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ABSTRACT 
 

 

Vaginal birth is the single largest modifiable risk factor for female pelvic floor 

disorders; common conditions that include pelvic organ prolapse and excretory 

incontinence. Magnetic resonance imaging (MRI) has demonstrated defects in the levator 

ani muscle near its pubic origin immediately after vaginal birth that correlate with a 

three- to four-fold increase in prolapse later in life. A current knowledge gap concerns the 

normal anatomy and histology of this attachment region, why the injury apparently 

occurs at the pubic origin and not elsewhere in the muscle, and accurate measures of 

second stage labor events.  

A series of cadaveric and MRI-based examinations were conducted. An 

anatomical study of the origin of the pubovisceral portion of the levator ani muscle (PVM) 

revealed a systematic change in morphology as one moves from the medial to the lateral 

region (Ch. 2.1):  the medial origin formed a direct oblique attachment with the pubic 

bone, while the lateral origin arose from the catenary-like levator arch. The fiber 

directions of the different levator ani muscle subdivisions where quantified by tracing 

fiber directions on 3T MRIs (Ch. 2.2). The projected angle of the PVM fibers was found 

to differ by an average of 58° from that of the puborectal muscle (PRM) in the mid-

sagittal plane. We conclude that the PVM fiber direction exerts a predominantly “lifting” 

force acting cranially, while the PRM provides “squeezing” force acting more ventrally. 
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Another histological study revealed that the PVM originates medially from the pubic 

bone via a fibrous entheses whose collagen fibers arise tangentially from the periosteum 

of the pubic bone (Ch. 2.3). 

The above findings were used to build finite element (FE) models of the pelvic 

floor to better understand the injury mechanism during vaginal birth. A 2-D FE planar 

model of a thin ribbon of anisotropic hyperelastic tissue representing the PVM showed a 

significant strain energy concentration at the inferior margin of the scarf enthesis (Ch. 

3.1). This suggests why injury of the levator ani muscle can initiate at that location. A 3-

D FE model of vaginal birth corroborated these findings and demonstrated why not only 

the PVM origin (or PVM enthesis) but also the levator arch were at higher risk of injury 

than the midsection of the muscle (Ch. 3.2).   

 Finally, a novel measurement system based on computer vision technique was 

developed for measuring perineal surface deformation in vivo during late second stage of 

labor (Ch. 4). The results from two women showed that the deformation during the final 

push was up to twice that of earlier pushes in the second stage.  

We conclude that during vaginal birth, not only excessive stretch particularly at 

the end of the second stage but also characteristic anatomical pattern of the PVM origin 

at the pubic bone play major roles in causing the injury. 
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CHAPTER 1  
 

Introduction 
 

Pregnancy and giving birth to a baby are special times in a woman’s life. 

Unfortunately, for certain women, vaginal delivery can result in distressing sequelae that 

can become lifelong impairments and are associated with considerable socioeconomic 

costs. These include pelvic organ prolapse and urinary incontinence, two pelvic floor 

disorders that particularly affect middle-aged and older women. For example, the number 

of women with pelvic organ prolapse is projected to increase from 3.3 to 4.9 million in 

the United States in next 40 years (Wu et al. 2009). And some 45 % of women aged 

between 30 and 90 years suffer from urinary continence (Melville et al. 2005). Both 

problems are associated with significant decrements in physical activity and quality of 

life (Subak et al. 2006). The direct cost of treating pelvic organ prolapse in the United 

States amounts to $ 1,012 million (Subak et al. 2001), while urinary incontinence requires 

an estimated $26.3 billion annually in societal costs (Wagner and Hu 1998).  

These pelvic floor disorders are much more common in women that have given 

birth than in those who have not (Nygaard et al. 2008), demonstrating a correlation 

between vaginal childbirth and the underlying pathomechanics of the disorders. This 

thesis is written in an attempt to better understand this relationship from biomechanical 

standpoint. 
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This chapter presents the terminology used throughout this dissertation and 

female pelvic floor functional anatomy for orientation purposes. Then, we shall discuss 

prior research on the relationship between vaginal delivery and associated muscular 

injuries are discussed. Finally, the working hypothesis for the overall investigation and 

the major specific aims are provided. 

 

 

1.1 Background and Significance 
 

1.1.1 Pelvic Floor Muscles: Functional Anatomy 
 

The levator ani muscle group is a major structural component of the female pelvic 

floor. These muscles form the bottom of the abdomino-pelvic cavity and support the 

pelvic organs by maintaining closure of the urogenital hiatus (i.e., the opening within the 

levator ani muscle through which the urethra and the vagina pass) (Lawson 1974). The 

muscles are also activated during a cough in order to dynamically stabilize the pelvic 

floor and protect the connective tissue from undue stresses. One often finds the term 

‘pelvic floor’ used interchangeably in the literature with the ‘levator ani’. 

The levator ani muscle consists of three major parts: the pubococcygeal (= 

pubovisceral), puborectal and iliococcygeal muscles (Federative Committee on 

Anatomical Terminology 1998). The pubovisceral muscle can be further divided into the 

puboperineal (inserting into the perineal body), pubovaginal (inserting onto the vaginal 

wall), and puboanal (inserting into the intersphincteric groove of the anal canal) muscles 
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(Kearney et al. 2004) (Figs. 1.1 and 1.2). The iliococcygeal portion forms a relatively flat, 

horizontal shelf and spans the potential gap from one pelvic sidewall to the other. The 

puborectal muscle forms a sling around and behind the rectum just cephalad to the 

external anal sphincter. The medial sling of the muscle that arises from the pubic bone is 

composed of predominantly Type I striated muscle fibers and therefore is suited to 

maintain constant tone (Critchley et al. 1980). The connective tissue covering on both 

superior and inferior surfaces is called the superior and inferior fascia of the levator ani. 

When these muscles and their associated fascia are considered together, the combine 

structures make up the pelvic diaphragm. 

The endopelvic fascia is a dense fibrous connective tissue layer, which surrounds 

the vagina and attaches it to the arcus tendineus fascia pelvis laterally (DeLancey 1994). 

The arcus tendineus fascia pelvis in turn is attached to the pubic bone ventrally and to the 

ischial spine dorsally. The arcus tendineus fascia pelvis is a tensile structure located 

bilaterally on either side of the urethra and vagina. These structures act like the catenary-

shaped cables of a suspension bridge and help support the urethra on the anterior vaginal 

wall. Although well-defined as a fibrous band near its origin at the pubic bone, the arcus 

tendineus fascia pelvis becomes a broad aponeurotic structure as it passes dorsally to 

insert on the ischial spine. It therefore appears as a sheet of fascia as it fuses with the 

endopelvic fascia, where it merges with the levator ani muscles. 
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portion of the levator ani muscle that arises from the inner surface of the pubic bone, just 

lateral to the vagina; this rarely involves the iliococcygeus portion of the muscle (Fig. 1.3) 

(DeLancey et al. 2003) (Note that the iliococcygeus muscle portion is not likely to be 

damaged in women with unilateral defects (Margulies et al. 2007)).  

Ethical considerations preclude interfering unnecessarily with the process of labor 

for research purposes. This is because the safety of mother and baby are always 

prioritized. So, computerized simulation techniques are useful to help clarify what is 

happening to the pelvic floor and baby during a vaginal delivery. The time course of the 

pelvic floor deformation during vaginal birth has been simulated by several investigators 

(Lien et al. 2004; Hoyte et al. 2008; Parente et al. 2008; Li et al. 2010). The main results 

are that the structure that is stretched the most is the pubovisceral muscle, thereby placing 

it at the greatest risk for stretch-induced injury of any region of the levator ani muscle. 

Some variations in the birth process scenario have also been examined, including the 

effect of fetal head presentation (Parente et al. 2009a; Jing 2010), pelvic floor muscle 

properties (Parente et al. 2009b), and the energetics of maternal effort during delivery 

(Lien et al. 2009). Importantly, the work by Lien et al. (2004) and Jing (2010) both 

identified a high strain region near the pubic origin of the pubovisceral muscle. This will 

become a focus of the present research. 

However, the mechanisms underlying the birth-related injury to the levator ani 

muscle remain poorly understood. First, more accurate anatomical detail is needed before 

the exact injury location can be clearly identified by biomechanical analysis. The 

previous geometrical models simplified the levator ani muscles as either a series of 

muscle strips or a simple muscle sheet, whereas the levator ani muscle and its 
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surrounding structures are closely interwoven with each other, forming a multi-layered 

laminated structure. The detailed morphology of the origin of the levator ani muscle, 

namely its enthesis (the junction formed with collagenous tissue between the muscle and 

the bone), needs to be identified and incorporated in the model because there could be 

features of the junction that might be associated with promoting injury there. Second, we 

do not yet know whether, during a birth, injury occurs to a pubovisceral muscle in its 

active or its passive state of muscle activity or both. Third, time-dependent behavior of 

the levator ani muscle and its influence on the muscle deformation also remains to be 

elucidated, because a forceps delivery is associated with an elevated risk for injury 

perhaps because of the increased rate at which the pelvic muscle is stretched  (Ashton-

Miller and DeLancey 2009). Finally, the complex dynamics of the second stage of labor 

should be captured, measured, and documented. This kind of rate information will 

provide clinicians with the specifics of how, when, and in whom levator ani injury is 

most likely to occur. It will also provide biomechanists with a dataset to validate 

computer simulation studies.  

 

 

1.2 Hypothesis and Specific Aims 
 

In this proposal, I hypothesize that birth-related injury of the pubovisceral portion 

of the levator ani muscle is attributed to the innate morphology of its pubic origin 

combined with the highly unusual loading conditions that occur during the first vaginal 

birth in particular, but also on subsequent vaginal births.  
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The overall goal of this thesis is to identify the pathomechanics of the 

pubovisceral injury in healthy women giving vaginal birth. The specific aims of the thesis 

are stated as follows: 

 

 Aim 1: Anatomical description of the regions of injury of the levator ani muscle 

and its surrounding structures (Chapter 2) 

Clinically, the regions of injury are known to include several different 

substructures that come together over a length of about 10 cm across the pelvic sidewall. 

Although the injury location has been identified on MR scans, the detailed anatomy of 

this region has still not been clarified as it originates from the pubis. Moreover, the 

regional differences and the structural role of each of these components remain to be 

elucidated in both qualitative and quantitative manners. Various analysis methodologies, 

including cadaveric dissection, histochemical process, and magnetic resonance images, 

will be adopted to investigate the region of interest from comprehensive to specific levels. 

The outcome will be valuable for the subsequent biomechanical modeling (Aim 2).  

 
 Aim 2: Biomechanical modeling for better understanding the mechanisms of 

injury to the levator ani muscle during vaginal delivery (Chapter 3) 

Given that the opportunities for experiments on women during delivery are 

limited and that mechanisms of human birth differ significantly from those of 

experimental animals (Abitbol 1988), finite element analysis will be used to examine the 

relationship between the risk of birth-related injuries to the levator ani muscle and a 

variety of factors that may occur during obstetrical events. As a start, a simplified, two-

dimensional, anisotropic model will be considered, and then extended to a three-
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dimensional, multi-component model. The obstetrical activities will be transformed into a 

set of predictors, the effect of which will be subsequently assessed with the model using 

statistical sensitivity analyses. The results of this investigation are expected to provide 

further insight into the mechanical quantities that are known to correlate with soft-tissue 

damage. This insight may lead to a better understanding of the factors that determine 

levator ani muscle injury during vaginal delivery in terms of morphology, loading 

patterns, and material properties. These in turn may help indicate future opportunities for 

interventions aimed at preventing these injuries. 

 
 Aim 3: Development of a 3-D measurement system for the fetal head and the 

perineal surface movements during the second stage of vaginal delivery (Chapter 

4) 

To date, intrapartum measurements of fetal descent have relied on subjective 

methodologies, such as a tape ruler and stop watch. While convenient and quick, such 

methods do not have sufficient accuracy and precision so a more objective, non-contact 

measurement system will be developed. This new system is to be built with the smallest-

possible form factor so as to not intimidate the mother-to-be and placed at the bedside for 

recording the time course of the second stage of labor with minimal assistance by 

healthcare providers. The amount of the fetal head descent as well as the deformation of 

the perineal surface should be able to be captured using this system. 
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connective tissue around it (DeLancey et al. 2003; Leijonhufvud et al. 2011). Due to 

tensile stretch during vaginal delivery that is twice the value tolerated by striated muscle 

in non-pregnant individuals (Lien et al. 2004), the levator ani muscle is subject to 

significant structural changes, including muscle tears or even avulsion (DeLancey et al. 

