dimensions with the changes in joint stiffness. The

coccyx still needed to be deflected by similar distances to accommodate the passage

of a fetal head of a fixed size. The deflection of the coccyx monotonically increased

as the joint was softened from 133 % to 66 % of the medium stiffness since there was

resistance to deform the sacrococcygeal joint. However, this deflection reduced when
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Table 6.7: Coccyx deflection and pubic symphysis opening in childbirth simulations
for models with different stiffness of the pelvic joints

Stiffness
Coccyx deflection

(mm)
Pubic symphysis

opening (mm)
133%, high 29.1 0.1

100% , medium 29.4 0.13
66%, low 29.7 0.17

1.3%, very low 29.3 2.9

the joint stiffness was reduced to 1.3 % of its medium stiffness. This is possibly because,

compared to the case of the medium joint stiffness, the pubic symphysis were widened

significantly (2.9 mm) at 1.3 % of its medium level and the coccyx were deflected to a

lesser extent to allow the passage of the fetal head.

Force required for delivery

The estimated maximum force required for delivery was reduced by 1.1 N and 2.5 N

when the stiffness of the joints was reduced to 66 % and 1.3 %, respectively. This is

possibly because the coccyx was deflected by a similar amount for each of the four sce-

narios. However, the force required to push the coccyx posteriorly by a similar amount

decreased as the stiffness of the sacrococcygeal joints was reduced. The change in force

due to the reduction of joint stiffness was relatively small compared to the large dif-

ference observed when varying the mechanical constitutive parameters for the muscles.

This may be attributed to the fact that changing the joint stiffness primarily affected the

movement of the bones. The circumference of the orifice that the fetal head had to pass

through did not change significantly since the opening of the pubic symphysis did not

become appreciable until the joint stiffness was reduced to 1.3 % of its medium level.
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Figure 6.17: Estimated forces required for delivery at different stages of fetal head
descent for models with different levels of pelvic joint stiffness.

Maximum principal stretch ratios

The 99th percentiles of the maximum principal stretch ratios at the muscle-pubis inter-

faces did not change until the joint stiffness was reduced to 1.3 % (Figure 6.18). This is

consistent with the findings for force, indicating that childbirth mechanics were not af-

fected significantly by joint stiffness variation within the normal physiological range of

values. These stretch ratios decreased when the joint stiffness was 1.3 % of its medium

level because the pubic symphysis was widened significantly. The LA muscles were

hence stretched to a lesser extent to allow the passage of the fetal head.

6.5 Summary

This chapter examined variations of the mechanical properties of the pelvic floor struc-

tures, including the muscles, perineal body, anococcygeal ligament, and pelvic joints, on

childbirth mechanics. Increased nonlinearity (strain stiffening) in the elastic response
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Figure 6.18: 99th percentiles of the maximum principal stretch ratios at the left
muscle-pubis interface at different stages of fetal head descent for models with
different levels of pelvic joint stiffness

of the muscles resulted in a more homogeneous spatial distribution of the stretch ra-

tios throughout the LA muscles. Variation in the degree of nonlinearity for the ground

matrix of the muscles seemed to have a greater influence on the distribution of stretch

ratios than did nonlinearity of the fibre component. This is because the nonlinearity of

the ground matrix affected the mechanical response of the muscles in both the fibre and

cross-fibre directions, while the nonlinearity of the fibre component only affected the

response in the fibre direction. An increased degree of muscle anisotropy, as a result of

either an increase in the ground matrix nonlinearity, or a reduction in fibre nonlinear-

ity, or an increase in the relative fibre contribution to the elastic response of the muscles,

seemed to increase the overall maximum principal stretch ratios in the LA muscles. This

increased stretch was due to decreased relative resistance to stretch in the cross-fibre di-

rection, leading to a rightward shift in the histograms of the maximum principal stretch

ratios across the LA muscles. Variation of stiffnesses in the perineal body, anococcygeal

ligament, and pelvic joints within their physiological ranges of values did not affect the
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childbirth mechanics significantly.

The investigations performed on the effects of pelvic floor structures and their me-

chanical properties on childbirth were based on the mean models of the pelvic floor and

fetal head. However, variations in the shape of these models are likely to play important

roles in the mechanics of childbirth. Chapter 7 describes the effects of pelvic floor and

fetal head shape variations on childbirth mechanics, and presents the construction of

statistical regression models for predicting mechanical indices of childbirth.
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Chapter 7

Effect of Pelvic Floor and Fetal Head

Shape Variations on Childbirth

Mechanics

Aspects of this chapter have been published in the Journal of Biomechanics. 48(9):1593-

1599.

There are large variations in the shape and size of the female pelvic floor and the

fetal head, and such variations are known to affect childbirth mechanics (Kearney et al.,

2006; Valsky et al., 2009; Fraser and Cooper, 2009). The bony pelvis has been anatomi-

cally classified into four types and its shape was believed to affect the progress of labour

(Rosse and Gaddum-Rosse, 1997). For example, the android type, which resembles a

male pelvis, is considered the least suitable for childbearing due to its prominent is-

chial spines and sharp subpubic angles (Fraser and Cooper, 2009). Extensive research

has been conducted to identify women most at risk based on their pelvic floor muscle

153
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compliance and morphology (Kruger et al., 2005, 2007, 2008b). For example, it was

reported that muscle hypertrophy, manifested as an increase in thickness of the puborec-

talis muscles, might contribute to the prolonged second stage of labour that has been

observed in female elite athletes (Kruger et al., 2007). The shape and size of the fetal

head has also been shown to play an important role in childbirth mechanics (Baessler

and Schuessler, 2004; Kearney et al., 2006; Valsky et al., 2009). However, despite the

well acknowledged importance, to date, the effects of the shape variations in the pelvic

floor and fetal head on the mechanics of vaginal delivery have not been quantitatively

analysed.

The first section of this chapter demonstrates the effects of the primary shape vari-

ations, observed in the sample populations of pelvic floors and fetal heads, on the me-

chanics of vaginal delivery. Childbirth simulations were conducted using the PCA-

derived models that encapsulated the most frequently observed features of the pelvic

floor (Section 2.3.4) and fetal head (Section 3.3.2). The mean model of the fetal head

was used when studying the effect of pelvic floor shape variation on childbirth mechan-

ics, and vice versa. Morphological variations of the pelvic floor and fetal head that

gave rise to more extreme mechanical indices, such as a large maximum force required

for delivery, were identified. Considering the difficulty in obtaining customised biome-

chanical models of the pelvic floor and fetal head in the clinical setting, the second

section of this chapter demonstrates the construction of partial least squares regression

(PLSR) statistical models for the rapid prediction of maximum delivery forces using the

geometry of the fetal head as the predictor.
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7.1 Effect of pelvic floor shape variation on vaginal child-

birth mechanics

The PCA-derived models of the pelvic floor were generated by adding or subtracting one

standard deviation of the first five shape modes, one-at-a-time, from the mean model

to capture the shape variation within the sample population. The maximum reaction

force from the pelvic floor quantified from the simulations that used these PCA-derived

models of the pelvic floor and the mean model of the fetal head, are given in Table

7.1. Subtracting one standard deviation of the first or fifth shape mode from the mean

model gave rise to significant increases in the maximum delivery force; while adding

or subtracting one standard deviation of the second, third, or fourth shape mode from

the mean model had less substantial effects on the force for delivery. Apart from the

first shape mode, the ranking of shape variation explained by the other modes did not

correspond to the ranking of the change in the maximum delivery force. The variation

in the force caused by one standard deviation of the first five shape modes is illustrated

as colour-coded bands in Figure 7.1. One negative standard deviation of the third or

fifth shape mode increased the peak force and shifted the onset of such peak force to

occur at a greater descent, due to the constriction of the subpubic angle and area of the

levator hiatus, respectively (Table 2.3.4). In these two simulations, the fetal head needed

to descend further and required greater force for delivery.

In addition, it can be seen that the force curve obtained from the childbirth simula-

tion using the mean model of the pelvic floor (solid black line in Figure 7.1) is situated

approximately in the middle of each colour-coded band, indicating a roughly linear re-

lationship between the level of shape change due to each mode and its corresponding

change in the maximum delivery force. Given this roughly linear relationship, the di-
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rection of the largest force increase in the shape space, when only considering the first

five shape modes, could be identified by combining the shape modes that individually

gave rise to an increase in the maximum delivery force. The contribution from the first

five shape modes were weighted by their associated standard deviations when one stan-

dard deviation in the direction of the largest shape change was added to the mean model

(Equation 7.1). This combined-mode model (xPc in Equation 7.1) thus includes the main

geometric features of the pelvic floor in the first five shape modes that potentially con-

tribute to a difficult labour. The maximum force required for delivery in the simulation

using this combined-mode model was 32.1 N, higher than the forces obtained from the

simulations using any other PCA-derived models (obtained by adding or subtracting one

standard deviation of one of the first five shape modes) (Table 7.1 and Figure 7.1).

xPc = x̄ +
−σ2

1a1 + σ2
2a2 − σ2

3a3 + σ2
4a4 − σ2

5a5√
σ2
1 + σ2

2 + σ2
3 + σ2

4 + σ2
5

(7.1)

To identify the geometric features of the pelvic floor that led to an increase in the

force required for delivery, the geometry of the combined-mode model was compared

to that of the mean model (Figure 7.2). With one standard deviation in the direction of

the steepest force increase, a reduction in the hiatal area from 1189 mm2 to 1114 mm2

and a reduction in the subpubic angle from 82° to 80° were observed. This indicated

a tighter orifice formed by the pubic arch, anterior LA muscles, and the perineal body,

through which the fetal head passed; hence the larger force. In addition, the plane of

the pelvic outlet (Figure 2.7) was 5° further away from the horizontal axial plane in

the combined-mode model compared to the mean model. This was associated with a

more upwardly tilting coccyx that had to be pushed further posteriorly for the fetal head

to pass through the pelvic outlet. The simulation results showed that the coccyx was
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deflected posteriorly by 34 mm in the combined-mode model, 4 mm further compared

to that in the mean model (29 mm). The onset of the peak force occurred at a deeper

descent in the simulation using the combined-mode model, due to the constriction of

the subpubic angle and the area of the levator hiatus.

The features of the pelvic floor that led to a significant increase in the maximum de-

livery force included reductions in the area of the levator hiatus and the subpubic angle,

and a more upward tilting coccyx. The first five modes collectively explained 96 % of

the total shape variation in the sample population. However, one standard deviation in

the direction of the steepest force increase for the first five shape modes increased the

force by 4.6 N, approximately 17 % of the maximum delivery force estimated from the

simulation using the mean model. This indicates that a difficult labour could be due to

extreme shape changes, of more than just one standard deviation from the population

mean. Another possibility is that the morphological features of the pelvic floor associ-

ated with the largest effects on the delivery force may have been rare or even absent in

the sample population. Hence, it was not captured by PCA as one of the primary modes

of shape variations. To test this hypothesis, childbirth simulations should be conducted

using a large number of individualised models of the pelvic floor and those associated

with large delivery forces should be identified. The resemblance of the primary modes

of shape variations obtained from the PCA to these individualised models of the pelvic

floors with large delivery forces could then be examined.
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Table 7.1: Estimated maximum forces required for delivery in simulations using the
PCA-derived models of the pelvic floor and the mean model of the fetal head. x̄, the
mean model of the pelvic floor; xPc , the combined-mode model in the direction of the
steepest force increase (Equation 7.1); ai, the ith shape mode; σi, one standard
deviation of the ith shape mode.