2003). These injuries appear to occur in a characteristic “injury zone” on the inner 

surface of the pubic bone at origin of the pubovisceral but not the puborectal muscle, as 

evidenced by magnetic resonance image-based studies (DeLancey et al. 2003; Dietz et al. 

2007; Margulies et al. 2007; DeLancey et al. 2012). But, there are actually several 

different constituent parts of the levator ani in this area over a length of about 10 cm 

across the pelvic sidewall (Kim et al. 2011a). As can be seen in Figure 2.1, the 

substructures in this anatomical region includes the pubovisceral portion of the levator 

ani muscle (= pubovisceral muscle, the pubococcygeal muscle), the levator arch (= arcus 

tendineus levator ani), and the fascial arch (= arcus tendineus fascia pelvis). This raises 

the possibility of morphological differences in the pubovisceral muscle origin along the 

pelvic sidewall. Although a number of previous studies have been conducted on this 

region using histological slides (Lawson 1974; Albright et al. 2005; Grigorescu et al. 

2008), morphological differences in the origins of the various sub-parts of the levator ani 

within this region have not been reported before to the best of our knowledge. 

 The purpose of this study, therefore, was to establish the gross and microscopic 

anatomy of the pubic origin of the levator ani muscle involved in birth-induced injury. 

 

 

 



2

F
q
e
i
s
i
r

m

s

c

w

T

o

a

s

T

m

 

2.1.2 Met
 

Figure 2.2. 
quadrangle 
example of 
inner surfac
strategy use
intervals. (P
rectum; PS:

 

Hist

muscle (PV

symphysis l

canal (Fig. 

with the su

The cadaver

of age. Gyn

ani muscle 

showed sign

Hist

The purpos

morphologi

thods 

(a) Superior
shows the a
an excised 

ce of the pub
ed for the PV
PB denotes p
 pubic symp

tochemical 

VM), which

laterally to 

2.2). Nine 

upport of th

ric specime

necological 

and the pe

ns of major 

tological sam

se of this a

cal and stru

r view of th
area from w
specimen bl
bic bone sho
VM origin h
pubic bone;
physis; SPR

processing

h could spa

the origin o

female cad

e Anatomic

ns ranged fr

surgeons w

rineal area 

pelvic floor

mples were

acquisition 

uctural rela

he ventral pe
hich histolo
lock which 
owing the pu
histology sh
 PVM: pubo

R: superior p

was focuse

an from ap

of the levato

davers, four 

cal Donation

from 35 to 9

with knowled

(CB and JO

r muscle dam

e acquired u

strategy w

ationships al

16 

elvis after or
ogical specim
includes the
ubic symph
owing the s
ovisceral mu
pelvis ramus

ed on the p

pproximately

or arch that 

of which w

ns Program

98 years of a

dge and exp

OLD) asses

mage associ

using target

was to show

long the pu

rgan remova
mens were a
e right side 

hysis at left. 
sequential cu
uscle; U: ur
s). 

pubic origin

y 1 cm lat

lies just ve

were nullipa

m at the Uni

age, with a 

perience in e

ssed all the 

iated with m

ted feature 

w the varia

ubic origin 

al. The dotte
acquired. (b
PVM origin
(c) Sectioni
uts at ~ 5 m
rethra; V: va

n of the pub

teral from 

entral to the

arous, were

iversity of M

mean age o

evaluation t

specimens 

maternal birt

sequential 

ation of the

of the PVM

 

ed 
b) An 
n from the 
ing 

mm 
agina; R: 

bovisceral 

the pubic 

e obturator 

e collected 

Michigan. 

of 66 years 

the levator 

and none 

th. 

sampling. 

e detailed 

M without 



17 
 

losing important anatomical features, such as the origin of the levator arch and the fascial 

arch, the merging point of both arches, or the muscle-bone interface of the PVM origin. 

Once a smaller portion of the sample was excised from the whole pelvis, the sequential 

precuts on the superior portion of the sample were made at an interval of approximately 5 

mm, care being taken to keep the integrity of the structure intact (Fig. 2.2). The detailed 

fiber orientation, as well as the enthesis or junction between the pubovisceral muscle and 

the pubic bone, were thoroughly examined using magnification when necessary before 

the pubic bones and the attached muscles were removed, so that the final sectioning was 

able to be made parallel to the fiber direction.  

 Smaller samples were then removed for histochemical processing by cutting them 

parallel to the PVM fiber direction. The samples were fixed in 10 % neutral buffered 

formalin, decalcified in 10% formic acid for up to 20 days and stored in 70 % ethanol. 

Paraffin embedding was then applied followed by serial sectioning of samples less than 7 

µm in thickness. Masson’s trichrome staining was applied in order to effectively 

distinguish muscular cells from connective tissue. Finally, digital conversion of the 

stained slide was conducted using a Super COOLSCAN 5000 ED film scanner (Nikon, 

Shinjuku, Tokyo, Japan). 
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The PVM originates tangentially from the periosteum covering the pubic bone, 

although importantly its nature changes systematically in morphology from the medial to 

lateral regions. The PVM origin can therefore be divided into three regions: medial, 

central, and lateral. Figure 2.3a consists of one picture taken from the inside of the pelvic 

sidewall. Panel b is a view from outside the pelvis after a lateral portion of the left 

anterior pubic rami was removed to provide visual access to the PVM as shown in panel c. 

The PVM origin includes a relatively direct connection between muscle and bone near 

the midline. Laterally, a thin semitransparent membrane, the thickness of which was no 

more than 2 mm, is seen. It lies adjacent to the obturator internus muscle, but no fusion 

between the two muscles was found as they were able to be separated easily by blunt 

dissection. The lateral portion of the PVM pubic origin blends into the iliococcygeal 

muscle, which originated from the levator arch that runs from the pubic bone to the 

ischial spine. The muscle fibers were oriented radially from the levator arch origin. 
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 Figure 2.4 shows histological cross-sections of the pubic interface of the PVM 

acquired from cadaveric specimens. Each column shows a different region of origin, from 

medial to lateral, while the different rows are from different individuals. In the medial 

region, the muscle fibers attach to the pubic bone by means of short fibrous attachments. 

In the medial section there is an aponeurosis that bridges a widening distance between the 

end of the muscle fibers and the periosteum. Laterally, the dense connective tissue band 

of the levator arch is seen. An angled interface between the muscle and the bone is also 

evident, especially in the medial region. The aponeurotic PVM widens in the central 

region resulting in a larger separation between the muscle fascicles and pubic bone. The 

thickness of the muscle belly thins as one moves laterally. 

 Figure 2.5 was captured from a video sequence as the perineal area was 

repeatedly pulled inferiorly in the direction typical of the loading late in a vaginal 

delivery. Traction created visible tension where the PVM originated from the pubic bone 

but did not affect the obturator internus muscle. Although tension could be seen all along 

the muscle origin, it was concentrated most at the point where levator arch attached to the 

pubic bone.  



 

F
s
o
p
o
p
(
L

 

2

t

s

f

s

 

Figure 2.5. T
specimen se
origin defor
position (a) 
origin of the
perineal bod
(SPR denote
LArch: leva

2.1.4 Disc
 

We h

the region w

stretch injur

formed with

sidewall and

Three-quart
ectioned in t
rms in respo
 and deform
e levator ani
dy area is pu
es superior p
ator arch) 

cussion 

have found 

where both M

ry can occur

h the levator

d the ischial

ter view of t
the mid-sag
onse to a dow
med position
i and the att
ulled in the 
pubic ramu

characterist

MRI and co

r (see Sectio

r arch, is a t

l spine with

the inside of
gittal plane. T
wnward for

n (b) are com
tachment of
direction of
s; PVM: pu

tic features 

omputer simu

on 2.1.1 Intr

thick collage

 a catenary 

22 

f the left ant
The views d

rce placed on
mpared. Ten
f the levator 
f loading typ

ubovisceral m

of the anato

mulations hav

roduction). T

enous bundl

structure. T

terior pelvis
demonstrate
n the perine

nsion increas
arch to the 

pical late in 
muscle; PS:

omy of the o

ve shown th

The lateral m

le connectin

This attachm

s of a fresh c
e how the PV
eal structure
ses over the
pubic bone
a vaginal b
 pubic symp

origin of the

hat birth-ind

margin, whi

ng to the pel

ment pattern 

 

cadaveric 
VM 
es. Resting 
e pubic 
 as the 

birth. 
physis; 

e PVM in 

duced 

ich is 

lvic 

contrasts 



w

t

y

s

a

F
a
i
b
r
i
t
D
p
l
m
o

i

t

t

 

with the me

the pubic bo

yet another 

shows that w

applied, one

 

Figure 2.6. I
arch origina
identified: O
being indire
region. Mor
injury migh
to excessive
Detachment
patient with
laceration). 
margin of th
offloading o

 

Base

introduce a 

two-step pro

the medial o

edial margin

one via a fib

characterist

when pelvic

e can simula

Illustrations
ating from th
One being d
ect catenary 
rphological 

ht occur and 
e stress and 
t of the LAr

h stress urina
Since there

he PVM, de
of that regio

ed on impro

conceptual 

ocess (Fig. 2

of the PVM 

n of the PVM

brous enthes

tic: namely 

c floor stretc

ate the load 

s of the righ
he pubic bo

direct aponeu
attachment
and functio
progress. (B
strain conce

rch origin fr
ary incontin

e is only a si
etachment of
on of the PV

oved underst

framework 

2.6). In the 

in which th

M attachmen

sis (Benjam

a thin semit

ch similar to

on the origi

ht inner pelv
ne. (A) Two
urotic attach
t through the
nal variation
B) Aponeur
entration the
rom the pub
nence and hi
ingle point o
f that point 

VM. (Modifi

tanding of t

that injury 

first step the

he portions o

23 

nt where the

min et al. 200

transparent 

o that occurr

ins that mig

vic sidewall 
o different ty
hment in an
e levator arc
n in these lo

rotic attachm
ere, which t
ic bone (dot
istory of a tr
of pubic orig
(Figure 2.6c
ied from Fig

the morphol

to the mater

e injury is c

of the enthe

e muscle is d

02). The me

muscle apon

ring late in v

ght occur du

showing the
ypes of the 
teromedial p
ch (LArch) 
ocations ma
ment can loc
then leads to
t) observed 
raumatic bir
gin at the LA
c) will resul
g. 2a of Dela

logy of this 

rnal PVM o

confined to i

sis is partial

directly atta

dial portion

neurosis. A 

vaginal birth

uring vagina

e fascial and
PVM origin
portion, the
in posterola

ay account fo
cally be dam
o muscle atr
in 32 year o
rth (3rd deg
Arch for the
lt in comple
ancey (2002

area, we can

occurs in a s

individual p

lly or comp

ached to 

n showed 

video 

h is 

l delivery. 

 

d levator 
n can be 
e other 
ateral 
for how 
maged due 
rophy. (C) 
old 

gree 
e lateral 
ete 
2)) 

n 

equential 

portions of 

letely 



24 
 

torn from the pubic bone. In this defect the levator arch remains intact. Our group has 

dubbed this interface a 'scarf enthesis' (Kim et al. 2011a), since it is an enthesis where the 

two heterogeneous materials - the PVM and the pubic bone - meet at an oblique angle. 

(An oblique junction is often referred to as a scarf joint in the engineering field.)  In a 

computer simulation study that has been conducted to examine how traction on the PVM 

affects the strain energy distribution in its oblique connection to the pubic bone, the 

results demonstrated a significant strain energy concentration appearing at the inferior 

margin of the scarf enthesis (see Chapter 3.1). This suggests a possible location for the 

initiation of the birth-related avulsive injury which we have designated a “Type I” injury. 

The second injury step might be relevant to the ventral attachment of the 

catenary-like levator arches avulsed from the pubic bone by tension in the iliococcygeal 

muscle. This would constitute what we call a “Type II” injury and might occur during a 

subsequent vaginal birth, for example. A characteristic abnormal appearance of the 

vagina in the same region where damage to the PVM is seen has been reported and 

involves changes on the overall architecture of this region (Huebner et al. 2008). MR 

images of women with the architectural distortion showed significant alteration in the 

levator arch anatomy along with lateral or posterior spill of the vagina from its normal 

position. Engineering studies of catenary structures also indicate that extra care is needed 

in designing the cable itself because, as the main load-carrying pathway, failure can lead 

to catastrophic collapse when it is damaged (Averill 1940; Plaut 2008).  