Model x̄
x̄

+σ1a1

x̄
+σ2a2

x̄
+σ3a3

x̄
+σ4a4

x̄
+σ5a5

Force
(N)

27.5 23.6 28.4 26.3 28.8 24.7

Model xPc
x̄
−σ1a1

x̄
−σ2a2

x̄
−σ3a3

x̄
−σ4a4

x̄
−σ5a5

Force
(N)

32.1 31.4 26.2 28.6 26.3 30.1

Figure 7.1: Estimated force required for delivery at different stages of descent.
Illustrated are the mean (x̄) model of the pelvic floor, the combined-mode model
obtained by adding one standard deviation in the direction of the steepest force
increase to the mean model (xPc ), and the PCA-derived models obtaining by adding or
subtracting one standard deviation of the first five shape modes to the mean model
(x̄± σiai). ai, the ith shape mode; σi, one standard deviation of the ith shape mode.
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7.2 Effect of fetal head shape variation on vaginal child-

birth mechanics

The PCA-derived models of the fetal head were generated by adding or subtracting one

standard deviation of the first three shape modes, one-at-a-time, from the mean model

to capture the shape variation within the sample population. The reaction forces from

the pelvic floor at different stages of descent, quantified from the simulations that used

these PCA-derived models of the fetal head and the mean model of the pelvic floor, are

given in Table 7.2. One positive standard deviation of the first shape mode gave rise to

the largest (6.7 N) increase in force. This is expected because the first mode reflected

the overall size of the fetal head and head circumference has been clinically observed

as one of the risk factors for birth-induced LA muscle avulsions (Kearney et al., 2006;

Valsky et al., 2009). The changes in maximum delivery forces after adding one stan-

dard deviation of the second or third shape modes were less substantial. If relationships

between the changes in maximum delivery force and the first three shape modes were

linear, the direction of the steepest force increase in the PCA space for the sample pop-

ulation of the fetal heads could be calculated as the combination of the first three shape

modes weighted by their standard deviations (combined-mode model, Equation 7.2).

However, the simulation results showed that one standard deviation in this direction did

not increase the maximum delivery force more than the force associated with one stan-

dard deviation of the first shape mode. This is possibly because the force variation due

to the first shape mode was nonlinear, as indicated by the slightly unsymmetrical blue

band across the force curve for the mean model (black solid line) in Figure 7.4, at the

descent when the peak forces occurred. The increase in the force due to the addition of

one standard deviation of the first shape mode had a larger magnitude than the decrease
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Table 7.2: Estimated maximum forces required for delivery in simulations using the
PCA-derived models of the fetal head and the mean model of the pelvic floor. x̄, the
mean model of the fetal head; xHc , the combined-mode model (Equation 7.1); ai, the
ith shape mode; σi, one standard deviation of the ith shape mode.

Model x̄
x̄

+σ1a1

x̄
+σ2a2

x̄
+σ3a3

Force
(N)

27.5 34.2 27.9 28.9

Model xHc
x̄
−σ1a1

x̄
−σ2a2

x̄
−σ3a3

Force
(N)

34.0 21.3 27.1 26.0

in force due to the subtraction of one standard deviation of the first shape mode. When

the size of the fetal head was larger than average, the increase in force had a nonlinear

relationship with the increase in the size of the head due to the nonlinear stress-strain

response of the LA muscles.

xHc = x̄ +
σ2
1a1 + σ2

2a2 + σ2
3a3√

σ2
1 + σ2

2 + σ2
3

(7.2)

The most important risk factor for an increase in delivery force was the overall

size of the fetal head as indicated by increases in the fetal head circumference and

biparietal diameter. Hence, the feasibility of constructing a statistical regression model

that linked the geometries of the fetal head to the maximum forces required for delivery

was investigated and reported in the following section.
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Differences:

mm

(b) Cranial view (c) Posterior view

Figure 7.3: The mean model (x̄, top row) and combined-mode model (xHc defined in
Equation 7.2, middle row) of the fetal head. The differences (mm) between the mean
and combined-mode models are illustrated on the mean model with the vectors
pointing to the corresponding surface points on the combined-mode model (bottom
row).
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Figure 7.4: Estimated force required for delivery at different stages of descent.
Illustrated are the mean (x̄) model of the fetal head, the combined-mode model (xHc
Equation 7.2), and the PCA-derived models obtaining by adding or subtracting one
standard deviation of the first three shape modes to the mean model (x̄± σiai). ai, the
ith shape mode; σi, one standard deviation of the ith shape mode.

7.3 Predicting maximum delivery force using statistical

models

To make the childbirth modelling framework useful in a clinical setting as a birth plan-

ning tool, the model must be individual-specific and able to predict the childbirth out-

come rapidly. However, FE modelling of vaginal delivery is typically computationally

expensive, requires manual processing by trained engineers that can be time consuming,

and in general not feasible to use in the clinical setting. For example, each childbirth

simulation using the force converged model of the pelvic floor took approximately 7

days to complete using one core of an Intel Xeon E5-4650 CPU. To address this issue,

a statistical PLSR model (Wold et al., 1984) that is able to rapidly predict important in-
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dices of childbirth mechanics was used for real-time evaluation of intra-partum obstetric

risks. Such a model should take the FE geometry of the fetal head and maternal pelvic

floor as input and predict important mechanical indices for childbirth simulations, for

example, the maximum force required for delivery. In this thesis, only the shape varia-

tion of the fetal head was considered as the predictor of the PLSR models. Considering

the difficulty in obtaining data required to generate full FE descriptions of the anatom-

ical structures in the clinical setting, the feasibility of using readily available biometric

parameters of the fetal head, including the biparietal diameter and head circumference,

as the input to the statistical models was also investigated.

7.3.1 Partial least squares regression

To construct PLSR models that examine the relationship between the fetal skull geome-

tries and the FE predictions of childbirth mechanics, simulations were conducted using

the mean model of pelvic floor and each of the 28 individual-specific models of fetal

heads (Figure 7.3 - 7.5). The total force required for delivery was the response Y of the

PLSR models; while the FE description of the fetal head was used as the input X . The

fetal head was simulated as a rigid body, therefore only the FE description of the fetal

skull outer surface that came into direct contact with the pelvic floor were included. A

predictive model using only the parameters routinely measured antenatally, including

the biparietal diameters and fetal head circumference, was also constructed. A linear

or a quadratic polynomial function was used as the regression function f(T) (Equation

7.5).

PLSR quantifies the outer relations, formed by outer products and residuals, for

input X and response Y (Equations 7.3 and 7.4) as well as the inner relation f(T), a
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regression function linking X and Y (Equation 7.5).

X = TPT + E (7.3)

Y = UQT + F (7.4)

U = f(T) + H (7.5)

T and U contain the extracted scores that best describe X and Y ; PT and QT are

the orthonormal loading matrices; and E and F are the unexplained residuals of X and

Y , respectively. The covariance of T and U is maximised and linked by the regression

function f(T), while the residual H for the inner mapping is minimised. A detailed

description on PLSR can be found elsewhere (Bennett and Embrechts, 2003; Geladi

and Kowalski, 1986).

7.3.2 Predictability

To test the predictability of the PLSR model, a leave-one-out analysis was conducted,

whereby the input and response for one of the 28 observations were excluded (Alpaydin,

2004). A PLSR model was constructed using the remaining 27 observations and a

response was predicted for the excluded subject. This was performed separately for each

subject. A normalised error (ei in Equation 7.6) was computed for each observation and

the predictability of the PLSR model for each response variable was quantified by the

root mean squares of the 28 normalised errors (e in Equation 7.6). A lower root-mean-

squared normalised error for a PLSR model indicated better predictability.
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ei =
yFE
i − yPLSR

i

yFE
i

e =

√√√√ 1

N

N∑
i=1

e2i

(7.6)

where N = 28, and yFE
i and yPLSR

i represent the response for the ith fetal head

subject from the FE childbirth simulation, and the prediction from the PLSR model,

respectively.

7.3.3 FE model predictions

The mean reaction force predicted by the FE simulations is 28.4 N. This is different

from the force predicted in the simulation using the mean models of the pelvic floor and

fetal head (27.5 N), possibly due to the nonlinear relationship between the fetal head

geometry and the maximum delivery force. There is a large variation in the predicted

forces among individuals, with maximal values per individual ranging from 9.7 N to

39.9 N. The predicted delivery forces at each stage of descent for the fetal head subjects

are shown in Figure 7.5.

7.3.4 PLSR model predictions

PLSR models were constructed using: (i) the FE geometries of the fetal heads, or the

biometric parameters (biparietal diameters and fetal head circumferences) as inputs; (ii)

FE predictions of the forces required for delivery as the response variable; and (iii) a

linear or quadratic function for the inner relation of the PLSR model. The required

computational time was less than one second to fit each of the PLSR models, except
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Figure 7.5: Estimated forces required for delivery at different stages of descent.

for the model based on the FE geometries and a quadratic inner relation, which took

approximately one minute. The required computational time was less than one second

for each of the fitted PLSR models to predict the maximum force required for delivery.

The normalised root-mean-squared errors (e, Equation 7.6) between the FE and PLSR

predictions are listed in Table 7.3. Non-parametric boxplots were also created for the

normalised errors (ei, Equation 7.6) of each PLSR model to illustrate the spread of the

errors, since the hypothesis that these groups of errors were from normal distributions

was rejected by Kolmogorov-Smirnov tests (Pollard, 1979). A positive error indicated

under-prediction by the PLSR model; while a negative error indicated over-prediction.

When using the FE geometries of the fetal head as the input, the PLSR models

with the linear and quadratic inner relations had normalised root-mean-squared errors

in force predictions of 0.089 (8.9 %) and 0.0638 (6.4 %), respectively. Given that one

standard deviation of the first PCA shape mode from the sample population of the fetal
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Table 7.3: The normalised root-mean-squared errors (ei) between the FE and PLSR
predictions (from models using FE geometries or biometric parameters as inputs, and a
linear or quadratic function as the inner relation) of the maximum forces required for
delivery. All errors are dimensionless (see Equation 7.6 for details).

PLSR model ei
FE geometry, linear 0.0888

FE geometry, quadratic 0.0638
biometric, linear 0.1085

biometric, quadratic 0.1364

heads gave rise to 24 % (Table 7.2) change in the maximum delivery force, it can be

seen that the predictability of these PLSR models was reasonable since the normalised

root-mean-squared error was less than a third of the variation in force given by one

standard deviation of the most significant shape mode (Figure 7.6). When using the

biometric parameters as input, the accuracy of the PLSR models reduced compared to

those using the FE geometries as input. However, their normalised root-mean-squared

errors in force predictions were still approximately half of the variation in force given

by the first model of the fetal head shape analysis (Figure 7.6).