Our methodological approach has several limitations. First, the sample size was 

small, so generalization of the results should be made with care until the results are 

corroborated by others, and possible variations with age, parity and/or ethnicity checked. 
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The availability of nine nulliparous cadavers; a rarity in anatomical donation programs is 

a strength of this study. Second, the observations of this study were based on cadaveric 

specimens whose topography is altered by death and the fixation process. We were able 

to minimize this effect by harvesting the entire pelvis fresh and then fixing by flotation as 

a whole so that the integrity of the structure was maintained as much as possible. Third, 

histological descriptions of the study region were focused on geometrical comparisons. 

More detailed histological descriptions are needed that include different types of collagen, 

decorin, biglycan, aggrecan and other possible constituents that may form this particular 

enthesis (Liu et al. 2011). Investigation of the nerve supply to this region might also be 

worthwhile, since pudendal nerve damage has been noted in women with pelvic floor 

dysfunction (Smith et al. 1989; Kenton et al. 2011). 

The present study has provided a first morphologic and geometric description of 

the region of birth-related injury near the PVM origin. This may be valuable for a better 

understanding of the injury mechanism during vaginal delivery (Kim et al. 2011b). The 

pubic origin of the PVM was examined in terms of three sub-regions or its pubic origin: 

medial, central, and lateral. Based on the understanding of the structure through cadaver 

dissections, an analogy to simpler load bearing mechanical elements was made and a 

hypothetical injury mechanism and injury sequence were offered (i.e., Type I and II 

injury).   
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2.2 Quantitative 3-D In Vivo MRI Measurements of Fiber Orientations in 
the Female Levator Ani Muscle 

 

2.2.1 Introduction 
 

The importance of the levator ani to pelvic organ support is now well-established 

pelvic organ support. Injury to the pubovisceral portion of the muscle is seen in 55% of 

women with prolapse yet only 16% of women with normal support (Delancey 2002; 

DeLancey et al. 2007; Dietz and Simpson 2008). The most fundamental determinants of a 

muscle’s contractile force are its line-of-action, its fibers’ pennation angle (if any), and its 

physiological cross-sectional area (McMahon 1984). The mechanical consequence of 

muscle atrophy depends partly on the region of muscle affected, the direction in which 

the affected fibers contract, and their cross-sectional area. 

High resolution magnetic resonance imaging (MRI) allows a detailed analysis of 

muscle components, ligaments and fascia (Law and Fielding 2008; Morris et al. 2012) in 

living women. Correlations of cadaver anatomy of the levator ani (Strohbehn et al. 1996) 

and identification of its levator muscle subdivisions (Margulies et al. 2007) have 

provided the basis for research in subjects with specific pelvic floor problems. Within the 

levator ani muscle (LA) muscle fibers have been described both by anatomical dissection 

(Halban and Tandler 1907; Shobeiri et al. 2008) and imaging (Rociu et al. 2000), and as 

the most novel technique by diffusion tensor imaging (DTI) (Zijta et al. 2011; Brandão et 

al. 2012; Rousset et al. 2012). Nonetheless the specific directions and angles of the 



30 
 

different parts of the LA and EAS muscle have not yet measured. The effect of muscle 

contraction requires an understanding of the angle at which the muscle works. 

Two functional characteristics of the levator ani muscle that may affect pelvic 

floor function have been described. One is a “lifting” action that holds the perineum 

upwards and failure of this is considered perineal descent (Clark et al. 2010). The other is 

“squeezing” action where the muscle pull the organs toward the pubic bone to squeeze 

the levator hiatus closed creating a vaginal high pressure zone (Guaderrama et al. 2005). 

It is unclear, at present, which component of the levator is responsible for which action. 

There are two primary candidates, the pubovisceral (= pubococcygeal) muscle and the 

puborectal muscle.  

 

2.2.2 Methods 
 

A convenience sample of pelvic floor magnetic resonance images (MRI) of 14 

healthy women was for this discovery research project drawn from two IRB-approved 

studies; Evaluating Maternal Recovery from Labor and Delivery; EMRLD (IRB 2005-

0011) and Organ Prolapse And Levator; OPAL (IRB 1999-0395). Scans of total of 34 

women were reviewed for potential inclusions whose levator ani muscles did not show 

levator ani injury and who had normal pelvic organ support on examination by a trained 

examiner to find these scans. Scans were chosen in which the parasagittal images showed 

the muscle fiber directions with sufficient detail to allow measurements. The eleven 

MRIs from the EMRLD study were made six months after a first birth and were chosen 

from women that had no levator ani muscle injury and who had normal pelvic organ 



s

a

f

D

w

u

t

t

F
i
p
F
o
s

 

w

e

t

p

a

 

support on e

as normal co

failure. Full

DeLancey 2

were obtain

using a 3-T 

thicknesses 

the participa

 

Figure 2.7. 
inferior pub
parasagittal 
Fiber bundl
on a parasag
sign, fibers 

 

On s

were traced 

each patient

three Termi

puboviscera

anal sphinct

examination

ontrols in a 

l details of th

2001). Brief

ned with an e

supercondu

were 4 mm

ants. 

(a) Midsagi
bic point (SC

slides up to
es were visi
gittal slide. 
with an ang

sequential 5

as far latera

t fiber were 

inologia Ana

al muscle (P

ter muscle (

n. Three MR

study searc

the MRI acq

fly, multipla

echo time o

ucting magn

m with slice s

ittal MRI sh
CIPP) line is
o the pelvic 
ible (red cir
Fibers with 

gle counterc

5mm-parasag

ally as were

traced on 1

atomica-list

PVM) the pu

(EAS) by th

RIs of the O

ching mecha

quisitions ha

anar two-dim

f 15 millise

net (GE Hea

spacing of 1

howing the m
s drawn in t
side wall to

rcles) on this
an angle cl
lockwise to

gittal slides 

e detectable,

2 sequentia

ted major su

uborectalis (

e first autho

31 

PAL2 study

anisms of an

ave been pre

mensional p

conds and a

althcare, Litt

1 mm. Demo

midline pelv
the midsagit
o serve as re
s parasagitta
ockwise to 

o the SCIPP 

 on either si

, up to the p

al slides. Mu

ubdivisions 

(PRM), ilioc

or (CB) and 

y were from

nterior vagin

eviously pub

roton-densi

a repetition t

tle Chalfont

ographics w

vic organs. T
ttal plane an
eference for 
al slide. (c) 
the SCIPP l
line have a 

ide of the pe

pelvic sidew

uscle fibers w

of the LA m

coccygeus (

reviewed a

m subjects w

nal wall sup

blished (Ch

ty fast-spin 

time of 4 se

t, UK). The 

were self-rep

The sacro-co
nd transpose
fiber direct
Color-code
line have a n
positive sig

elvis, muscl

wall (Fig. 2.7

were traced

muscle the 

(ICM) and e

and revised a

who served 

pport 

ou and 

images 

econds 

slice 

ported by 

 

occygeal 
ed to all 
ion. (b) 
d fibers 
negative 
gn. 

le fibers 

7). For 

d in the 

external 

as needed 



32 
 

by the senior author (JOLD). For visualization purposes, the muscle fibers were color-

coded.. These color-codes were designated as blue for the PVM, green for the PRM, 

yellow for the ICM; and red for the EAS. The fibers were only traced in the para-sagittal 

plane as it offers the advantage of being almost parallel to the pubovisceral and 

puborectal muscle and the images are tangential to the fiber direction. 

The angle of the LA fiber tracings relative to the sacrococcygeal-inferior pubic 

point (SCIPP) line was then automatically measured using custom-made software written 

in Matlab (Ver. R2012a, MathWorks, Natick, MA). The angles above the SCIPP line 

were assigned a positive sign (counterclockwise) and below it were assigned a negative 

sign (clockwise). 

Demographics are expressed as mean ± standard deviation (SD). The fiber angles 

are displayed as mean ± standard error (SE). The ANOVA test was used for the 

comparison of all muscle lines-of-action and post-hoc two-sided independent samples t-

tests were used to make pair-wise comparisons for muscle groups running in the same 

direction, using SPSS (Ver. 19, IBM Corp., Armonk, NY). A p-value of less than 0.05 

was considered statistically significant. 

 

2.2.3 Results 
 

Demographic and clinical data of the women were as follows (mean ± SD): age 

35.9±11.4 years, BMI 25.4±3.9 kg/m2, parity 1.4±0.9, vaginal deliveries 1.1±0.8, 

ethnicity: Thirteen women were Caucasian, 1 woman was Asian. None had undergone 



h

t

F
f

 

P

I

a

8

g

2

P

T

 

hysterectom

the MRIs.  

 

Figure 2.8. E
for fiber dir

For 

PRM: 7 to 3

ICM, PRM 

angle of -74

8.6±1.7° rel

greatest var

29°, the PV

We r

PRM, ICM 

The differen

my. No clinic

Each arrow 
rection. The 

each muscle

35, ICM: 29

and EAS w

4.6±2.2°. PR

lative to SC

iability for t

M with 26°

reject the nu

and EAS m

nt lines-of-a

cally signifi

 displays th
mean value

e the numbe

9 to 68, and 

were normall

RM was -17

IPP line of 

the PRM wi

 and the ICM

ull hypothes

muscles were

action of the

icant defects

e mean, ma
es are report

er of fibers c

EAS: 7 to 3

ly distribute

7.4±3.7°, th

each patient

ith an angle

M with 24°.

sis in that th

e significant

e muscles su

33 

s on the lev

aximum, min
ted next to t

counted ran

30. The mus

ed. The PVM

e ICM was 

t (Fig. 2.8). 

e range of 49

. 

he fiber dire

tly different

uggest differ

ator ani mu

 

nimum and 
the label. 

nged as follo

scle fiber an

M was inclin

-66.5±2.3°,

The fiber a

9°, followed

ctions are si

t (p<0.005, A

rent muscle 

scle were pr

interquartil

ows:  PVM: 

ngle of the P

ned a mean 

 and the EA

angles showe

d by the ICM

imilar as the

ANOVA) (T

functions (

resent on 

e ranges 

31 to 71, 

PVM, 

± SE 

AS was 

ed 

M with 

e PVM, 

Table 2.1). 

Fig. 2.8). 



I

b

T
p
E

2

t

p

d

c

b

 

It is notewo

between the

 

Table 2.1. M
puboviscera
EAS:extern

 

2.2.4 Disc
 

Thes

these wome

position and

different act

component 

because the 

orthy that an

e ICM and th

Mean and SD
alis muscle, 
nal anal sphi

cussion 

se data show

en with norm

d the PVM i

tions. The P

pulling the 

two muscle

ngle differen

he PRM, an

D muscle an
PRM:pubo

incter muscl

w a 58° betw

mal pelvic o

is more vert

PVM has a g

perineal stru

es have diffe

nces of 58° b

nd 60° betwe

ngles across
rectalis mus
le. 

ween the lin

organ suppor

tically inclin

greater liftin

uctures tow

ferent injury

34 

between the

een the PVM

s all 14 wom
scle, ICM:il

nes-of-action

rt with the P

ned. This su

ng compone

ward the pub

y patterns: in

e PVM and t

M and the E

men. PVM d
liococcygeu

n for the PV

PRM in a re

uggests the t

ent while the

ic bone. Th

n women wi

the PRM, 5

EAS were fo

denotes 
us muscle, 

VM and the P

elatively hor

two muscles

e PRM has a

is is importa

ith severe pe

0° 

ound. 

 

PRM in 

rizontal 

s have 

a greater 

ant 

elvic 



35 
 

organ prolapse the PVM portion is injured in 50 of cases, whereas no injury was found in 

the PRM (DeLancey et al. 2012). 

In parallel-fibered muscles such as the PVM and PRM, the angle at which 

individual muscle fiber shortens is in line with the line-of-action of the muscle 

(MacIntosh et al. 2006). The information on the angle distribution of the muscles from 

this study, therefore, reflects the direction in which the muscles close the levator hiatus 

when they are contracted. If the line-of-action is decomposed into horizontal and vertical 

components, each of them could be considered as a squeezer and a lifter for the pelvic 

floor muscle, respectively. Figure 2.9 is redrawn to standing position by putting the 

SCIPP line to 34° from horizontal line. The PVM and PRM would act at 41° and 17° 

relative to a horizontal reference line. With trigonometric arithmetic, we can calculate 

that the squeezing force of the PRM becomes 3.3 (= cotangent 17°) times greater than the 

lifting force, while the PVM squeezing force is only 1.15 (=cotangent 41°) times greater 

than the lifting force. Of course normally these muscles contract at the same time so that 

normally they generate resultant squeezing force in concert. 

Another way to compare these unilateral muscle actions is that for each 1 N of 

muscle contractile force, the PVM will provide 1*(cos [41°]) or 0.76 N of squeezing 

force, whereas the PRM will supply 1*cos [17°]) or 0.95 N of closing force. So the PRM 

would be the most effective squeezer. Similarly, the PVM will supply 0.65 N of lifting 

force (calculated as 1*sin [41°]), whereas the PRM will actually depress the pelvic floor 

with 0.29 N (calculated as 1*sin [-17°]). By comparing these numbers, we see that the 

PVM is the main lifter, and the PRM is the main squeezer, assisted by the PVM. If they 

co-contract equally, together they would together generate 1.71 N squeezing force, and a 
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midline. Shobeiri et al. (2008) have identified a different point of insertion for the 

pubovisceral and iliococcygeus muscle fibers, the latter lying more laterally. The 

puborectalis muscle fibers, on the other hand, travel perpendicular to the axis of the 

vagina and the rectum. Recently, advanced MRI technique also has provided a wealth of 

information related to the morphology and functioning of skeletal muscle. For example, 

endoanal MR imaging showed sex- and age-related variations in the length and thickness 

of the anal sphincter and puborectal muscle (Rociu et al. 2000).  

The work presented here illustrates the value of MRI in studying the structure of 

the resting pelvic floor muscles in living women. It clarifies the directions of the muscle 

fiber lines-of-action and because they are evidently so different, we believe that they have 

different functions. We found that fiber tracing in 3T MRI scans gave satisfactory 

representations of the fiber orientations and angles in the sagittal plane because we  

projected the fiber directions onto the midsagittal plane. This was based on the 

assumption that the levator ani muscle is bilaterally symmetric. For the present study, we 

were interested in the morphology of normal muscle whereby the effect of the two sides 

contracting simultaneously are resolved to a single force in the midsagittal plane. In the 

future, however, if muscles with a unilateral defect are studied (Chen et al. 2009), this 

assumption might not be valid. 

Conventional MRI is not the appropriate method for measuring fiber curvature 

because the data are discontinuous and censored by the sequential nature of the images 

being at 5 mm intervals, rather than having continuous data. This raises the issue of the 

quality of fiber tracking (Hodgson et al. 2006). Even in DTI, similar issues might be 
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found where the complex multipennate fiber pattern could decrease the accuracy of fiber 

orientation measurements (DeLancey et al. 2012). 

This study was based on a small sample of young healthy women with no major 

LA defects. Additional limitations include this study neither being a randomized nor a 

population-based study. The study was an exploratory study without a priori power 

analyses. The covariance test of the mixed model structure revealed that the sample size 

of 14 subjects is powered sufficiently to detect a statistical significance between the 

muscle groups. Our results apply to healthy young predominantly white women and 

should not be generalized for other parts of the female population without further work. 

In the future it would be of interest to classify the muscle direction for a specific age 

group, parity status, ethnic group, and/or pelvic floor condition (like prolapse). 

The distinct difference in orientation between the PVM and the PRM as well as 

between the ICM and the PRM justifies the classification of the LA muscle into four 

regions having different names and functions. But the further division of the PVM into 

the pubovaginalis, puboperinealis and puboanalis subgroup on MRI, however, would not 

appear to be valid because the muscle fibers cannot reliably be traced according to a 

knowledge of the anatomical location of origin-insertion pairs (Kearney et al. 2004). New 

imaging technologies like DTI might be able to provide better information, but that 

remains to be proven, and automated DTI fiber tracing can produce false positives with 

muscle fibers appearing to pass through the perineal body which is known anatomically 

to contain no such fibers (Shafik et al. 2007). Finally, present MRI techniques are not 

able to allow one to differentiate between fiber types (e.g., Type 1 vs 2) or between 

bundles of striated vs smooth muscle bundles. 
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2.3 A Detailed Investigation of the Pubovisceral Muscle Enthesis 
 

2.3.1 Introduction 
 

An enthesis is the specialized arrangement of connective tissue that by which a 

striated muscle connects to bone. Two types of entheses have been described: a fibrous 

enthesis and a fibrocartilaginous enthesis Benjamin et al. (2002). A fibrous enthesis is 

composed mainly of dense fibrous connective tissues which can be further divided into 

two regions - periosteal and bony, depending on the site of the tendon attachment. On the 

other hand, a fibrocartilaginous enthesis appears in the area subjected to compression and 

shows two more additional zones between connective tissue and bone - an uncalcified 

fibrocartilage and calcified fibrocartilage region. Entheses are often the sites of 

musculoskeletal overuse injuries and these include tennis elbow and jumper’s knee 

(Benjamin et al. 2002). Examples of the different types of entheses have been described 

(Woo et al. 1987; Benjamin et al. 2006; Benjamin et al. 2008; Francois et al. 2001). 

The focus of the present paper is the origin of the pubovisceral muscle (PVM, 

also known as the pubococcygeal muscle as listed in Federative Committee on 

Anatomical Terminology (1998)) from the pubic bone (Margulies et al. 2007), because it 

is subject to increased risk for injury during difficult vaginal births (Kearney et al. 2006; 

Dietz and Lanzarone 2005). This stretch-related injury, which occurs during labor, is 

thought to be due to the PVM having to stretch to over three times its original length 

(Lien et al. 2004), or more than twice the value that striated muscle can normally 
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withstand without injury in non-pregnant individuals (Brooks et al. 1995). More recently, 

such injuries have been implicated in causing pelvic organ prolapse, a common female 

pelvic floor impairment that is a common cause of surgical treatment later in life 

(DeLancey et al. 2007; Dietz and Simpson 2008). 

Several attributes of an enthesis can help protect against injury at the junction of 

the three structures having differing material properties: striated muscle, collagenous 

connective tissue, and bone. First, dense embedded fibrous fasciae and/or the periosteum 

can help dissipate stress concentrations and mitigate against the risk of tensile failure or 

tearing (Benjamin et al. 2008). Second, the enthesis can be anchored to the bone via 

Sharpey’s fibers, which perforate the superficial lamellae of the bone (Woo et al. 1987). 

Thirdly, elastic fibers could play a role in helping to minimize the effect of abrupt 

increases in load by deforming under load (Nordin et al. 2001). Finally, certain 

morphological features, such as a flaring near the bone, could systematically reduce high 

tensile stresses and/or strains by adding greater cross-sectional area in regions prone to 

injury (Benjamin et al. 2006). However, to our knowledge the literature contains no 

descriptions of the morphology or histology of the PVM enthesis. 

The first goal of this chapter, therefore, was to classify the PVM enthesis, which 

specifically corresponds to the medial side of the pubic attachment of the PVM, 

according to a formal enthesial classification system. A second goal was to test the 

hypothesis that one or more of the above stress-reduction mechanisms would be observed 

in the PVM enthesis. 
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embedding was then applied followed by serial sectioning of samples less than 7 μm in 

thickness. Sections were stained with hematoxylin and eosin, Masson’s trichrome, and 

Verhoeff-Van Gieson according to standard procedures for selected slides for analyzing 

muscle/connective tissue composition and elastic fiber pattern. A ScanScope XT digital 

slide scanner (Aperio Technologies, Vista, CA) and a Super COOLSCAN 5000 ED film 

scanner (Nikon, Shinjuku, Tokyo, Japan) were used to convert the slides into digital 

images. 

For the quantitative observation, custom designed software written in Matlab (The 

MathWorks, Natick, MA) was developed to allow the interactive selection of the 

quadrangular sampling bands to be assessed. It permitted analysis of changes within the 

muscles and connective tissue along the PVM enthesis (Fig. 2.11) at 2 mm intervals, 

resulting in 6–7 sampled locations depending upon the length of the enthesis in each 

sample. The location where no muscle was present was defined as the origin of the 

measurement. At each location, bands with 1 mm width were placed perpendicular to the 

PVM line-of-action and used to collect pixel image information in the sampling bands. 

Color based segmentation using the k-means clustering technique was applied to the 

trichrome digital images of the specimens to distinguish the muscle (stained in red) from 

the connective tissue (stained in blue). Descriptive statistics were generated as mean and 

SD. 

 

2.3.3 Results 
 



 
47 

Figure 
(a) Rig
the PV
cm from
superio
emanat
bone an
PVM a
with its
perpend
(Masso
2 mm).
through
bone 1-
varied 
due to d
well as
(Masso
2 mm).
of the P
enthesi
the PV
of the P
to inser
of the P
Sharpe
bone, a
periost
the PB 
during 
note th
counter
stain, S
Myoten
PVM (
(red). (
scale b
fascia o
periost
COL d
MUS, m

 

2.12. Two e
ght parasagit
M origin on
m the midlin
or pubic ram
tes tangentia
nd the OIM
and also orig
s fiber direc
dicular to th

on’s trichrom
. (b) Anothe
h the PVM o
-2 cm from 
morphology
different ha

s different ca
on’s trichrom
. (c) Higher 
PVM origin
is. The colla
M blend in 
PB, and can
rt on irregul
PB. Notice t
y’s fibers p

and the pres
eum. The ve
are artifacts
the microto
at the image
rclockwise. 

Scale bar = 0
ndinous jun
green) and t

(Verhoeff-V
ar = 20 μm)
of pelvic dia
eum. In this
enotes colla
muscle fibe

examples of
ttal section t
n the pubic b
ne taken fro

mus area. Th
ally from th
 lies caudall
ginates from
ction being 
hat of the PV
me stain, sca
er parasagitt
origin on th
the midline

y of the pub
arvesting loc
adaveric sam
me stain, sca
magnificati

n (in b) show
agenous fibe
with the per

n sometimes
larities on th
the absence 
enetrating in
ence of the 
ertical dark 
s due to tiss

ome sectioni
e is slightly 
(Masson’s 

0.3 mm). (d
ction (arrow
the collagen

Van Gieson s
). SF denote
aphragm, an
s and later fi
agenous fibe
rs. 

f entheses: 
through 
bone 2-3 
om the 
he PVM 
he pubic 
ly to the 

m the PB 

VM. 
ale bars = 
tal section 

he pubic 
e. Note the 
bic bone 
cations as 
mples. 
ale bars = 
ion view 

wing the 
ers from 
riosteum 
 be seen 

he surface 
of 

nto the 

lines in 
sue folding 
ing. Also 
rotated 
trichrome 

d) 
w) of the 
nous tissue 
stain, 
es superior 
nd PER, 
figures, 
ers, and 



48 
 

Figure 2.12 a and b illustrate the geometric relation of the PVM origin to its 

surrounding structures. The striated PVM muscle fibers mainly insert tangentially onto 

the periosteum of the superior pubic rami and the posteroinferior margin of the body of  

the pubic bone (Fig. 2.12d). The width of the attachment extends over a length of about 

30 mm. The length of the tendinous fibers linking the PVM to the pubic bone ranges 

from tens of micrometers to a few millimeters (Fig. 2.12c). The PVM is bounded by the 

superior fascia of the pelvic diaphragm on both its ventral and dorsal surfaces until each 

merges with the periosteum 5–10 mm apart. No flaring of the PVM enthesis was 

observed in the sagittal plane as it attached onto the pubic bone. The fiber direction in the 

superficial region of the PVM ran perpendicular to the arcus tendineus fascia pelvis, 

passing lateral to the tendinous arch on its way to attach to the perineal body. 

Immediately lateral to the PVM enthesis lies the medial origin of the obturator internus 

muscle, the fiber direction of which is unmistakable since it runs perpendicular to that of 

the PVM. 

As can be seen in Fig. 2.12c, the PVM enthesis appears as a fibrous enthesis 

rather than a fibrocartilaginous enthesis, because neither the fibrocartilaginous zone nor 

the tidemark — a basophilic line separating the fibrocartilage into the calcified zone and 

the uncalcified zone — was present. The PVM attaches to the pubic bone at an acute 

angle. While the superficial layer of the collagenous fibers blends with the periosteum of 

the pubic bone, penetration of the deeper collagen through the periosteum directly to the 

pubic bone was not seen. The thickness of the periosteum in the region of the PVM 

enthesis does not appear to be different than elsewhere on the pubic bone. No Sharpey’s 

fibers extending into the bone itself were observed anywhere in the enthesial region. 
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spaced intervals. They are found in very small amounts in fibrillar form in tendons in 

general. 