7.3.5 Discussion

The PLSR models that used the FE geometries as input provided better predictions com-

pared to the PLSR models that used the biometric parameters as input, as indicated by

the smaller normalised root-mean-squared errors in Table 7.3 and the tighter distribu-

tions in Figure 7.6. This was expected because the FE geometries comprehensively

described the shape variation of the fetal head that caused the variation in the reac-

tion forces predicted by the simulations. While being able to capture some important

descriptive dimensions of the fetal head, the biometric diameters did not characterise

localised features that may have contributed to the variations in forces.



169
7.3. PREDICTING MAXIMUM DELIVERY FORCE USING STATISTICAL

MODELS

−0.2

0

0.2

0.4

FE g
eo

m
et

ry

lin
ea

r

FE g
eo

m
et

ry

qu
ad

ra
tic

Bio
m

et
ric

lin
ea

r

Bio
m

et
ric

qu
ad

ra
tic

N
or

m
al

is
ed

ro
ot

-m
ea

n-
sq

ua
re

d
er

ro
rs

Figure 7.6: Boxplots of the normalised root-mean-squared errors in predicted
maximum forces required for delivery (ei in Equation 7.6) between the FE and PLSR
models (from models using FE geometries or biometric parameters as inputs, and a
linear or quadratic function as the inner relation). All errors are dimensionless.

A PLSR model with a quadratic inner relation will generally capture more of the

variation in the input and response variables, compared to a similar PLSR model with

a linear inner relation. However, when using the biometric parameters as input, the

PLSR model with the linear inner relation unexpectedly had smaller normalised root-

mean-squared errors than the model with the quadratic inner relation. This is because,

although it predicted the maximum delivery forces with a slightly better accuracy for the

majority of the simulations (indicated by the tighter distribution in Figure 7.6), the PLSR

model with the quadratic inner relation significantly under-predicted the maximum de-

livery forces for the subject with the smallest biparietal diameter, possibly because the

PLSR models could not fully capture the nonlinearity of the relationship between the

input and response variables. Hence, the predictability measured by normalised root-

mean-squared errors was skewed towards this large error. When this subject was ex-
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cluded, the PLSR models with the linear and quadratic inner relations gave normalised

root-mean-squared errors in maximum force predictions of 0.1222 and 0.1021, respec-

tively.

PLSR models were constructed only for the rapid prediction of the maximum force

required for delivery in this study. Previous work (Yan et al., 2015) has shown that a

similar statistical regression model could be applied to the prediction of the maximum

principal stresses and stretch ratios at the muscle-pubis interfaces where LA muscle

avulsion injuries have been most frequently observed (Dietz et al., 2007). To further

develop PLSR predictive models, the morphological variation of the maternal pelvis and

its effect on childbirth mechanics should also be taken into account. MRI scanning, used

in constructing the FE models of the pelvic floor for the training data, is expensive and

not part of routine clinical practice. To make the predictive tool applicable in the clinical

setting, the predictive model should use input parameters that are easy to measure and

that are representative of the shapes of the pelves. In addition, substantially different

LA muscle stiffnesses have been observed among individuals, which would give rise

to differences in the mechanical responses of the muscles during childbirth (Kruger

et al., 2008b). The mechanical behaviour of the pelvic floor muscles could be included

as an explanatory variable if their stiffness could be quantified shortly before labour.

Validation of this statistical approach is required, and it remains to be seen if this is

practical in the clinical setting.

7.4 Summary

This chapter illustrated the effects of pelvic floor and fetal head shape variations on

the forces required for delivery in childbirth simulations. Morphological variations,
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including an increase in the size of the fetal head, or a reduction in the subpubic angle

or the area of the levator hiatus of the pelvic floor, was associated with an elevation of the

maximum delivery force. A PLSR analysis was used to rapidly generate approximations

of the biomechanical model predictions (maximum force required by delivery) based on

FE geometries, or readily available biometric parameters of the fetal head as inputs. It

was found that the PLSR model using the FE geometries as input and a quadratic inner

relation gave the best overall predictability of the maximum delivery force.
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Chapter 8

General Discussion

Childbirth-induced LA muscle injury is one of the leading factors contributing to pelvic

floor disorders (DeLancey et al., 2003). Preventive strategies are considered high pri-

ority research, because surgical correction is not always effective (DeLancey, 2005).

This thesis was an attempt to improve the understanding of the mechanics of childbirth

and identify potential risk factors that contribute to a difficult childbirth and LA muscle

injury.

To examine the shape variation of the pelvic floor and fetal head, anatomically accu-

rate finite element (FE) models of the pelvic floor (Chapter 2) and fetal head (Chapter 3)

have been developed from medical images obtained from sample populations of healthy,

nulliparous women and newborn infants. Statistical shape analyses were performed on

these models to extract the primary shape variations of the pelvic floor and fetal head

using a principal component analysis (PCA) approach.

To investigate the mechanics of the second stage of labour, and identity features

of the pelvic floor and fetal head that might contribute to a difficult labour, a biome-

chanical modelling framework was developed using the PCA-derived geometric models

173
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(Chapter 4). Mechanical properties for the pelvic floor structures were obtained from

experimental data, inferred from the mechanical behaviour of constituents, or estimated

empirically (Chapter 4). Using this new modelling framework, the roles of the individ-

ual pelvic floor structures (Chapter 5), influences of mechanical properties (Chapter 6),

and effects of shape variation of the pelvic floor and fetal head (Chapter 7) on child-

birth mechanics were investigated. The feasibility of using statistical regression models

to predict important mechanical indices of childbirth was also explored with a view to

developing a tool to assist with childbirth planning and risk assessment (Chapter 7).

This chapter discusses the challenges and limitations involved in creating the biome-

chanical model of the second stage of labour and analysing childbirth mechanics using

this model.

8.1 Modelling pelvic floor and fetal head anatomy

8.1.1 Pelvic floor

Structures that are likely to play a important role during a vaginal delivery, including

the lower bony pelvis, pelvic joints, pelvic floor muscles, perineal body, and superfi-

cial anococcygeal ligament, were manually segmented from 26 MRI datasets of healthy

nulliparous women to construct the models of the pelvic floor (Chapter 2). The spa-

tial resolution and signal-to-noise ratio of the MRI datasets were insufficient for the

ready identification of all pelvic floor structures. The segmentation of the perineal body

and anococcygeal ligament were particularly challenging, even with the help of several

trained clinicians. Although compiled by one single experienced operator, the quality of

the segmentation may have been confounded by inter-observer variation since this was
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performed by several operators.

FE models were created from these segmentation data using a PCA iterative fitting

procedure to ensure point-to-point correspondence, as a prerequisite for a population-

based statistical shape analysis. The primary shape variations of the pelvic floor were

presented as PCA-derived models (Appendix A) and described by clinically important

one-dimensional parameters. The shape analysis was limited by the small number of

observations. To extract more meaningful shape modes and reduce the influence of

possible outliers on the results of the PCA, a larger number of observations would be

required.

The MRI datasets only included the lower pelvis up to the cranial aspect of the LA

muscles. The cranial aspect of the bony pelvis, including the ilium and part of the

sacrum, was absent due to the limited field of view in the images. To make the models

suitable for modelling the second stage of labour, an FE model of the upper pelvis

was constructed from the Visible Woman Dataset and transformed to be incorporated

into the PCA-derived models of the lower pelvic floor. This procedure did not provide

information on the geometric variation of the upper bony pelvis and was conducted

solely for the specification of boundary constraints when modelling the second stage of

labour. Future image acquisition, for the purpose of constructing models for childbirth

simulations, should cover the entire region of the pelvic floor.

Fetal head

Due to ethical restrictions on CT scanning of pregnant mothers, and the inadequate con-

trast between the bony plates, sutures and brain on MRI images, postnatal CT head

scans of 28 newborn infants of less than 9 days of age were used in this study (Chap-

ter 3). Segmentation of the bony plates was performed automatically with the guidance



8.2. MODELLING THE SECOND STAGE OF LABOUR 176

of the manual identification of sutures and fontanelles. This segmentation was limited

by inconsistent spatial resolution, since the images were retrieved retrospectively from

a hospital database. This introduced difficulty in obtaining a detailed description of the

sutures on images with coarse out-of-plane resolution (large slice thickness). Although

cranial growth was minimal in the sample population, there could be different levels

of recovery from fetal head moulding. Ideally, postnatal data should be collected from

infants less than 1 day of age to best capture the morphology of moulded fetal heads.

FE models were created from the segmentation data using a PCA iterative fitting

procedure that ensured point-to-point correspondence. The fetal head was modelled as

a rigid body where the sutures and fontanelles were not included in the FE models.

For future modelling of fetal head moulding, deformable sutures and fontanelles should

be included in the models. A statistical shape analysis was conducted on the sample

population and it was found the primary shape variation was the size of the fetal head

(Chapter 3 and Appendix D). Again, the shape analysis would benefit from additional

observations.

8.2 Modelling the second stage of labour

8.2.1 Biomechanics framework

The new modelling framework for the second stage of labour (Chapter 4) was created

based on an existing model (Li, 2010). Additional structures that might play roles in

vaginal delivery, including the perineal body, anococcygeal ligament, external sphinc-

ter, and full bony pelvis, were incorporated in the new modelling framework. However,

some pelvic structures were omitted since they could not be identified from the MRI
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datasets due to the limited contrast, resolution, and field of view. The pubic, sacroiliac,

and sacrospinous ligaments that maintain the integrity of the bony pelvis were absent.

Some structures that provide anterior constraint, including the transverse perineal mus-

cles and perineal membrane, were also absent from the model. Due to the restrictions

in computational resource, only part of the obturator internus muscles were included to

provide a cranial boundary constraint for the deformation of the LA muscles. The caudal

aspect of the obturator internus that covers the obturator foramen may come into con-

tact with the LA muscles as the fetal head descends through the birth canal. Absence

of such a structure could lead to underestimations of the force required for delivery.

Anatomically, the cranial aspect of the iliococcygeus is attached along the triangular

sacrospinous ligament that connects the ischial spines to the sacrum. Incorporation of

the sacrospinous ligament into the model would connect the boundary constraints on

the muscles to the pelvis bones and make the deformation of the iliococcygeus more

realistic.