 

2.3.4 Discussion 
 

The present study has shown that the PVM originates from the pubic bone via 

short collagenous fibers, the proximal ends of which form a fibrous enthesis without any 

evidence of fibrocartilaginous zones or a tidemark. Quantitative analysis demonstrates 

that the proportion of muscular tissue becomes equal to that of the connective tissue at 

location 5, about 8 mm away from the osteotendinous junction. Neither flaring of the 

enthesis at the muscle-bone interface nor Sharpey’s fibers penetrating into the bone was 

observed in enthesial region. Therefore, the hypothesis that flaring and Sharpey’s fibers 

form an important part of its structure was rejected. Finally, elastic fibers appear to be 

widely, yet sparsely, distributed along the tendinous fibers. 

The anatomy of the levator ani muscle has been described by several authors and 

these findings have been summarized by Kearney et al. (2004). The findings of our 

research extend the earlier studies on the PVM anatomy and its surrounding area 

(Margulies et al. 2007; Lawson 1974; Albright et al. 2005) by describing the detailed 

histology of the PVM origin from the pubic bone. The overall morphological features of 

the levator hiatus including the PVM have been demonstrated with the help of magnetic 

resonance as well as three-dimensional ultrasound imaging (Margulies et al. 2007; Dietz 

and Lanzarone 2005). These studies show the loss of muscle that occurs after vaginal 

birth in certain individuals. However, lack of resolution precludes and examination of the 
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precise details of the muscle fiber connection to the bone. The present study was more 

concerned with the nature of the origin of the intact PVM from the bone with a view to 

better understanding the structures that are likely to be involved in the injury. 

The PVM enthesis arises tangentially from the periosteum of the pubic bone to 

which it is connected through a fibrous enthesis in the manner of the insertion of the 

pronator teres on the mid-shaft of the radius (Benjamin et al. 2006). Taking into account 

that form is derived from structure and function (Benjamin et al. 2006; Benjamin et al. 

2008), the absence of the tidemark and the fibrocartilaginous zones in the PVM enthesis 

might mean that tensile loading rather than compressive loading is predominant in this 

area. This makes sense considering that the PVM is subjected to considerable 

posteroinferior stretch during vaginal delivery (Lien et al. 2004). 

There is growing knowledge concerning injury to the portion of the levator ani 

muscle that originates from the pubis. For example, an avulsion injury has been 

associated with the development of pelvic organ prolapse (DeLancey et al. 2007; Dietz 

and Simpson 2008), and arises as a result of vaginal birth (Kearney et al. 2006; Dietz and 

Lanzarone 2005). In addition the nature of the levator ani damage itself may not be the 

only consideration. Recent observations have disclosed “architectural distortion”, which 

may be defined as a characteristic abnormal appearance of the vagina on axial magnetic 

resonant scans that is associated with an increased occurrence of pelvic organ prolapse 

compared to women who have muscle injury but no distortion (Huebner et al. 2008; 

Larson et al. 2011). It is possible that the architectural distortion signifies that connective 

tissues and the muscles around the PVM, which are responsible for pelvic organ support, 

become impaired or even detached at the time of a birth-related PVM avulsion injury. 
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These structural elements are connected to one another by the periosteum of the pelvis, 

the arcus tendineus fascia pelvis, the arcus tendineus levator ani, and other fasciae. 

Therefore, if one of these structures is affected by abnormal external loading, the input 

work can be transmitted to others. 

Several methodological limitations of this research should be considered. First, 

the sample size is modest and the samples were likely parous individuals who, although 

not having any distortion or injury to a trained eye, might have some changes secondary 

to birth. Therefore, the results of the present study might have been affected by possible 

histological changes subsequent to a vaginal delivery. Studies on younger nulliparous 

women would be ideal, but thankfully young nulliparous cadavers are rare in anatomical 

donation programs. Second, the sample age ranges from 51 years and up, so one cannot 

necessarily extrapolate the results to younger individuals. Thirdly, more detailed 

histological descriptions are needed including the different types of collagens, decorin, 

biglycan, aggrecan and other constituents that may form this particular type of enthesis 

(Thomopoulos et al. 2003). Fourthly, considering the size of elastic fibers being on the 

order of a few micrometers, observation through a scanning electron microscope could 

give more comprehensive images of these fibers along the collagenous tissue. 

The enthesial region of the PVM lies in the region where avulsion injury is known 

to occur during the second stage of labor (Dietz and Lanzarone 2005; Dietz et al. 2007). 

The details of the exact injury mechanism have not yet been fully elucidated. The present 

research provides a detailed structural description of the pubic origin of the PVM and 

suggests hypotheses that might be helpful in predicting that failure location. It seems 

likely that it would occur in the muscular portion of the enthesis before the cross-
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sectional area of the enthesis becomes big enough to endure the external loads. This is 

because collagenous tissues are known to be approximately two orders stronger than 

striated muscle (Brooks and Faulkner 1996; Woo and Levine 1998). In addition, they 

should be more resistant to stretch-related injuries than muscle, because they are highly 

aligned in the enthesis. Now that the anatomical details of this region are apparent, 

research can progress to add further detail to our growing understanding. For example, 

one can incorporate the detailed morphology from the present study to create 

micromechanical models of the PVM enthesis and explore the factors that might cause 

injury of the PVM enthesis medially and its aponeurosis laterally (see Chapter 2.1). 
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CHAPTER 3  
 

Computational Finite Element Simulation Studies of the Levator Ani 
Muscle Injury Mechanism Associated with Vaginal Birth 

 

 

3.1 A 2-D Pubovisceral Muscle Model 
 

3.1.1 Introduction 
 

Of the 3 million women giving birth vaginally in the U.S. each year, 

approximately one in ten (or approximately 300,000) will suffer an injury to the 

pubovisceral portion of their levator ani muscle (PVM; also known as the pubococcygeal 

muscle, as listed in Terminologia Anatomica) (Kearney et al. 2006). Women with pelvic 

organ prolapse, a condition that results in major surgery for 200,000 women annually, are 

three- to four-times more likely to have injuries at this location than women with normal 

pelvic organ support (DeLancey et al. 2007). Little is known about the mechanism of 

these injuries.  

Clinical observations have demonstrated the PVM ruptures at or the near its origin 

to the pubic bone, rather than mid-substance or at its junction posteriorly with the 

perineal body (DeLancey et al. 2003; Dietz et al. 2007), while one might posit that birth-

related injury should be equally probable at any of these three locations. The fact that the 
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Does the geometric form of the PVM-pubic bone interface itself might contribute 

to the risk of the injury in that region of the PVM. Our group has examined this location 

histochemically (Kim et al. 2011), which showed a similarity between the geometry of 

this muscle-bone connection, or enthesis (Benjamin et al. 2002), and that of a scarf joint 

(Fig. 3.1). Therefore, we termed this connection a ‘scarf enthesis’. It is known that scarf 

joints significantly increase mechanical stresses in the vicinity of the joint (Williams 

1952; Lubkin 1957). However, determining the stress and deformation fields in the 

vicinity of the singular point analytically or even numerically is a non-trivial problem. 

Geometrical and material nonlinearities, which correspond to the birth-associated loading 

to the PVM, add further complexity to the already difficult problem. A scarf joint has 

been analyzed using infinitesimal strain theory in order to identify the singular stress field 

under tension and bending in both two- and three-dimensions (Liu and Fleck 1999; Qian 

and Akisanya 1999; Chaudhuri, R. A. and Chiu 2009). Finite strain theory has also been 

utilized to study the crack tip of hyperelastic materials and the asymptotic stress field 

around it (Geubelle and Knauss 1994; Long et al. 2011). However, to the best of our 

knowledge, the behavior of a scarf joint involving a hyperelastic material under finite 

deformation has not been studied. 

The primary goal of this study, therefore, was to model the histology of the PVM 

at its fibrous enthesis and perform a finite element (FE) analysis of the stress and strain 

energy fields of the anisotropic hyperelastic PVM model placed under various types of 

loading that might transpire during obstetrical events. A FE analysis of the oblique corner 

of a scarf joint, however, can give rise to considerable numerical problems including lack 
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of convergence and poor accuracy (Dempsey and Sinclair 1981). In order to circumvent 

these problems, we employed the overall strain energy as a convergence criterion (Marks 

and Gardner 1993) along with a FE formulation that has been reported to detect 

asymptotic stress fields (Benzley 1974; Brink and Stein 1996). We hypothesized that 

strain energy is an appropriate predictor of the PVM failure for two reasons. Strain 

energy brings mathematical effectiveness in circumventing the problems regarding the 

singular point because finite strain energy in the bounded portions of a body is proved 

when equilibrium displacement fields exist in elastic bodies (Wilcox 1979; Chaudhuri, R. 

2000). In addition, strain energy has been widely used in physiological studies to estimate 

the severity of muscle injury (Brooks et al. 1995; Wang et al. 1997). Since many aspects 

of PVM composition and loading are presently uncertain during the second stage of labor, 

our second goal was to conduct a sensitivity analysis of the effects of five loading or 

morphological factors, including maximum stretch ratio, angle of the scarf joint, direction 

of distraction, and PVM material properties (matrix and collagen fiber), on the strain 

energy distribution in a scarf enthesis loaded under tension. 

 

3.1.2 Methods 
 

 Details of the transversely isotropic, hyperelastic material model (Gasser et al. 

2006) utilized in this study are explained in this section. The constitutive model of this 

type of material can be characterized by a strain-energy function (also referred to as a 

Helmholtz free-energy function) Ψ per unit reference volume, and expressed as a 
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function of the right Cauchy-Green tensor C and the tensor product (or the dyad) of the 

unit fiber direction vector at the reference configuration 0 0a a , 
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c1, k1, and k2 are material parameters and κ is the level of dispersion in the fiber 

directions, ranging from 0 (corresponding to an ideal alignment of collagen fibers) to 1/3 

(corresponding to an isotropic distribution). Note that I4 is equal to the square of the 

stretch λ in the fiber direction 0a , which describes the property of the fiber family and its 

interaction with the other material constituents. 
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 Multiple linear regression model of the statistical analyses may be further explained as 

followings in a matrix/vector representation: 
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           Here, yi is the output variable (or response), xij is the input variable (or predictor), 

βi is the parameter, εi is the error term, n is the number of cases in the dataset, and p is the 

number of input variables (or parameters). The column of ones in X incorporates the 

intercept term β0.  

 The output variable, Area Ratio, is defined to measure the degree of strain energy 

concentration to the model. Consider  S   as a continuous (or at least piecewise 

continuous) function representing the area occupied by continuum particles in region  . 

The output variable can then be expressed as: 
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due to scarf angle, loading conditions, and material properties of the model were 

systematically established and adjusted for each trial.  

As for the FE model definitions (Fig. 3.2 (a)), the pubic bone was modeled as a 

rigid body connected to the proximal end of the PVM model via its oblique attachment 

area. The proximal end, which was modeled as a straight inclined line as with a scarf 

joint interface, was assumed to have pinned boundary conditions, because the 

micromechanical features suggest that this type of fibrous enthesis is primarily loaded in 

tension and is not sensitive to the direction of loading (Subit et al. 2008). The distal end 

of the PVM was placed under displacement loading, the direction of which was 

determined by the loading strategy of the sensitivity analysis (See Section ' Sensitivity 

Analysis of Strain Energy Concentration at PVM Enthesis' for more details). Also, given 

that the dimension in the PVM in the lateral direction is much greater than the thickness 

of the PVM (Kim et al. 2011), we hypothesized the direction of this dimension is 

constrained (the state of plane strain).  

 A transversely isotropic, hyperelastic material model (Gasser et al. 2006) was 

adopted to describe the mechanical behavior of the PVM as a fiber-reinforced matrix. 

The constitutive model of this type of material can be characterized by a strain-energy 

function (also referred to as a Helmholtz free-energy function) Ψ per unit reference 

volume, and expressed as a function of the right Cauchy-Green tensor C and the tensor 

product (or the dyad) of the unit fiber direction vector at the reference configuration 

0 0a a , 
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 The micromechanical morphology of the soft biological tissue is incorporated in 

the material model, with the first term describing the isotropic matrix behavior and the 

second term characterizing the mechanical anisotropy corresponding to the collagenous 

fibers. The collagen fibers were assumed to be crimped under no load and tensed if the 

strain of the fibers is large enough. The stretching behavior is largely explained by the 

exponential function, as can be seen in the second term. This results in the PVM stiffness 

being much greater in the fiber direction than in directions orthogonal to the fibers. In the 

last term, since the state of incompressibility of the isotropic matrix material is assumed 

(I3(C) = 1), the free energy  is enhanced by an indeterminate Lagrange multiplier p/2, 

which may also be identified as a hydrostatic pressure. The three parameter values (c1 = 

0.3532 MPa, k1 = 0.0827 MPa, and k2 = 0.3242) were taken from biaxial in vitro tensile 

tests of female PVM (Jing, D. 2010). The level of dispersion in the fiber direction (κ) was 

approximated to an ideal case (κ = 0) to be perfectly aligned for the simplification 

purpose.  

 The simulations were performed with Abaqus 6.10-EF1 Implicit (Dassault 

Systemes, Vélizy-Villacoublay, France) FE analysis software along with HyperMesh 

10.0 (Altair Engineering, Troy, MI, USA) pre-processor. In order to avoid the singular 

behavior of a purely displacement-based solution (Simo and Armero 1992), mixed 

formulation elements were carefully chosen for the PVM FE model. The FE simulation 

was verified by confirming that convergence in strain energy is achieved within the 
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pentagonal region of interest (ROI) around the inferior oblique interface corner with 

mesh refinement (Marks and Gardner 1993). The total strain energy of an element is 

computed from the strain energy density and volume of each integration point using the 

Abaqus output variable identifiers. Since the singularity pattern at the oblique interface 

corner needs to be suitably captured, the contour plot of the stress field was also 

checked.(Brink and Stein 1996) Contour plots for the element-wise strain energy density 

were examined to identify the location of concentrated strain energy in an attempt to 

predict the location of avulsive PVM injury initiation. Finally, we investigated the 

relative amount of strain energy carried by the ground material and the collagen fibers in 

the ROI at the different levels of stretch ratio applied to the model. 

 

Table 3.1. The five input parameters and three levels of their variation that were used for 
the sensitivity analysis. 

Input Variable Unit Variation 

Scarf Angle (Deg) 10 15 20 

Bending (Deg) -15 0 15 

Stretch Ratio N/A 1.25 2.25 3.25 

Matrix Property (MPa) 0.1766 0.2649 0.3532 

Collagen Property (MPa) 0.0414 0.0620 0.0827 

 

 One can speculate that the occurrence of an injury at the PVM scarf enthesis during 

vaginal birth is associated both with innate anatomical characteristics as well as 

intrapartum deformation patterns. Such speculation is presently in order given the 

practical and ethical difficulties of making any actual measurements during vaginal birth. 

Changes in the PVM soft tissue properties might also be possible to play a role in the 

injury mechanism. In order to identify the relationship between these factors and the 
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possibility for injury initiation, a total of five different independent variables were 

defined, including Scarf Angle, Bending, Stretch Ratio, and two stress-like material 

properties from Matrix and Collagen fibers, respectively (Fig. 3.2 (b) and Table 3.1). The 

Scarf Angle is related to the innate shape of an individual's musculoskeletal architecture 

at the pubic origin of the PVM. Since, there exist no studies reporting the scarf angle of 

the PVM, we used a set of the values measured from our cadaver specimens (Kim et al. 

2011); these ranged from 10° to 20°. Bending has to do with how perineal descent occurs 

during the second stage of labor and Stretch Ratio is proportional to the size of the fetal 

head that engages the PVM late during the second stage (Ashton-Miller and DeLancey 

2009). The ranges for these input variables were determined from previous computer 

birth simulation data (Jing, D. 2010; Lien et al. 2004). Finally, the Matrix and Collagen 

material properties were reduced by 25 % and 50 % to reflect possible ripening of the 

pelvic floor muscles during delivery. The default values were acquired from the in vitro 

testing on human PVM (Table 3.1) (Jing, D. 2010). Each of the five input variables was 

assigned three levels of variation. The ranges of these input variables were evaluated by a 

clinician anatomist with experience in evaluating the levator ani muscle (John O. L. 

DeLancey).  

 Using R 2.13.0 (R Devolopment Core Team 2011), multiple linear regression analyses 

were performed for modeling the relationship between the output variable and five input 

variables assigned to the FE model. The regression equation is written in a matrix/vector 

representation: 

 

 y Xβ ε              
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where, y is the output variable (or response), X is the input variable (or predictor), β is 

the parameter, and ε is the error term. Then, the problem becomes finding the least square 

estimate of β, called β : 

 

  -1T Tβ X X X y                        

                             

which is the minimized sum of the squared errors, as well as containing information as to 

the magnitude of the effect of each input variable. The output variable, Area Ratio, is 

defined by the ratio of area consisting of the elements that include the largest 5 % of the 

element-wise strain energy density to entire area of the model. This output variable was 

designed to capture the degree of strain energy concentration to the model when it is 

subjected to tensional loading. For example, the smaller y the model has, the smaller the 

area covering 5 % of the total strain energy given to the system. For ease of comparison 

all the variables were converted to standard units (mean 0 and variance 1). Whether each 

parameter is statistically significant in the regression model was evaluated through the 

two-tailed t-test and ANOVA. A p-value of less than 0.05 was considered significant. In 

order to improve the fit and to ensure the normality of the residual, the polynomial terms 

was also added to the term Xβ and compared to the first degree regression model. 
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 The scarf enthesis’ oblique interface corner exhibited a greater strain energy 

concentration than any other region of the PVM (Figure 3.5). In general, the inferior 

margin seemed to transmit external loading to a visibly greater extent than the superior 

margin did. The mid-substance of the PVM displayed no conspicuous strain energy 

concentration. This suggests that the most susceptible location of the PVM to birth-

associated loading conditions is indeed the inferior margin of the scarf enthesis at its 

oblique corner.  

 

 

Figure 3.6. Strain energy carried by matrix and collagen fibers in the oblique interface 
corner ROI. Collagenous fiber contribution shows an exponential increase and becomes 
dominant when the stretch ratio is more than about 2.5. 

 

          The matrix transferred most of the external energy applied to the model under 

lower values of stretch, while the collagen fibers become the dominant load carrier when 

the stretch ratio of the model becomes sufficiently large (Figure 3.6). This result may be 
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explained by the exponential function in the material model, which sharply increases with 

stretch ratio.   

           The linear regression analysis shows that the five input variables explained up to 

75% of variation in the output variable, Area Ratio. The Area Ratio was most sensitive to 

the variations in Stretch Ratio (p < 0.001), followed by Bending (p < 0.001) and Scarf 

Angle (p = 0.003, Table 3.2). However, the two material parameters turned out to be 

statistically insignificant. 

  

Table 3.2. Results of the sensitivity analysis conducted using the regression model along 
with the relevant p-values. The asterisk denotes statistically significant values. 

Input Variable 
Parameter Estimate 

from Linear Fit, β  
P-value 

Scarf Angle  9.662e-02 0.00333 *  
Bending  -1.681e-01 5.26e-07 *  
Stretch Ratio  -8.416e-01 < 2e-16 *  
ECM Property  3.642e-02 0.26474  
Collagen Property  -3.555e-02 0.27631  

 

The sensitivity analysis showed that the smaller Scarf Angle, the larger Stretch 

Ratio, and the greater the degree of PVM enthesial strain energy concentration that was 

found (Fig. 3.7). Bending the PVM in the superior direction (-15 °) caused a greater 

concentration of strain energy than the cases with an absence of bending (0 °) or inferior-

directed Bending (15 °). 
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3.1.4 Discussion 
 

A novel aspect of this study is the analysis of the behavior of the medial PVM 

origin from the pubic bone by an analogy with a traditional mechanical joint, namely 

scarf joint. The results demonstrate, for the first time, that the geometry of the PVM scarf 

enthesis gives rise to a local strain energy concentration at the oblique corner of its 

inferior margin, rendering it vulnerable to injury when large stretch is imposed (Fig. 3.5), 

as is the case during vaginal birth (Lien et al. 2004). An increase in the Stretch Ratio, 

Bending, or Scarf Angle all increased the strain energy concentration at that location 

(Table 3.2). Finally, the FE simulation of the transversely isotropic material PVM model 

showed that, as the tensile loading applied to the PVM scarf enthesis increases, more 

energy is stored by the collagen constituent rather than by the matrix (Fig. 3.6). 

A number of simulation studies have attempted to explain why the PVM is the 

most frequently damaged part of the levator ani muscle during the vaginal birth (Lien et 

al. 2004; Hoyte et al. 2008; Parente et al. 2008; Li et al. 2010). These studies have 

consistently showed that the shorter original length of the PVM compared to other parts 

of the levator ani muscle, as well as the geometrical constraint requiring it to wrap around 

the fetal head give rise to the large PVM stretch ratio during birth. However, no 

explanation has been given for why the PVM fails near its origin, and not at its mid-

substance or at the distal end. The present paper provides a possible explanation in that 

regard: namely, the oblique interface between the PVM and the pubic bone creates a local 

region of the enthesis that is susceptible to injury during vaginal birth due to its 

geometrical singularity. In a first vaginal delivery, this is the first time in a woman’s life 

that her left or right PVM ever experiences such large and abnormal stretch (Lien et al. 
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2004). Because the strain energy concentration on the inferior interface corner occurs 

regardless of the magnitude of stretch ratio applied to the model, the PVM scarf enthesis 

by itself is likely to cause muscle damage when it exceeds a given injury tolerance. 

 From an obstetrical point of view, among the three statistically significant input 

parameters, the input parameter, Scarf Angle, is determined innately by the angle at 

which the muscle attaches to the bone. The Bending and Stretch Ratio, on the other hand, 

are governed by how the PVM is stretched as the fetal head pushes the muscles 

downward as it passes along the curve of Carus, a locus describing the centerline of the 

vaginal birth canal (Lien et al. 2004; Jing, D. et al. 2012). Our results predict that women 

with more acute scarf entheses are likely to experience more localized energy 

concentrations. Therefore, if a morphological measurement could reliably be made of the 

scarf enthesis angle prior to birth women might be screened for risk of injury. The study 

also shows that a negative angle of Bending, in the direction of perineal descent during 

the second stage of labor, reduces the strain energy concentration. This may be 

counterintuitive because factors inducing inferior rotation, such as forceps delivery, are 

known to be increase the risk of the levator ani muscle injury due to vaginal birth 

(Kearney et al. 2006). However, forceps delivery also places a large distraction force on 

the PVM, so this may be the dominant effect.  

As with the material model used for the simulation of the current research, the 

mechanical response of the collagen fibers is often modeled with an exponential function 

partly because the fiber is crimped without any loading and tensed after a certain amount 

of tension (Gasser et al. 2006; Natali et al. 2005). This behavior leads to sudden stiffening 

of a muscle and to a sharp increase in the stored strain energy at the higher stretch ratio 
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regime (Fig. 3.6). If hormonal or enzymatic processes causing softening of the tissue are 

either impractical or do not occur naturally, then another possibility for avoiding the 

PVM rupture might be to physically reduce the stretch ratio of the PVM itself. Indeed 

‘fusible link hypothesis' (Ashton-Miller and DeLancey 2009) assumes that the U-shaped 

PVM may be protected from overstretching and/or tearing by the presence of compliance 

in the perineal body that links the distal ends of the left and right PVM. Therefore, 

incorporating the perineal body into the model and testing this hypothesis directly is 

worthy of future research. 

Limitations of this study include the simplified model geometry. Although the 

levator ani muscle runs around the pelvic side wall, the PVM portion of the levator ani 

muscle, where defects have been noted after vaginal delivery unlike the other subparts 

(DeLancey et al. 2003; Margulies et al. 2006), resides lateral to the vagina locally without 

significant curvature. Therefore, we chose to focus the analysis into this local region and 

simplified the geometry of the PVM into two-dimension in this first simulation of the 

specific birth injury mechanism. Second, the findings were restricted to time-independent 

phenomena. Based on the stress relaxation tests performed either on the human vaginal 

tissue or the levator ani muscle, at least a 40 % reduction in stress would occur in these 

tissues within approximate 15 minutes (Jing, D. 2010; Pena et al. 2010). If a normal 

range in duration of the second stage of vaginal delivery is considered, well below 50 % 

stress relaxation could occur. Therefore, one may argue that some results of this study 

likely overestimate the reported mechanical quantities. Notwithstanding this limitation, 

the location in which the strain energy concentration occurs is not affected by the energy 

dissipation over time, as long as there is no highly anisotropic dissipative behavior in the 
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tissue. Third, while the use of a fiber-reinforced matrix is a reasonable model of the 

enthesis, given the histology we have described, the use of such a model to represent the 

striated PVM muscle is a simplification that is probably only valid for the PVM under 

passive stretch, which is likely the case at the end of the second stage of labor. A future 

study might include a multi-scale model of the PVM under stretch. Fourth, we have not 

considered hormonal effects, which can “ripen” the PVM tissue allowing it to stretch 

more easily, or the effect of volitional contraction of the PVM, which would stiffen it 

(McMahon 1984). The fact that the PVM of most women remains intact during a vaginal 

delivery hints that local protective factors might mitigate the local stress/strain energy 

concentration at the scarf enthesis. One of these could be reinforcement of the oblique 

corner of the scarf enthesis by more, or stronger, collagen fibers. Fifth, an analytical 

solution of stress and deformation fields around the oblique scarf interface corner, which 

has not been investigated to our knowledge, could benefit from more comprehensive 

information in regard to the input parameters. The strength of the singularity, or the upper 

bound of the stress field, is required for the comparison with the FE simulation result. 