The mechanical constitutive parameters of the LA muscles were estimated from

empirical calculations due to the lack of consistent experimental data for the high strain

range. Although consistent with the uniaxial experimental data of the LA muscles (Jing

et al., 2008) at low strain range, such empirical estimation should be superseded once

more reliable experimental data become available. The obturator internus and exter-

nal sphincter muscles were assumed to have the same mechanical properties as the LA

muscles due to the absence of experimental data. However, histologically, the external

sphincter muscles consist of both skeletal and smooth muscles, which may give rise to

different mechanical behaviour compared to the LA muscles under stretch. The fibre

organisation of the pelvic floor muscles was assumed to follow the direction of muscle

origin-insertion. A quantitative description of the in vivo pelvic floor muscle fibre or-
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ganisation could be incorporated to better approximate the mechanics of the pelvic floor

muscles during vaginal delivery. However, reliable and reproducible experimental data

of this kind are yet to be established. The mechanical properties of other pelvic floor

structures were estimated from experimental data (pelvic joints and perineal body) or

inferred from the mechanical behaviour of constituents (superficial anococcygeal liga-

ment). Again, these should be replaced once their mechanical behaviours during late

pregnancy have been characterised.

Only the vault of the fetal skull was included in the new modelling framework as

the surface of the vault comes into direct contact with the pelvic floor during delivery.

Ideally, a fetal neck should also be incorporated to transmit the expulsive forces exerted

on the fetal body to the fetal head, as discussed in Section 4.2.4. The fetal skull was

modelled as a rigid body in this study. In reality, fetal head moulding may cause the

biparietal diameter to reduce by up to 12.5 mm (Jacob, 2012). Thus, the force required

for delivery and the maximum stretch ratios were likely to be overestimated due to the

lack of adjustment for moulding. The childbirth simulations started with the fetal head

in a well-flexed direct occiput anterior (OA) position. The internal rotation from the

transverse to direct OA positions and the extension of the fetal head were not considered

in this study. The fetal head motion needs to be fully reproduced by the modelling

framework before the model can be of use as an educational tool for clinicians to study

the mechanism of vaginal delivery.

8.2.2 Role of pelvic floor structures

To investigate the roles of the different pelvic floor structures in the mechanics of labour,

each of the perineal body, anococcygeal ligament, external sphincter muscles, and infe-
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rior pubic rami, was individually omitted from the full model of the pelvic floor, one-at-

a-time, and the reduced models were used to simulate vaginal childbirth (Chapter 5). It

was found that each of these structures affected the mechanics of childbirth, although to

a different extent and in different aspects, including the force required for delivery (most

affected by the perineal body and inferior pubic rami), the distribution of the maximum

principal stretch ratio across the LA muscles (most affected by the perineal body, exter-

nal sphincter, and anococcygeal ligament), the maximum principal stretch ratio at the

muscle-pubis insertion (most affected by the perineal body and external sphincter), and

the fetal head motion (most affected by the inferior pubic rami). Using the new mod-

elling framework, the role of the pelvic joints, including the pubic symphysis, sacroiliac

joints, and the sacrococcygeal joint, could also be investigated and potentially provide

insights into the relative importance of these joints in the second stage of labour. A

more robust solution method would be required to solve such problems with both the

fetal head and bony pelvis able to move freely.

8.2.3 Effects of material properties

The mechanical constitutive properties of the pelvic floor structures play an important

role in the mechanics of childbirth. There were several uncertainties about the mechan-

ical properties used in this thesis due to the lack of consistent and reliable experimental

data. In addition, the mechanical responses of the soft tissues in the pelvic floor are

believed to be affected by hormones towards the late stage of pregnancy (Varney et al.,

2004) and the effects could be different between individuals (Stanley and Lewis, 1966;

Borell and Fernström, 1967). Hence, it was considered important to test the sensi-

tivity of the model predictions to the material parameters chosen for the pelvic floor
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structures, including the LA muscles, perineal body, anococcygeal ligament, and pelvic

joints (Chapter 6). A range of values were selected for each parameter in the constitu-

tive relations and subsequently used in the simulations of childbirth. The region with

the largest maximum principal stretch ratios was consistently at the muscle-pubis inser-

tions, where most avulsion injuries have been observed clinically (Dietz et al., 2007).

However, the force required for delivery and the distribution of the maximum principal

stretch ratios across the LA muscles were significantly affected by the material param-

eters of the LA muscles. This finding highlights the importance of obtaining reliable

biaxial experimental data for the LA muscles in the high strain range. The results also

showed that variations in the material properties of other pelvic floor structures within

the normal physiological range of values did not affect the mechanics of labour as much

as the muscles.

8.2.4 Effects of pelvic floor and fetal head shape variations

The effect of the primary shape variations of the pelvic floor and fetal head on the force

required for delivery was investigated using the PCA-derived models (Chapter 7). It was

found that reduction in the area of the levator hiatus, reduction in the subpubic angle,

decrease in the angle of the coccyx relative to the axial plane, and increase in the size

of the fetal head, all elevated the peak reaction force from the pelvic floor. One or more

of these features combined could potentially lead to a difficult labour. This study was

limited by the small sample size of the population, since some features that give rise

to a difficult labour may have been absent from the sample population. The feasibility

of using statistical partial least squares regression (PLSR) models to predict the force

required for delivery, using the fetal head FE geometries as input, was examined. The
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preliminary results showed that, when using the full FE description of the fetal head

as the input, the normalised root-mean-squared errors between the predictions from the

PLSR models and FE simulations were 9 % when using a linear inner relation and 7 %

when using a quadratic inner relation. Considering the difficulty of obtaining full FE

descriptions in the clinical setting, biometric parameters that are routinely measured

antenatally, including the biparietal diameter and fetal head circumference, could also

be used as the input for PLSR models with only a slight reduction in predictability.

When using the biometrical parameters as input, the errors were 11 % when using a

linear inner relation and 14 % when using a quadratic inner relation.
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Chapter 9

Conclusions and Future Work

Aspects of this chapter have been published in Wiley Interdisciplinary Reviews: Systems

Biology and Medicine 2016, 8(6):506–516.

9.1 Conclusions

This thesis has presented a new biomechanical modelling framework that quantitatively

analysed the function of the pelvic floor during the second stage of labour. Indices

of childbirth mechanics, including the force required for delivery and the maximum

principal stretch ratios of the LA muscles, were quantified to indicate the potential risk

of an avulsion injury. In this work,

• anatomically accurate models of the pelvic floor (Chapter 2) and fetal head (Chap-

ter 3) were created from medical images;

• population-based statistical shape analyses of the pelvic floor (Chapter 2) and fetal

head (Chapter 3) were conducted;
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• a new modelling framework of the second stage of labour was constructed based

on the model of Li (2010) (Chapter 4);

• the roles of pelvic floor structures in the mechanics of the second stage of labour

were studied (Chapter 5);

• the influences of the mechanical behaviours of pelvic floor structures on the child-

birth mechanics were examined (Chapter 6);

• the effects of shape variations of the pelvic floor and fetal head on childbirth

mechanics were investigated (Chapter 7);

• the feasibility of using statistical models to predict the maximum force required

for delivery was explored (Chapter 7).

9.2 Future directions

Several issues need to be addressed before childbirth models can be used in the clinical

setting, including the availability of individual specific information, speed of model

creation, efficiency of simulations, and interpretability of the results.

The creation of a customized childbirth model requires medical imaging of the ma-

ternal pelvis and fetal head. Present practice is that only ultrasound imaging is routinely

performed during the antenatal period; however, these images suffer from spatial dis-

tortion and poor signal-to-noise ratio. If there was a population database of individual

specific models, statistical regression analysis could be used to rapidly generate a model

based on the shape functions in the database, together with a relatively few measure-

ments representing the geometry. In the clinical setting, although ultrasound does not
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provide adequate information for construction of anatomically accurate models, it is

useful for providing simple clinically important measurements; for example, the dimen-

sions of the maternal bony pelvis and fetal skull. By interpreting such measurements

using population-based databases of the female pelvic floor and fetal head, the rapid

generation of individual specific childbirth models would be possible.

A large variation in passive muscle stiffness between pregnant individuals was re-

ported by Tian et al. (2015). To account for this variation, individual specific material

properties should be used in childbirth simulations. Measurements using an elastometer

(Kruger et al., 2015) or ultrasound elastography (Chen et al., 2015) can provide quanti-

tative information on the stiffness of the LA muscles. Such data cannot be directly used

to model the large deformation mechanics of the soft tissues. However, the mechanical

behaviours observed using these modalities might indicate how the mechanical prop-

erties of the soft tissues should be scaled when analysing individual-specific childbirth

simulations.

To use a childbirth model as a birth planning tool, the computational framework

should be able to simulate the various types of vaginal delivery, e.g., birth in a supine

or squatting position, or in a water birth. Outcomes of possible complications and in-

terventions during labour, including occiput posterior presentation, episiotomy, and as-

sisted delivery, should also be taken into account. Preliminary studies using childbirth

simulations have shown that delivery in the occiput posterior presentation substantially

increased the stretch experienced by the LA muscles (Parente et al., 2009a); while a

mediolateral episiotomy had a protective effect on the LA muscles, reducing the stress

and total force required for delivery (Oliveira et al., 2016a). However, a better under-

standing of childbirth mechanics is required to realistically simulate these scenarios.

For example, when studying occiput posterior malposition, the motion of the fetal head
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has typically been completely prescribed in simulations. Such practice is subjective,

dependent on the researchers’ clinical experience, and can be time consuming. To real-

istically simulate such complications, the mechanism that obstructs the fetal head from

rotating into the occiput anterior position should be investigated. Addressing this issue

would be a big step towards enabling childbirth models to be readily applied to patients

in the clinical setting.

Researchers have used mechanical indices, such as the principal stresses and stretch

ratios of the LA muscles, as predicted by childbirth simulations, to indicate the risk

of avulsion injury. However, such mechanical indices may be difficult to interpret for

clinicians. To provide clinically useful information, the range of stresses required to

detach the LA muscles from the pubis could be quantified. Then, such data could be

used to translate predictions of muscle stress into an estimate of the risk of avulsion

injury for a particular individual. Clinical validation based on delivery outcomes is also

required in order to provide confidence in the predictions from childbirth simulations.

9.3 Summary

This thesis has demonstrated a new biomechanical modelling framework that quantita-

tively analysed the mechanical response of the pelvic floor during the second stage of

labour. The simulation results may be used as an educational tool for visualising the

pelvic floor anatomy and helping clinicians to recognise features that may contribute to

a difficult labour. Statistical PLSR models that rapidly predict the mechanical indices

could be developed into a predictive tool for childbirth planning in a clinical setting.
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Appendix A

Geometric Modelling of the Female

Lower Pelvic Floor

When modelling the anatomy of the female pelvic floor, point-to-point correspondence

of anatomical features was required for the statistical shape analysis. This appendix

relates to Section 2.2.4 and describes the use of a two-iteration fitting procedure, con-

sisting of a series of mathematical transformations, to generate geometric models of the

lower pelvic floor with point-to-point correspondence.