Despite its preliminary character, the research reported here would seem to reasonably 

describe the response of the PVM scarf enthesis both with mixed formulation elements 

that have been proved to be valid for detecting stress/strain energy singularity, and with a 

rather qualitative manner using the output variable, Area Ratio.  

The response of a PVM scarf enthesis at its interface to the pubic bone appears to 

have considerable importance for understanding injury mechanisms to the PVM during 

vaginal delivery. A better understanding of the injury mechanism could lead to improved 

injury prevention strategies in the future. The results should also have relevance for the 
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injury of scarf entheses found elsewhere in the body such as chronic avulsion injury of 

the deltoid insertion to the humeral tuberosity especially in adolescents, where 

comparable histological characteristics can be found as a fibrous enthesis as with the 

PVM scarf enthesis (Kim et al. 2011; Benjamin et al. 1986; Donnelly et al. 1999). 
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3.2 A 3-D Levator Ani Muscle Model 
 

3.2.1 Introduction 
 

Vaginal delivery is the single most important risk factor for developing pelvic 

organ prolapse (Mant et al. 1997; Leijonhufvud et al. 2011). These studies show that 

compared with nulliparous women, the relative-risk for developing prolapse requiring 

hospital admission was four in women with one vaginal birth and eight in women with 

two births. Birth-related injuries occur immediately in the process of the delivery during 

the second stage phase but the prolapse only becomes manifest decades later in life.  

Studies with MR imaging and pelvic floor ultrasound have demonstrated the 

occurrence of the trauma to the levator ani muscle (LA) after vaginal birth; these have 

been reported to occur in 20-30 % of women who have delivered vaginally (DeLancey et 

al. 2003; Kearney et al. 2006; Dietz and Simpson 2008). In women with prolapse, 55% 

show evidence of major injury (with more than 50 % of the muscle injured) while in 

women with normal support, only 16% have evidence of this type of injury (DeLancey et 

al. 2007). 

To investigate the biomechanical factors relevant to LA injury and the forces it is 

subjected to during vaginal birth, researchers have used finite element (FE) models to 

simulate the biomechanics of the late second stage (Lien et al. 2004; Hoyte et al. 2008; 

Parente et al. 2008; Li et al. 2010). It is known from an earlier study that the most medial 

portion of the LA, known as the pubovisceral muscle (PVM), undergo the highest stretch 
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The site of the LA injury has been identified as the pubic portion of the LA 

(Margulies et al. 2007). The factors that explain why the injury occurs at this location are 

not fully understood. In previous computer model studies, the detailed location of the 

putative injury site was also not fully explored because the anatomy was too simplified. 

We modeled the levator ani muscle with solid elements in order to better examine 

phenomena occurring in thickness direction. So this report describes a detailed computer 

model of the LA to better understand why injuries occur at the pubic origin of the LA 

during the 2nd stage of vaginal birth. 

 

3.2.2 Methods 
 

A three-dimensional (3-D) geometrical model of the pelvic floor was created 

based on Magnetic resonance (MR) scans of a healthy nulliparous 37-year-old woman, 

who satisfied the following criteria: no previous vaginal delivery, no symptoms of 

urinary incontinence, normal support on pelvic examination and normal anatomy of the 

levator ani muscles. The model for this study was focused on capturing anatomy in the 

LA injury zone associated with childbirth. Characteristic landmarks were identified in 

three-dimensionally aligned MR scans using 3D Slicer (The Brigham and Women's 

Hospital, Boston, MA, USA) software. These included the LA, the fascia arch (FArch, 

otherwise known as the arcus tendineus fascia pelvis), the levator arch (LArch; otherwise 

known as the arcus tendineus levator ani), the perineal body (PeB), and the pubic bone 

(PB) (Fig. 3.8). These structures were integrated with the MR based LA contour to 
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generate a geometrically smooth 3-D surface with the help of a commercial 3-D 

modeling tool, Rhinoceros 3D (Version 4, Robert McNeel & Associates, Seattle, WA, 

USA). The smoothly patched surface models were then imported into LS-DYNA 

(Version 971 R5, Livermore Software Technology Corporation, Livermore, CA, USA), 

an engineering multiphysics simulation software package to conduct the finite element 

(FE) simulation under implicit and explicit solvers. A previous study from our group has 

identified significant gradient in through-thickness stress and strain distributions when 

two heterogeneous materials meets at an oblique angle (Kim et al. 2011a). To understand 

and quantify this phenomenon through thickness, solid (also known as brick) elements 

were employed to represent the LA structure for FE simulation. This contrasts with 

previous FE analyses of the pelvic floor that have been performed by thin membrane 

elements (Lien et al. 2004; Parente et al. 2008; Jing et al. 2012).  

The fetal head was approximated to a sphere of 8.5 cm in diameter after taking the 

fetal head molding effect into consideration. The applied size corresponds to about the 

50th percentile in fetal head diameter. As a simplified second stage labor progress, the 

motion of the fetal head was prescribed to descend through the birth canal at constant 

velocity. Regions of higher stress, strain, and strain energy were identified. The 

simulation was initiated from the moment the fetal head made a contact with LA, and 

terminated once the two structures were fully engaged. We tested the hypothesis that the 

regions of highest stress and strain would occur in the locations that have previously been 

shown to exhibit defects after vaginal birth (see above).  

The mechanical behavior of the LA was represented by a transversely isotropic 

hyperelastic material model, which provides an isotropic Mooney-Rivlin matrix 
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The parameters of the material properties used for the simulation are shown in 

Table 3.3 and 3.4. 

Table 3.3. Transversely isotropic hyperelastic material parameter values (Units: MPa) 
used in this study. 

 C1 C2 C3 C4 C5 

LA 0.013402 0.300785 978.1935 8.80E-05 0.086122 

LArch, PeB 0.201222 0.287072 978.3199 5.88E-06 0.005755 

 
Table 3.4. Viscoelastic material parameter values (unitless) used in this study 

 S1 T1 S2 T2 S3 T3 S4 T4 

LA 0.32186 5.2E-14 0.19137 3.3E-05 0.21385 3.3E02 0.27292 2.0E04 

LArch, 
PeB 

0.34428 5.2E-14 0.21380 3.3E-05 0.22786 3.9E02 0.21405 2.0E04 

 

 

3.2.3 Results 
 

We identified two specific areas of increased stress/strain on the proximal PVM, 

namely the origin of the levator arch (LArch) and the pubovisceral muscle enthesis to the 

pubic bone (Enthesis). Figure 3.9 shows the posterior margin of the levator ani muscle 

when the fetal head fully engages with the levator ani muscle. The PVM enthesis and the 

LArch seem to be the locations where higher local principal Green-Lagrange strain and 

principal Cauchy stress values occur, respectively.  
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This is the first biomechanical explanation of why the injury occurs at this specific 

location and in a particular sequence. 

The findings of this study add to a growing body of information about the location 

and causes of the LA injury; these injuries are strongly associated with prolapse later in 

life. Two different morphological types exist in women with the LA defect. Some women 

reveal distorted anatomy (“architectural distortion”) while others experience loss of 

muscle but in whom the overall location of structures remains intact (Margulies et al. 

2007). Further analysis of women with architectural distortion has shown that there is a 

downward shift in the LArch below its’ normal location in women with architectural 

distortion (Larson et al. 2011). Because the LArch is the point of origin for much of the 

LA, this could prove a critical defect. The present study reveals high stress and strain 

concentrations at the origin of the LArch during birth, suggesting a possible injury 

mechanism. This high stress is logical because all of the PVM between the ischial spine 

and the origin of the LArch to the pubic bone is attached to the LArch. Therefore any 

forces exerted on the LA must be carried by the two small attachment points that are the 

focus of the present study. The second finding, namely that the medial portion of the 

PVM where it attached directly to the pubic bone (Kim et al. 2011a; Kim et al. 2011b) is 

also under stress can help to explain those women where the levator arch remains intact 

(i.e., no architectural distortion) but who lose muscle in this region.  

These observations can be shown in the conceptual model shown in Fig. 3.11 that 

integrates LA defect, architectural distortion, apical support, and pelvic organ prolapse. 

Of course, muscle damage is only one part of the pelvic organ support system and the 

importance of other factors such as apical support and fascial integrity is revealed by the 
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significantly higher stress and strain at the origin of the PVM from the pubic bone due to 

the oblique nature of the interface in a simplified FE simulation (Chapter 3.1). This study 

attempted to integrate these detailed findings into a larger scale computer simulation 

where birth injury mechanisms can be examined and captured with all of the largely 

effective factors - the thickness of the LA structure, the fetal head, and the pubic bone - 

put together.  

The present study has a number of limitations. The present model uses a 

simplified loading condition by which fetal head descent was specified at a given velocity 

along the admissible space surrounded by the LA and the space of Retzius. This 

modeling approach differs from actual vaginal delivery since phasic uterine contractions 

and voluntary pushes usually drive a fetal head down along the birth canal (Rempen and 

Kraus 1991). The results are likely conservative because the simulation represents 

delivery in a single push, but momentary increases in resulting from voluntary pushes 

still need to be considered. It should also be noted that the anatomical representation of 

the LA structure remains to be improved. The fiber orientation of the puborectal portion 

of the LA (PRM), which is known to show about 55 degrees difference on the sagittal 

plane from that of the PVM (Betschart et al. 2012), was not accurately implemented in 

this study. However, considering PRM takes its origin from the periphery of the perineal 

membrane, the effect of this angle on the Enthesis and the LArch is expected to be small. 

Finally, the bio-tissue properties of this study were taken from human cadaveric 

specimens, which do not represent physiological conditions of the pelvic floor muscles. 

Nonetheless, to the best of our knowledge, there is no data of the human tissue 

viscoelastic properties available in literature. 



95 
 

 

3.2.5 References 
 

Mant, J., Painter, R., Vessey, M. (1997). Epidemiology of genital prolapse: observations 
from the Oxford Family Planning Association Study. Br. J. Obstet. Gynaecol., 
104(5), 579-585.  

Leijonhufvud, A., Lundholm, C., Cnattingius, S., Granath, F., Andolf, E., Altman, D. 
(2011). Risks of stress urinary incontinence and pelvic organ prolapse surgery in 
relation to mode of childbirth. Am. J. Obstet. Gynecol., 204(1), 70 e71-77.  

DeLancey, J. O., Kearney, R., Chou, Q., Speights, S., Binno, S. (2003). The appearance 
of levator ani muscle abnormalities in magnetic resonance images after vaginal 
delivery. Obstet. Gynecol., 101(1), 46-53. doi: S0029784402024651 

Kearney, R., Miller, J. M., Ashton-Miller, J. A., DeLancey, J. O. L. (2006). Obstetric 
factors associated with levator ani muscle injury after vaginal birth. Obstet. 
Gynecol., 107(1), 144-149. doi: 10.1097/01.AOG.0000194063.63206.1c 

Dietz, H. P., Simpson, J. M. (2008). Levator trauma is associated with pelvic organ 
prolapse. BJOG, 115(8), 979-984. doi: 10.1111/j.1471-0528.2008.01751.x 

DeLancey, J. O., Morgan, D. M., Fenner, D. E., Kearney, R., Guire, K., Miller, J. M., 
Hussain, H., Umek, W., Hsu, Y., Ashton-Miller, J. A. (2007). Comparison of 
levator ani muscle defects and function in women with and without pelvic organ 
prolapse. Obstet. Gynecol., 109(2 Pt 1), 295-302. doi: 
10.1097/01.AOG.0000250901.57095.ba 

Lien, K. C., Mooney, B., DeLancey, J. O., Ashton-Miller, J. A. (2004). Levator ani 
muscle stretch induced by simulated vaginal birth. Obstet. Gynecol., 103(1), 31-
40. doi: 10.1097/01.AOG.0000109207.22354.65 

Hoyte, L., Damaser, M. S., Warfield, S. K., Chukkapalli, G., Majumdar, A., Choi, D. J., 
Trivedi, A., Krysl, P. (2008). Quantity and distribution of levator ani stretch 
during simulated vaginal childbirth. Am. J. Obstet. Gynecol., 199(2), 198 e191-
195. doi: 10.1016/j.ajog.2008.04.027 



96 
 

Parente, M. P., Jorge, R. M., Mascarenhas, T., Fernandes, A. A., Martins, J. A. (2008). 
Deformation of the pelvic floor muscles during a vaginal delivery. Int. 
Urogynecol. J., 19(1), 65-71. doi: 10.1007/s00192-007-0388-7 

Li, X., Kruger, J. A., Nash, M. P., Nielsen, P. M. (2010). Anisotropic effects of the 
levator ani muscle during childbirth. Biomech. Model. Mechanobiol., 10(4), 485-
494. doi: 10.1007/s10237-010-0249-z 

Jing, D., Ashton-Miller, J. A., Delancey, J. O. (2012). A subject-specific anisotropic 
visco-hyperelastic finite element model of female pelvic floor stress and strain 
during the second stage of labor. J. Biomech., 45(3), 455-460. doi: 
10.1016/j.jbiomech.2011.12.002 

Margulies, R. U., Huebner, M., DeLancey, J. O. (2007). Origin and insertion points 
involved in levator ani muscle defects. Am. J. Obstet. Gynecol., 196(3), 251 e251-
255.  