An initial generic model was manually created based on segmented data of an arbi-

trarily selected subject. This subject had a gynaecoid shaped pelvis, the most common

type of pelvis in the sample population. All 26 customised models of the lower pelvic

floor were based on the topology of this initial model.
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A.1 Dividing the generic model of the lower pelvic floor

into submodels

To obtain reasonable initial estimates for the geometric fitting of the customised mod-

els, parameters of a Procrustes transformation (involving translations, rotations, and

isotropic scaling) were optimised so that the transformed generic model, subsequently

used as the initial geometry for the geometric fitting, best matched the individual seg-

mented data. However, considerable individual variability of the relative position and

orientation of the pelvic floor structures was observed in the sample population. A

global Procrustes transformation of the generic model was not able to capture such lo-

calised variation. To improve the initial estimate, the generic mesh of the lower pelvic

floor was divided into four submodels, each representing a subset of pelvic floor struc-

tures. This division was based on the morphology and connectivity of the structures.

The submodels were less complex than the full combined model, and each transformed

submodel matched the associated segmented data reasonably well. These submodels

were fitted to their associated segmented data using a two-iteration geometric fitting ap-

proach and subsequently combined to form an initial estimate for the final geometric

fitting of the lower pelvic floor for each individual.

A.1.1 Generation of the Submodels

The division of the generic model into the four submodels is illustrated in Figure A.1.

The submodel of the anterior bony pelvis included the pubis and ischium; the submodel

for the posterior bony pelvis included the coccyx, inferior aspect of the sacrum, and

sacrococcygeal joint; the third submodel included the LA, parts of the obturator inter-
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nus that were connected to the LA through its fascial covering to the arcus tendineus,

and the perineal body. Since the orientation of the external sphincter relative to that

of the LA was reported to vary among individuals (Li, 2010), the external sphincter

muscle was separated from the LA complex to form the fourth submodel in order to

more readily capture this variation in orientations. Regularly distributed sets of geomet-

ric data points were created on the surface of each generic submodel and used as the

generic data in the associated Procrustes transformation. The pubic symphysis and the

superficial anococcygeal ligament were not included in any of the submodels. Due to

their simple morphology, initial estimates for these two structures were manually added

when combining the four submodels. The initial estimates of the pubic symphysis were

generated by connecting nodes of the medial pubis; while the initial estimates of the

anococcygeal ligament were created by connecting nodes between the tip of the coccyx

and the posterior aspect of the external sphincter muscle.

In the anatomical literature, the bony pelvis has been historically classified into four

categories, as described in Section 2.1.2. The original generic submodel of the anterior

bony pelvis, based on the gynaecoid type of pelvis, could not capture features of the

other three pelvis types. Hence, to create an updated generic submodel that included

features of all four pelvis types, four subjects from the sample population were selected

based on a collection of anatomical criteria described in Table 2.1, where each of these

four cases represented a different type of pelvis. Four individual-specific finite element

models of the anterior bony pelvis were constructed by geometric fitting based on these

selected pelves (Figure A.2) and these fitted models were averaged to produce a new

generic submodel. The surface data for the new generic submodel were the new generic

data.

The other three generic submodels were generated by dividing the generic model of
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PBP
Complex

ES
ABP

(a) Anterior view

ABP

ES

PBP

Complex

(b) Left lateral view

Figure A.1: Submodels generated by dividing the generic model of the pelvic floor
into four components. Illustrated are the anterior bony pelvis (ABP) submodel,
posterior bony pelvis (PBP) submodel, levator ani, obturator internus, and perineal
body complex (Complex) submodel, and external sphincter (ES) submodel. Illustrated
are pelvic bones (cream), levator ani muscles (beige), obturator internus muscles
(maroon), external sphincter muscles (gold), sacrococcygeal joint (green), and perineal
body (aqua).

the pelvic floor (the arbitrarily selected subject with a gynaecoid type of pelvis). After

the model division, a two-iteration fitting procedure was performed on the four generic

submodels to generate the individual-specific initial estimate for the geometric fitting.

A.1.2 Two-iteration fitting of individualised submodels of the ante-

rior bony pelvis, posterior bony pelvis, and external sphincter

A set of Procrustes transformation parameters that described the rotation, translation,

and orthotropic scaling were computed for each submodel of each subject, so that the

transformed generic surface data best matched the target individual segmented data of

the structures in the submodels. A nearest neighbour algorithm (Nisbet et al., 2009) was

adopted for this optimisation, with the objective function being the sum of the squared



193
A.1. DIVIDING THE GENERIC MODEL OF THE LOWER PELVIC FLOOR INTO

SUBMODELS

(a) Gynaecoid (b) Anthropoid

(c) Android (d) Platypelloid

Figure A.2: Four submodels of the anterior bony pelvis, each representing one of the
four pelvis types in the sample population, were averaged to generate the generic
submodel for the anterior bony pelvis.

differences (SSD) between the two datasets, shown in Equation A.1.

SSD =
n∑
i=1

||x̂i − xi| |2 (A.1)

where xi are the coordinates of the ith data point, x̂i are the coordinates of the nearest

neighbour data point, and n is the number of data points.

The resulting transformation reduced the differences in the overall size and shape be-

tween the generic submodel and the segmented data of the individual subjects. Geomet-

ric fitting was then performed to produce a more accurate parameterisation of the struc-

tures represented in the submodels. These fitted individual-specific submodels were

then averaged to generate updated sets of generic submodels and the process was re-

peated to improve the point-to-point correspondence between the final fitted individual-

specific submodels. Derivatives were removed from the individualised tricubic Her-
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mite submodels to generate the updated generic model because only the coordinates

that specify the nodal positions can be averaged. The derivative information was re-

introduced during the geometric fitting (Nielsen, 1987; Bradley et al., 1997). Ideally,

the Hermite submodels should be converted into a Bezier representation that interpo-

lates the model surface using control points (Prautzsch et al., 2013). The generic sub-

models generated by averaging the individualised Bezier submodels could be converted

into the Hermite representation and used for geometric fitting. Nevertheless, this two-

iteration fitting workflow was used to generate just the initial submodels and the lack

of point-to-point correspondence has been addressed by the subsequent iterative PCA

fitting (see Section 2.3.3). This workflow was adopted for the creation of the submod-

els for the anterior bony pelvis, posterior bony pelvis, and external sphincter (Figure

A.4). When generating the individual-specific submodels for the LA, obturator inter-

nus, and perineal body complex, the procedure was modified in an attempt to achieve

better point-to-point correspondence for these models with complex geometries.

A.1.3 Two-iteration fitting of individualised submodels of the leva-

tor ani, obturator internus, and perineal body complex

The two-iteration fitting process of generating the submodels that represented the LA,

obturator internus, and perineal body was modified (Figure A.5). Due to the complex

morphology and significant individual variations in the shapes of the LA muscles, the

nearest neighbour algorithm that matched the surface data of the generic model and the

associated segmented data did not yield satisfactory initial estimates. Instead, 12 readily

identifiable landmarks (green points in Figure A.3) were defined on the MRI of all 26

subjects. These landmarks were defined at muscle attachment points, extremities, and
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largest curvatures of the muscles. They provided a simplified description of the primary

features of the pelvic floor muscles and were used to calculate the seven parameters of

the Procrustes transformation required to generate the initial estimate of the submodels.

1 2

5 6
3 4

7 8

9 10

(a) Anterior view

8
10

12

11

4
2

(b) Left lateral view

7 8

9 10

3 4
5 6

1 2

12

(c) Caudal view

Figure A.3: An example of the individualised submodel that represented the levator
ani (beige), obturator internus (maroon) and perineal body (aqua). The green points are
the landmarks used for the Procrustes transformation in the two-iteration fitting,
including the posterior-medial attachments of coccygeus to the coccyx (1, 2), the
lateral attachments of the iliococcygeus to the ischial spine (3, 4), the medial
extremities of the iliococcygeus (5, 6), the anterior attachments of the pubococcygeus
to the pubis (7, 8), the lateral extremities of the puborectalis (9, 10), the anorectal
junction (11), and the caudal midpoint of the perineal body (12).

The set of transformation parameters was optimised by matching the positions of the

generic landmarks and their corresponding individual target landmarks for each subject.

The computed set of transformations was applied to the generic submodel to obtain

the initial estimate for the subsequent geometric fitting. The rest of the process for

generating the individual-specific submodels was similar to the workflow described in

Figure A.4. The 26 customised submodels were refined and underwent a final geometric

mesh fitting (Nielsen, 1987; Bradley et al., 1997) to capture the localised geometric

variation.



A.2. FINAL MODEL OF LOWER PELVIC FLOOR ANATOMY 196

A.2 Final model of lower pelvic floor anatomy

Trilinear meshes were extracted from the four customised fitted tricubic Hermite sub-

models and combined to generate a final trilinear model of the lower pelvic floor for

each subject. Prior to the combination, the submodel of the anterior bony pelvis was

refined to more accurately represent the length of the muscle-pubic bone interface. The

discretisation of this submodel was also increased at the position of the ischial spines

to better approximate their prominent morphology. Elements were added between the

medial pubic bones and between the posterior surface of the coccyx tip and the cau-

dal surface of the external sphincter to represent the pubic symphysis and superficial

anococcygeal ligament, respectively. The G1 continuous derivatives were added back

to the model prior the final geometric fitting. The fitted tricubic Hermite models were

subsequently transformed into the Bezier representation and used in the iterative PCA

fitting procedure when conducting statistical shape analysis of the pelvic floor in Chap-

ter 2.
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Figure A.4: The two-iteration fitting procedure for the construction of the
individual-specific submodels of the anterior bony pelvis, posterior bony pelvis, and
external sphincter.
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Figure A.5: The two-iteration fitting procedure for the construction of the
individual-specific submodels of the levator ani, obturator internus and perineal body
complex.



Appendix B

Primary Modes of Shape Variation of

the Pelvic Floor

This section illustrates the shape variation of the pelvic floor obtained from the PCA.

Two standard deviations of the first five shape modes were added or subtracted individ-

ually from the mean model solely for the purpose of demonstrating the shape variations

(Figures B.1 - B.10). All PCA-derived models that were used in the mechanical sim-

ulations of childbirth (Chapter 7) had only one standard deviation added or subtracted

from the mean model.
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Mean
−2σ1a1

Mean
+2σ1a1

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.1: The PCA-derived models of the pelvic floor. Mean−2σ1a1, mean model with two standard deviations of the
first shape mode subtracted; Mean+2σ1a1, mean model with two standard deviations of the first shape mode added.
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Mean
−2σ1a1

Mean
+2σ1a1

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.2: The PCA-derived models of the pelvic floor. Mean−2σ1a1, mean model with two standard deviations of the
first shape mode subtracted; Mean+2σ1a1, mean model with two standard deviations of the first shape mode added. The
mean model is outlined in black.
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Mean
−2σ2a2

Mean
+2σ2a2

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.3: The PCA-derived models of the pelvic floor. Mean−2σ2a2, mean model with two standard deviations of the
second shape mode subtracted; Mean+2σ2a2, mean model with two standard deviations of the second shape mode added.
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Mean
−2σ2a2

Mean
+2σ2a2

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.4: The PCA-derived models of the pelvic floor. Mean−2σ2a2, mean model with two standard deviations of the
second shape mode subtracted; Mean+2σ2a2, mean model with two standard deviations of the second shape mode added.
The mean model is outlined in black.
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Mean
−2σ3a3

Mean
+2σ3a3

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.5: The PCA-derived models of the pelvic floor. Mean−2σ3a3, mean model with two standard deviations of the
third shape mode subtracted; Mean+2σ3a3, mean model with two standard deviations of the third shape mode added.
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Mean
−2σ3a3

Mean
+2σ3a3

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.6: The PCA-derived models of the pelvic floor. Mean−2σ3a3, mean model with two standard deviations of the
third shape mode subtracted; Mean+2σ3a3, mean model with two standard deviations of the third shape mode added. The
mean model is outlined in black.
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Mean
−2σ4a4

Mean
+2σ4a4

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.7: The PCA-derived models of the pelvic floor. Mean−2σ4a4, mean model with two standard deviations of the
fourth shape mode subtracted; Mean+2σ4a4, mean model with two standard deviations of the fourth shape mode added.
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Mean
−2σ4a4

Mean
+2σ4a4

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.8: The PCA-derived models of the pelvic floor. Mean−2σ4a4, mean model with two standard deviations of the
fourth shape mode subtracted; Mean+2σ4a4, mean model with two standard deviations of the fourth shape mode added.
The mean model is outlined in black.
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Mean
−2σ5a5

Mean
+2σ5a5

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.9: The PCA-derived models of the pelvic floor. Mean−2σ5a5, mean model with two standard deviations of the
fifth shape mode subtracted; Mean+2σ5a5, mean model with two standard deviations of the fifth shape mode added.
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Mean
−2σ5a5

Mean
+2σ5a5

(a) Anterior view (b) Left lateral view (c) Caudal view

Figure B.10: The PCA-derived models of the pelvic floor. Mean−2σ5a5, mean model with two standard deviations of the
fifth shape mode subtracted; Mean+2σ5a5, mean model with two standard deviations of the fifth shape mode added. The
mean model is outlined in black.
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Appendix C

Geometric Modelling of the Fetal Skull

The geometric models of the fetal skull were constructed based on CT scans of 28 new-

born infant heads. This appendix relates to Chapter 3 and describes the semi-automatic

segmentation of the bony plates, sutures, and fontanelles, the alignment of these data

into a consistent orientation, and the two-iteration fitting procedure used for construct-

ing the geometric models of the fetal head.

C.1 Segmentation

Twenty-eight CT datasets that represented normal geometries of fetal skulls at term

were analysed. A semi-automatic image segmentation procedure using a Laplacian

edge detection algorithm (Najarian and Splinter, 2012) was implemented to identify

the skull bones from the CT images. The CT images provided adequate contrast for this

automatic segmentation of the bony plates. The sutures and fontanelles needed to be

manually identified, because they were represented by similar signal intensities to the

other soft tissue structures (e.g. brain). The segmentation procedure is illustrated in five
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steps in Figure C.1.

C.1.1 Image pre-processing

Signals given by irrelevant objects, including the CT positioning pads and clothing,

were removed by cropping the images. A Gaussian low-pass filter (σ = 2.5, filter

size = 5) was then used to reduce the high frequency noise (Petrou and Petrou, 2010).

A histogram was plotted for each smoothed image and the pixels representing the head

were recognised as the largest cluster on the histograms. All other clusters with lower

signal intensities (< 25) were removed, leaving only the foreground (Figure C.1b). This

approach was based on the assumption that the noise in the background was represented

by the pixels with lower signal intensities and is only valid for the collection of the CT

datasets in this study.

C.1.2 Automatic segmentation of the bony plates

The pre-processed images were converted to be binary to separate the foreground pixels

from the background. The outline of the foreground (green outline in Figure C.1c)

was extracted from each binary image by a Sobel edge detection algorithm (Petrou and

Petrou, 2010). The centre of the skull on each image (orange cross in Step 3) was

determined by averaging the locations of these foreground pixels. The gaps between

the bony plates, representing the sutures and fontanelles, were manually segmented (red

dots in Step 3). Lines of pixels connecting the centre of the skull and each pixel in the

outline of the foreground (yellow line in Step 3) was obtained using a Brensenham’s

Line algorithm (Pitteway and Watkinson, 1980). Inner (yellow cross in Step 4) and

outer (green cross in Step 4) boundaries of the bony plates were represented by the
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largest changes in signal intensity on the original CT images and therefore could be

identified as the ’zero-crossings’ on the left and right sides of the negative minimum on

the Laplacian-filtered images.

Interpolation of sutures

The sutures and fontanelles were identified as gaps between the bony plates (Figure

C.1c) and were approximated by an interpolated arc to approximate the spherical shape

of the newborn head. The diameter of the arc was the average distance between the

centre of the skull and the two points that defined the edges of the suture.

C.2 Data alignment

The 28 sets of segmented data needed to be aligned to the generic data (the laser scanned

data of the glass replica - see the first paragraph in Section 3.2.3) to eliminate differences

in orientation. The CT images were collected for diagnostic purposes and were signif-

icantly different in orientations and resolutions. The nearest neighbour and nonlinear

optimisation algorithms did not yield satisfactory results for some datasets. To address

this issue, an extra initial alignment step to remove the significant differences in orien-

tation was required.

Eight readily identifiable landmarks on the skull (blue dots in Figure C.2), includ-

ing anterior and posterior fontanelles, left and right sphenoidal and mastoid fontanelles,

front of the sagittal suture and foramen magnum, were manually identified on the generic

data and the 28 sets of CT images. A new coordinate system based on the landmarks

was generated for each subject and the generic model (model of the glass replica, see

the first paragraph in Section 3.2.3) in the following steps.
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Step Illustration Description

a • Axial CT image

b

Noise filter

• Apply Gaussian smoothing to image
(σ = 2.5, filter size = 5)

• Remove pixels that represented noise
(green, signal intensities < 25) and
keep the foreground (red)

c

Ray casting

• Manually segment edges of bony
plates (red points)

• Outline the foreground (green)

• Identify the centre of foreground (or-
ange cross)

• Cast a trace (yellow line) from the
centre to each point on the green out-
line and collect the signal intensities
along the trace for step 4

• Step 5 window in cyan

d

Edge detection of bony plates

• Apply Laplacian filter to the trace of
pixels (yellow line) in step 3

• identify the two zeros-crossings on
the left and right sides of the negative
minimum

• Segment bony plates

– Outer surface (yellow star)
– Inner surface (green star)

e

Segmentation results
• Outer bone surface (yellow points)
• Inner bone surface (green points)
• Sutures (red points)

Figure C.1: Overview of the semi-automatic segmentation of a newborn skull CT
image
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1. The y-axis in the anterior-posterior direction was established by connecting the

anterior fontanelle to the foramen magnum.

2. An angled axial plane was generated by combining the y-axis and a line joining

the left and right sphenoidal fontanelles.

3. The z-axis was defined to be orthogonal to the angled axial plane.

4. The x-axis was set to be orthogonal to both the y- and z-axes.

5. The origin of the coordinate system was defined as the average position of all data

points.

z

y

(a) Left lateral view

Anterior

Posterior

x

y

(b) Cranial view

Figure C.2: The landmarks (blue), outer boundary data of the bony plate (yellow) and
sutures (red) superimposed on a model of the fetal skull in the newly defined
coordinate system.

The 28 sets of segmented data and the generic data were transformed into the new

coordinate system to achieve approximately the same orientation. The transformed seg-

mented data was aligned to the transformed generic data again using the nearest neigh-

bour algorithm to remove the subjectivity and human error introduced when identifying

landmarks. These aligned segmented data were subsequently used for constructing the

individual-specific models of the fetal skull.
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C.3 Two-iteration fitting

A two-iteration fitting procedure was adopted to construct the 28 individual-specific

models of the fetal skull (Nielsen, 1987; Bradley et al., 1997). This procedure is sim-

ilar to the one described for generating each submodel of the pelvic floor structures in

Section A.1.2 of Appendix A. These fitted tricubic Hermite models were subsequently

transformed into the Bezier representation and used in the iterative PCA fitting proce-

dure when conducting statistical shape analysis of the fetal head in Chapter 3.



Appendix D

Primary Modes of Shape Variation of

the Fetal Skull

This section illustrates the shape variation of the fetal skull obtained from the PCA. Two

standard deviations of the first three shape modes were added or subtracted individually

from the mean model solely for the purpose of demonstrating the shape variations (Fig-

ures D.1 - D.3). All PCA-derived models that were used in the mechanical simulations

of childbirth (Chapter 7) had only one standard deviation added or subtracted from the

mean model.
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Mean
−2σ1a1

Mean
+2σ1a1

(a) Left lateral view (b) Cranial view (c) Posterior view

Figure D.1: The PCA-derived models of the fetal head. Mean−2σ1a1, mean model with two standard deviations of the
first shape mode subtracted; Mean+2σ1a1, mean model with two standard deviations of the first shape mode added.
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Mean
−2σ2a2

Mean
+2σ2a2

(a) Left lateral view (b) Cranial view (c) Posterior view

Figure D.2: The PCA-derived models of the fetal head. Mean−2σ2a2, mean model with two standard deviations of the
second shape mode subtracted; Mean−2σ2a2, mean model with two standard deviations of the second shape mode added.



220

Mean
−2σ3a3

Mean
+2σ3a3

(a) Left lateral view (b) Cranial view (c) Posterior view

Figure D.3: The PCA-derived models of the fetal head. Mean−2σ3a3, mean model with two standard deviations of the
third shape mode subtracted; Mean−2σ3a3, mean model with two standard deviations of the third shape mode added.



Appendix E

Estimation of Mechanical Constitutive

Parameters

The mechanical constitutive parameters of the strain energy functions for the pelvic

floor muscles, perineal body, and anococcygeal ligament, described in Chapter 4, Sec-

tion 4.3.2, were either computed empirically or fitted based on experimental data. This

appendix describes the process of estimating material parameters for the constitutive

models of the pelvic floor muscles and anococcygeal ligament.

When considering a specimen undergoing uniaxial extension, shearing is assumed to

be zero and the degree of stretch in the loading direction is λl. The deformation gradient

tensor F, denoting the relationship between the reference coordinates (X,Y,Z) and the

deformed coordinates (x,y, z), can be expressed as:

F =
∂x

∂X
=


λl 0 0

0 λc 0

0 0 λc

 (E.1)
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Under the assumption of material incompressibility, the stretch ratio in the two

cross-loading directions can be calculated as:

J = det(F) = 1

λlλcλc = 1

λc =

√
1

λl

(E.2)

The right Cauchy-Green deformation tensor is:

C = FTF =


λ2l 0 0

0 1
λl

0

0 0 1
λl

 (E.3)

The first principal invariant of of C is:

I1 = C11 + C22 + C33

= λ2l +
2

λl

(E.4)

E.1 Mechanical constitutive parameters for muscles

The pelvic floor muscles were modelled by a hyperelastic, incompressible, and trans-

versely isotropic Humphrey and Yin (1987) constitutive relation that has been used to

represent the mechanical response of the pelvic floor muscles in many studies (Li et al.,

2011a; Jing et al., 2012; Berardi et al., 2014).
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E.1.1 Isotropic ground matrix

When considering the strain energy function of the isotropic ground matrix in the Humphrey

and Yin constitutive relation (Humphrey and Yin, 1987),

Ψiso = a
[
eb(I1−3) − 1

]
(E.5)

For an incompressible material, volume is conserved during deformation (J = 1).

Then the components of Cauchy stresses can be derived as:

σisoll = 2λ2l ab e
b(λ2l+

2
λl

−3) − p

σisocc =
2

λl
ab e

b(λ2l+
2
λl

−3) − p
(E.6)

At equilibrium, the stresses in the direction orthogonal to the loading direction are

zero. The hydrostatic pressure p can be solved by setting σisocc = 0:

p =
2

λl
ab e

b(λ2l+
2
λl

−3) (E.7)

Hence the Cauchy stress for the ground matrix in the loading direction is:

σisoll = (λ2l −
2

λl
)ab e

b(λ2l+
2
λl

−3) (E.8)

E.1.2 Fibre component

When considering the strain energy function of the fibres in the Humphrey and Yin

constitutive equation,

Ψf = c
[
ed(λl−1)2 − 1

]
(E.9)
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The Cauchy stress in the fibre direction under a uniaxial extension loading condition

(along the fibre direction) can be derived as:

σf = 2(λ2l − λl)cd ed(λl−1)2 (E.10)

E.1.3 Mechanical constitutive parameters calculation

The Cauchy stress in the fibre and cross-fibre directions for the Humphrey and Yin

constitutive model, when the specimen is undergoing uniaxial extension along the fibre

axis, can be computed as:

σll =σisoll + σf

=(λ2l −
2

λl
)(1− α)ab e

b(λ2l+
2
λl

−3)
+

2(λ2l − λl)αcd ed(λl−1)2

σcc =0

(E.11)

The mechanical constitutive parameters for the ground matrix and fibres were cal-

culated separately, each individually satisfying the condition (see Section 4.3.2),

σll
∣∣
λl=4.3

= 1 MPa (E.12)

When considering only the ground matrix (isotropic case, α = 0), given the degree

of nonlinearity for the ground matrix b, a can be analytically calculated as:

a =
σll

(λ2l − 2
λl

)b e
b(λ2l+

2
λl

−3) (E.13)

Similarly, when considering only the fibres (hypothetical case, α = 1), given the
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degree of nonlinearity for the fibre d, c can be analytically calculated as:

c =
σll

2(λ2l − λl)d ed(λl−1)2
(E.14)

Using equations E.13 and E.14, with the nonlinearity terms of b = 0.05 for the

ground matrix and d = 0.05 for fibres, and satisfying the condition in Equation E.12,

a and c were estimated to be 246.7 kPa and 408.8 kPa, respectively. These mechanical

constitutive parameters, along with a relative fibre contribution to the elastic response

defined by α = 0.4, were used in the mesh convergence analysis in Section 4.3.3, and

in the case study of childbirth simulation in Section 4.4 in Chapter 4.

E.2 Mechanical constitutive parameters for anococcygeal

ligament

The mechanical constitutive parameters for the embedded elastic fibres in the anococ-

cygeal ligament was estimated based on the uniaxial extension experimental data of

purified elastin obtained from porcine aorta (Gundiah et al., 2007). Considering the a

strain energy function for the elastic fibres that is linear and has zero strain energy at

zero strain,

Ψf = cf (λ
2 − λ) (E.15)

When the elastic fibres were loaded in the fibre direction in the uniaxial experiment,

where F and C defined in Equation E.1 and E.2, respectively, and λ = λl in Equation

E.15, the Cauchy stress in the fibre direction, can be derived as:
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σf =2F
∂Ψf

∂C
F

=2λlcf (1−
1

λl
)λl

=2cf (λ
2
l − λl)

(E.16)

There were large variations in the elastic responses among specimens of the puri-

fied elastin (Figure E.1). Hence, to compute an average stiffness of the elastin, cf was

estimated for each set of stress-stretch data and the mean of these stiffness values was

calculated to be cf = 454 kPa. The most and least compliant specimens had estimated

stiffness parameters of cf = 158 kPa and 1095 kPa, respectively. The material param-

eter optimisation was performed using a nonlinear least squares algorithm lsqcurvefit

in Matlab. The mean stiffness cf = 454 kPa, along with a medium volume fraction of

elastin v = 0.4 and the stiffness for the adipose tissue ground matrix c10 = 3 kPa, were

used in the sensitivity analysis in Section 4.3.3, and for the case study of childbirth

simulation in Section 4.4 in Chapter 4.



227
E.2. MECHANICAL CONSTITUTIVE PARAMETERS FOR ANOCOCCYGEAL

LIGAMENT

1 1.2 1.4 1.6 1.8

Stretch ratio

0

100

200

300

400

500

600

700

C
a

u
c
h

y
 s

tr
e

s
s
 (

k
P

a
)

Mean

Most stiff

Most compliant

Figure E.1: Cauchy stress versus stretch ratio for elastin. The stress-stretch curves for
the mean stiffness (black solid line), the stiffest specimen (green dotted line), and the
most compliant specimen (red dashed line) are overlaid with the uniaxial extension
data (blue circles) from Gundiah et al. (2007).
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Appendix F

Mesh Convergence Analysis

To ensure that all simulations conducted in Chapters 5, 6, and 7 had numerically and

computationally converged solutions, a convergence analysis was conducted and the

results were presented in Section 4.3.3. In this appendix, the process of systematically

selecting the PCA-derived models (amongst the models used in the simulations in this

thesis) of the pelvic floor and fetal skull that gave rise to the largest force required

for delivery and the convergence analysis using these selected models, are described in

detail.

F.1 Selecting geometric models of the pelvic floor and

fetal head

When selecting the model of the fetal head, it was clear that a positive standard deviation

of the first shape mode was associated with an increase in the size of the fetal head. A

previous study showed a positive association between the size of the fetal head and the

force required for delivery (Yan et al., 2015). Hence, the mean model of the fetal head

229
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combined with one positive standard deviation of the first shape mode (x̄+σ1a1, where

x̄ is the mean model of the fetal head; a1 is the first shape mode; and σ1 is one standard

deviation of the first shape mode) was used.

When selecting the model of the pelvic floor, the PCA-derived models were obtained

by adding or subtracting one standard deviation of each shape mode (first to fifth) from

the mean model. It was shown that a negative standard deviation of the first shape

mode (x̄ − σ1a1, where x̄ is the mean model of the pelvic floor; a1 is the first shape

mode; and σ1 is one standard deviation of the first shape mode) was associated with the

largest force required for delivery (highlighted in blue in Table F.1). Hence, this linear

combination was chosen to construct the model of the pelvic floor for the convergence

analysis.

Table F.1: Estimated maximum forces required for delivery using the PCA-derived
models of the pelvic floor and the selected fetal head. The shape mode that increased
the force the by the largest amount is highlighted in blue. x̄, the mean model of the
pelvic floor; ai, the ith shape mode; σi, one standard deviation of the ith shape mode

Model x̄
x̄

+σ1a1

x̄
+σ2a2

x̄
+σ3a3

x̄
+σ4a4

x̄
+σ5a5

Force
(N)

36.3 31.9 36.7 35.2 38.1 33.2

Model
x̄
−σ1a1

x̄
−σ2a2

x̄
−σ3a3

x̄
−σ4a4

x̄
−σ5a5

Force
(N)

40.6 35.6 37.4 34.7 38.5

F.2 Mesh refinement

Starting from the coarsest mesh with 18576 degrees of freedom (see Figure 4.5a), re-

finements were performed for each element coordinate until the problem became too
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computationally expensive to solve. The same sets of constitutive relations and bound-

ary conditions (see Section 4.3) were applied to all the simulations. Convergence anal-

yses were conducted for each finite element coordinate locally and on three metrics,

including the maximum force required for delivery and the maximum principal stretch

ratios at the left and right muscle-pubis interfaces. These three metrics were computed

using the simulation results and normalised with respect to the corresponding metrics

solved using the most refined mesh for the refinement in each element coordinate. The

force-converged and strain-converged meshes were selected independently, since the

forces and strains require different mesh resolutions to converge.

F.2.1 Refinement through the muscle thickness

The coarsest mesh was refined once (Figure F.1) through muscle thickness and further

refinement was not realistic due to the long computational time. It was illustrated that

refinement through the muscle thickness had minimal effect on the three metrics (less

than 0.3 % of change between the coarsest and refined, Table F.2). Hence, the coarsest

mesh was kept as the initial mesh for the convergence analysis in the circumferential

direction of the muscles (Figure F.2).
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Cranial
View

Left
Lateral
View

(a) Coarsest model (b) Refined once through muscle thickness

Figure F.1: The coarsest model of the pelvic floor (a) and the model refined once
through the muscle thickness (b) in cranial and left lateral views. The refined elements
are highlighted in green.

Table F.2: The simulation results (Results), difference (∆) and normalised percentage
difference (∆%) relative to the most refined ξ3R1 mesh, in maximum forces required
for delivery (Force), maximum principal stretch ratios at the left (λleft) and right
(λright) muscle-pubis interfaces, with respect to mesh refinement through the muscle
thickness. ξ3R1 indicates the mesh refined once through the muscle thickness.

Mesh Coarsest
ξ3R1

(Most refined in ξ3)
Results ∆ ∆% Results

Force 40.6 N 0.1 N 0.25 40.5 N
λleft 4.35 0.01 0.23 4.34
λright 4.37 0.00 0.00 4.37
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Figure F.2: Maximum force required for delivery (Force, blue diamonds), maximum
principal stretch ratios at left (λleft, red triangles) and right (λright, green dots)
muscle-pubis interfaces, normalised with respect to the most refined ξ3R1 mesh
(refined once through the muscle thickness). Normalised metrics of the numerically
converged mesh are circled in black.

F.2.2 Refinement in the circumferential direction of the pelvic floor

The initial mesh (coarsest) was refined locally three times (Figure F.3) in the circum-

ferential direction of the pelvic floor at the muscle-pubis interface where the maximum

principal stretch ratios were observed (red element in Figure 4.5a). The maximum prin-

cipal stretch ratios computed at the first refinement (ξ1R1) were within 1.5 % difference

from those computed for the ξ1R3 (most refined) mesh (Table F.3). Therefore, this re-

finement was retained to be used in the convergence analysis of the stretch ratios in the

cranial-caudal direction (Figure F.4). The maximum force required for delivery was not

significantly affected by these refinements (Table F.3).
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(a) Coarsest model (b) Refined once in the
circumferential direction (ξ1R1)

(c) Refined twice in the
circumferential direction (ξ1R2)

(d) Refined three times in the
circumferential direction (ξ1R3)

Figure F.3: The coarsest model of the pelvic floor (a) and the models refined once (b), twice (c), and three times (d) in the circumferential
direction of the pelvic floor in caudal (top row) and left lateral (bottom row) views. The refined elements are highlighted in green.
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Table F.3: The simulation results (Results), difference (∆) and normalised percentage
difference (∆%) relative to the most refined ξ1R3 mesh, in maximum forces required
for delivery (Force), maximum principal stretch ratios at the left (λleft) and right
(λright) muscle-pubis interfaces, with respect to mesh refinement in the circumferential
direction of the pelvic floor. ξ1R1, ξ1R2, and ξ1R3 indicate the meshes refined once,
twice, and three times locally in the circumferential direction, respectively.

Mesh Coarsest ξ1R1 ξ1R2
ξ1R3

(Most refined in ξ1)
Results ∆ ∆% Results ∆ ∆% Results ∆ ∆% Results

Force 40.6 N -0.1 N -0.25 40.6 N -0.1 N -0.25 40.6 N -0.1 N -0.25 40.7 N
λleft 5.46 -0.20 -3.53 5.59 -0.06 -1.06 5.65 -0.01 0.18 5.66
λright 5.50 -0.19 -3.33 5.61 -0.08 -1.41 5.67 -0.02 -0.35 5.69
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Figure F.4: Maximum force required for delivery (Force, blue diamonds), maximum
principal stretch ratios at left (λleft, red triangles) and right (λright, green dots)
muscle-pubis interfaces normalised with respect to the most refined ξ1R3 mesh. ξ1R1,
ξ1R2, and ξ1R3 indicate the meshes refined once, twice, and three times locally in the
circumferential direction, respectively. Normalised metrics of the numerically
strain-converged mesh are circled in black.
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F.2.3 Refinement in the cranial-caudal direction of the pelvic floor

The mesh refined locally in the circumferential direction once (ξ1R1, illustrated in Fig-

ures F.3b and F.5a) was refined locally three times (Figure F.5) in the cranial-caudal

direction along the muscle-pubis interfaces. The difference in the maximum principal

stretch ratios computed at the second refinement (ξ1R1ξ2R2) were within 4 % (Table

F.4) from those computed for the most refined mesh (ξ1R1ξ2R3). Thus, the mesh at the

second refinement (refined locally once in the circumferential direction and twice in the

cranial-caudal direction, ξ1R1ξ2R2) was considered converged for the stretch ratios (Fig-

ure F.6). The change in the maximum forces required for delivery between the coarsest

mesh and ξ1R1ξ2R2 mesh was only 4 % (Tables F.3 and F.4), therefore, the coarsest mesh

was chosen as the force-converged model. The strain-converged model was used in the

simulations conducted for the case study in Chapter 4 and all simulations in Chapters 5

and 6, while the force-converged model was used for simulations in Chapter 7.
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(a) Refined once in the
circumferential direction (ξ1R1)

(b) Refined once in the
circumferential direction and once in
the cranial-caudal direction
(ξ1R1ξ2R1)

(c) Refined once in the
circumferential direction and twice in
the cranial-caudal direction
(ξ1R1ξ2R2)

(d) Refined once in the circumferential
direction and three times in the
cranial-caudal direction (ξ1R1ξ2R3)

Figure F.5: The model of the pelvic floor refined in the circumferential direction once (a, same as the model in Figure F.3b) and refined in the
circumferential direction once and cranial-caudal direction once (b), twice (c), and three times (d) in anterior (top row) and left lateral (bottom
row) views. The refined elements are highlighted in green.
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Table F.4: The simulation results (Results), difference (∆) and normalised percentage
difference (∆%) relative to the most refined ξ1R1ξ2R3 mesh, in maximum forces
required for delivery (Force), maximum principal stretch ratios at the left (λleft) and
right (λright) muscle-pubis interfaces, with respect to mesh refinement in the
cranial-caudal direction. ξ1R1, ξ1R1ξ2R1, ξ1R1ξ2R2, and ξ1R1ξ2R3 indicate the meshes
refined once in the circumferential direction (no refinement in the cranial-caudal
direction), refined once in the circumferential direction and once, twice, and three
times locally in the cranial-caudal direction, respectively.

Mesh ξ1R1 ξ1R1ξ2R1 ξ1R1ξ2R2
ξ1R1ξ2R3

(Most refined in ξ2)
Results ∆ ∆% Results ∆ ∆% Results ∆ ∆% Results

Force 40.6 N 1.5 N 3.84 39.9 N 0.8 N 2.05 39.6 N 0.5 N 1.28 39.1 N
λleft 4.92 -1.73 -26.0 5.72 -0.93 -14.0 6.47 -0.18 -2.71 6.65
λright 4.94 -1.86 -27.4 5.79 -1.01 -14.9 6.57 -0.23 -3.38 6.80
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Figure F.6: Maximum force required for delivery (Force, blue diamonds), maximum
principal stretch ratios at left (λleft, red triangles) and right (λright, green dots)
muscle-pubis interfaces, with respect to the most refined ξ1R1ξ2R3 mesh. ξ1R1,
ξ1R1ξ2R1, ξ1R1ξ2R2, and ξ1R1ξ2R3 indicate the meshes refined once in the
circumferential direction (no refinement in the cranial-caudal direction), refined once
in the circumferential direction and once, twice, and three times locally in the
cranial-caudal direction, respectively. Normalised metrics of the numerically
strain-converged mesh are circled in black.
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nite element model to accurately predict real deformations of the breast. Medical

Engineering & Physics, 30(9):1089–1097. [Cited on page 86.]

DeLancey, J. O. L. (2002). Anterior pelvic floor in female. In Pemberton, J. H., Swash,

M., and Henry, M. M., editors, The Pelvic Floor: its Function and Disorders, pages

13–27. WB Saunders, London. [Cited on page 1.]

DeLancey, J. O. L. (2005). The hidden epidemic of pelvic floor dysfunction: achievable

goals for improved prevention and treatment. American Journal of Obstetrics and

Gynecology, 192(5):1488–1495. [Cited on pages 2 and 173.]

DeLancey, J. O. L., Kearney, R., Chou, Q., Speights, S., and Binno, S. (2003). The

appearance of levator ani muscle abnormalities in magnetic resonance images after

vaginal delivery. Obstetrics & Gynecology, 101(1):46–53. [Cited on pages 1, 11, 13,

and 173.]

DeLancey, J. O. L., Morgan, D. M., Fenner, D. E., Kearney, R., Guire, K., Miller,

J. M., Hussain, H., Umek, W., Hsu, Y., and Ashton-Miller, J. A. (2007). Comparison

of levator ani muscle defects and function in women with and without pelvic organ

prolapse. Obstetrics & Gynecology, 109(2, Part 1):295–302. [Cited on page 65.]

Desantis, K. K., Hulbert, G. M., and Schneider, L. W. (2002). Estimating infant head

injury criteria and impact response using crash reconstruction and finite element mod-

eling. Stapp Car Crash Journal, 46:165–194. [Cited on pages 52 and 58.]

Dietz, H. P. (2004a). Ultrasound imaging of the pelvic floor. part i: two-dimensional

aspects. Ultrasound in Obstetrics & Gynecology, 23(1):80–92. [Cited on page 12.]

Dietz, H. P. (2004b). Ultrasound imaging of the pelvic floor. part ii: three-dimensional

or volume imaging. Ultrasound in Obstetrics and Gynecology, 23(6):615–625. [Cited

on page 12.]



LIST OF REFERENCES 244

Dietz, H. P. (2006). Pelvic floor ultrasound. Current Medical Imaging Reviews,

2(2):271–290. [Cited on page 11.]

Dietz, H. P., Gillespie, A. V. L., and Phadke, P. (2007). Avulsion of the pubovis-

ceral muscle associated with large vaginal tear after normal vaginal delivery at term.

Australian and New Zealand Journal of Obstetrics and Gynaecology, 47(4):341–344.

[Cited on pages 1, 64, 72, 77, 96, 107, 131, 170, and 180.]

Dietz, H. P. and Lanzarone, V. (2005). Levator trauma after vaginal delivery. Obstetrics

& Gynecology, 106(4):707–712. [Cited on page 1.]

Dietz, H. P., Shek, C., and Clarke, B. (2005). Biometry of the pubovisceral muscle and

levator hiatus by three-dimensional pelvic floor ultrasound. Ultrasound in Obstetrics

& Gynecology, 25(6):580–585. [Cited on page 42.]

Dietz, H. P. and Simpson, J. M. (2008). Levator trauma is associated with pelvic organ

prolapse. BJOG: An International Journal of Obstetrics & Gynaecology, 115(8):979–

984. [Cited on pages 2 and 65.]

Dinno, A. (2009). Exploring the sensitivity of horn’s parallel analysis to the distribu-

tional form of random data. Multivariate Behavioral Research, 44(3):362–388. [Cited

on page 37.]

Drake, R., Vogl, A., and Mitchell, A. (2014). Pelvis and perineum. In Gray’s Anatomy

for Students, Gray’s Anatomy. Churchill Livingstone Elsevier, Philadelphia, PA.

[Cited on pages xiv and 22.]

Egorov, V., Tsyuryupa, S., Kanilo, S., Kogit, M., and Sarvazyan, A. (2008). Soft tissue

elastometer. Medical Engineering & Physics, 30(2):206–212. [Cited on page 86.]

Farquhar, C. and Roberts, H. (2010). The anatomy and physiology of labour. In In-

troduction to Obstetrics and Gynaecology. University of Auckland - Department of

Obstetrics & Gynaecology, Auckland. [Cited on pages xvi and 54.]



245 LIST OF REFERENCES

Fischer, M., Padmanabhan, P., and Rosenblum, N. (2008). Anatomy of pelvic sup-

port. In Goldman, H. and Vasavada, S., editors, Female Urology: A Practical Clin-

ical Guide, Current Clinical Urology. Humana Press, Totowa, New Jersey. [Cited on

page 18.]

Franklin, S. B., Gibson, D. J., Robertson, P. A., Pohlmann, J. T., and Fralish, J. S.

(1995). Parallel analysis: a method for determining significant principal components.

Journal of Vegetation Science, 6(1):99–106. [Cited on page 37.]

Fraser, D. and Cooper, A. (2009). Myles Textbook for Midwives. Churchill Livingstone

Elsevier, London. [Cited on pages 25, 52, 53, 55, and 153.]

Fritsch, H. (2006). Anatomy and physiology of the pelvic floor. In Carrière, B. and Bø,

K., editors, The Pelvic Floor. Thieme, Stuttgart. [Cited on pages 21, 22, and 23.]

Fritsch, H. (2009). Clinical anatomy of the female pelvis. In Hamm, B., Forstner, R.,

et al., editors, MRI and CT of the Female Pelvis. Springer, Berlin. [Cited on pages 23

and 26.]

Fritsch, H., Lienemann, A., Brenner, E., and Ludwikowski, B. (2004). Clinical

Anatomy of the Pelvic Floor, volume 175. Springer-Verlag Berlin Heidelberg. [Cited

on pages 11 and 23.]
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