Kim, J., DeLancey, J. O., Ashton-Miller, J. A. (2011a). Why does the pubovisceral 
muscle fail at its enthesis, and not elsewhere, during the second stage of labor? A 
computational study. Paper presented at the 35th Annual Meeting of the American 
Society of Biomechanics, Long Beach, CA.  

Puso, M. A., Weiss, J. A. (1998). Finite element implementation of anisotropic quasi-
linear viscoelasticity using a discrete spectrum approximation. J. Biomech. Eng., 
120(1), 62-70.  

Jing, D., Lien, K. C., Ashton-Miller, J. A., DeLancey, J. O. (2008). Visco-hyperelastic 
properties of the pelvic floor muscles in healthy women. Paper presented at the 
North American Congress on Biomechanics, Ann Arbor, MI.  

Woo, S. L., Levine, R. E. (1998). Ligament, tendon and fascia. In J. Black & G. W. 
Hastings (Eds.), Handbook of biomaterial properties (pp. 59-65). London, UK: 
Chapman & Hall. 

Larson, K., Luo, J., Yousuf, A., Ashton-Miller, J., Delancey, J. (2011). Measurement of 
the 3D geometry of the fascial arches in women with a unilateral levator defect 
and “architectural distortion”. Int. Urogynecol. J.(In Press). doi: 10.1007/s00192-
011-1528-7 



97 
 

Kim, J., Ramanah, R., DeLancey, J. O., Ashton-Miller, J. A. (2011b). On the anatomy 
and histology of the pubovisceral muscle enthesis in women. Neurourol. Urodyn., 
30(7), 1366-1370. doi: 10.1002/nau.21032 

Huebner, M., Margulies, R. U., DeLancey, J. O. (2008). Pelvic architectural distortion is 
associated with pelvic organ prolapse. Int. Urogynecol. J. Pelvic Floor Dysfunct., 
19(6), 863-867. doi: 10.1007/s00192-007-0546-y 

Chen, L., Ashton-Miller, J. A., DeLancey, J. O. (2009). A 3D finite element model of 
anterior vaginal wall support to evaluate mechanisms underlying cystocele 
formation. J. Biomech., 42(10), 1371-1377. doi: 10.1016/j.jbiomech.2009.04.043 

Rempen, A., Kraus, M. (1991). Pressures on the fetal head during normal labor. J. 
Perinat. Med., 19(3), 199-206.  

Betschart, C., Kim, J., Ashton-Miller, J. A., DeLancey, J. O. (2012). Muscle Fiber 
Direction of the Levator Ani and External Anal Sphincter Muscle in MRI. Paper 
presented at the 33rd Annual Scientific Meeting of the American Urogynecologic 
Society, Chicago, IL.  

 

 



98 
 

CHAPTER 4  
 

System for Measuring In Vivo Fetal Head Displacement and Perineal 
Deformation during the Second Stage of Vaginal Delivery 

 

 

4.1 Introduction 
 

 Vaginal delivery is known to be the most influential factor for causing levator ani 

muscle injury that is associated with the pelvic organ prolapse, later in a woman's life 

(Dietz and Lanzarone 2005; Kearney et al. 2006; DeLancey et al. 2007). This type of 

injury may be attributed to excessive deformation during vaginal delivery particularly at 

the end of the second stage of labor. Several computational birth simulation studies have 

identified the largest stretch ratio at the part of the levator ani muscle, namely the 

pubovisceral muscle, which can be stretched to over three times its original length.(Lien 

et al. 2004; Hoyte et al. 2008; Parente et al. 2008; Li et al. 2010) However, the specific 

factors or cascade of events lead to levator ani muscle injury and subsequent dysfunctions 

later in life remain unknown. A major impediment to this research is a paucity of 

measurement strategies for quantifying the second stage events of labor that are 

potentially correlated with levator ani muscle damage. At the bedside, healthcare 

providers often make multiple intuitive and somewhat subjective assessments regarding 

the second stage progress which guide labor management. However, details of the 

assessment are not typically captured in the medical record. Unlike the first stage of 
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labor, with well-defined markers of events and progress such as cervical dilation, the 

complex dynamics of the second stage are typically summed up simplistically as length 

of time from complete cervical dilation to expulsion of the baby. Therefore, a direct 

comparison of the biomechanical computer simulations to the experimental 

measurements has not been made for validation purposes. Moreover, this lack of 

fundamental information on perineal surface deformation during delivery has prevented 

researchers from a deeper understanding of how, when and why levator ani muscle injury 

is most likely to occur.  

The goal of this experimental study, therefore, was to develop and test a system 

using computer vision technology to document the details of the deformation of the 

perineal skin during the end phase of second stage of labor. 

  

4.2 Methods 
 

The approval of the University of Michigan Medical School Institutional Review 

Board was obtained for the human studies that will be described in this article. This 

system passed the electrical safety inspection administered by the Biomedical 

Engineering Unit at the University of Michigan before being deployed to the hospital. 

 The main components of the system were two webcams mounted in a plastic 

housing and connected to a laptop computer (Fig. 4.1). They were set on a wheeled cart 

in order to be quickly set aside in case clinicians needed rapid access to the patients. This 

configuration helped occupy a relatively small space and minimize interference with 

clinical activities by the healthcare providers. Since the cameras were pre-calibrated in a 
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Upon completion of the intrapartum recording, post-processing was conducted 

using custom software written in MATLAB R2011b (MathWorks, Natick, MA) (Fig. 4.2). 

This software enabled automatically selection of the ink markers to the sub-pixel 

accuracy level on the planar image from which three-dimensional coordinates were 

calculated. However, manual selection of the markers on some frames was performed as 

well, because the patient care had been prioritized during the testing and it often led to 

the inevitable occlusions of the scene by clinicians' hands or limbs. The frames on which 

the three-dimensional reconstruction was performed were selectively chosen by the data 

processor (Jinyong Kim), yet they were checked by experienced clinicians (Lisa Kane 

Low and John O. L. DeLancey) that all the pushing phases were correctly identified. 

Three measurements were made. First, the time histories of anterior-posterior (AP) 

and lateral (LA) vertex diameters were plotted from the four ink markers located around 

the vaginal opening (Fig. 4.3a). Based on this measurement, the rate of stretch in the final 

volitional pushing of mothers was also estimated. To validate the present system 

measurement results, comparison with the AP vertex diameter measured in vivo in six 

primipara (Jane Walder, RN, personal communication, March 14, 2002). The perineal 

surface deformation was then computed based on the triangular meshes that were created 

by connecting the ink markers on the protruding perineal surface (Fig. 4.3b). The 

triangular meshes were assumed to be a planar membrane as many curved, thin bodies 

are. The deformation state for a membrane was then be represented by the position of 

points on the two-dimensional surface, thus making the formulation of the membrane 

behavior simple, even for large displacement response (Buechter and Ramm 1992; Taylor 

et al. 2005) (Fig. 4.4). In the plane of the triangle, the deformation gradient F is given by 
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 -1F jJ   , 

where J is the Jacobian transformation for the reference configuration (J-1 is used to 

denote the inverse of J) and j that for the current configuration, which can be determined 

as 
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where ij i j  x x x    and ˆ iX , ix  denote nodal values of the reference coordinates and the 

current coordinates, with the definition of Ta a a . Accordingly, we defined the unit 

vectors on a surface coordinate system as 
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4.4 Discussion 
 

The current study has demonstrated the capabilities of a system to track the 

detailed time course of the perineal surface deformation during the second stage of labor 

using a novel computer vision-based measurement system. This system enabled objective 

representations of the deformation in terms of various geometric quantities. Unlike a 

simple metric such as the vaginal opening diameter, stretch rate, perineal descent and 

principal stretches and directions of the perineal surface could be documented for the first 

time. Near the end of the second stage of vaginal delivery appeared to be the moment 

when all the quantities reached the maximum values - stretch rate was as high as 2.30 

(/min), diameters of the opening became 12.5 cm (AP) and 7.9 cm (LA), and more than 

3.5 times the original length of principal stretch occurred in the direction tangent to the 

vaginal opening perimeter. 

Based on the observation that circumferential stretch was very noticeable, which 

seemingly relates to the posterior protrusion of the superficial perineal surface, one might 

argue that perineal descent might not be worth measuring. The perineal descent, however, 

has been reported by a number of investigators to relate to anatomical characteristics as 

well as pelvic organ prolapse symptoms (Boulay et al. 2009; Broekhuis et al. 2010). 

Moreover, biomechanical analyses have shown  perineal descent was caused by the 

posterior rotation of the pubovisceral portion of the levator ani muscle relative to its 

pubic bone origin, as evidenced by clinical observation as well (Lien et al. 2004; Jing 

2010). 
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Perineal deformation was expressed as the principal spatial direction and the 

amount of principal stretch. Since these quantities can be plotted on every mesh from 

interconnected points of more than three points on the perineal surface, they would be 

likely to reveal the regional difference in the surface deformation as the newborn is 

delivered. It has the potential to answer a lot of open questions. For example, it is known 

that levator defects occur more commonly on the right side so it might be important to 

know which side demonstrates greater perineal stretch (Margulies et al. 2007; March et al. 

2012). 

When it comes to the mechanism of muscle stretch injury, stretch rate might be an 

important factor for determining whether the muscle exceeds a critical limit because 

muscle is known to behave in a viscoelastic manner. The level of stress on the muscle is 

proportional to the rate at which the muscle is stretched as well as the absolute amount of 

stretch itself. Therefore, recording stretch rate at the end of second state is expected to be 

a valuable for further research. Moreover, an improved understanding of this information 

can aid the clinician in potentially directing the amount of effort and timing of pushing to 

reduce undue stress and stretch as much as is possible to reduce rapid deformation of the 

perineum. 

There are several limitations that should be kept in mind when interpreting the 

results of this study. The measurement accuracy is limited by the consumer-level 

webcams used in the system. However, the small size of the cameras and the simple 

electrical configuration were weighted heavily as design requirements because we needed 

to make the system unobtrusive. This was based on feedback from the clients themselves. 

An early prototype had been far too large and imposing for women to feel comfortable. 
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We believe this present measurement accuracy was sufficient to capture the intrapartum 

perineal deformation pattern. Also, the ease of use of the cameras and the ability to place 

them in a location to not be disruptive but to actually gain clear recordings was of value 

to this system Furthermore, the study included only two subjects and the difference 

between nulliparous and parous women could not be evaluated. Recruiting subjects for 

this study had been extremely challenging due to the subjects’ privacy concerns. 

Although we assured clients that no private information would be identified, patients 

were highly reluctant to participate in the study due to concerns both for privacy during 

the birth experience. This seemed of particular significance to first time mothers who had 

a lot of questions about what the actual process of birth would be like and were thus 

reluctant to include other elements in the room which they feared could be a distraction. 

Other limitations concern the paucity of real-time processing, which might lead to a faster 

interpretation of the second stage events for practitioners. A major reason for this 

limitation was the lack of source information that is easily detected by image processing 

routine. For example, materials like self-growing powder materials might be adequate to 

improve the system to a fully automated one. 

Intrapartum documentation of the events of second stage labor resulting in vaginal 

delivery is a challenging and intricate measurement task, because extensive care is 

usually required during this period and the safety of mother and fetus must be prioritized 

before anything else. At the same time, injury prevention research has been constrained 

by the paucity of details on the second stage kinematics. We believe that this study has 

successfully addressed this research gap by using a unique quantitative, instrumented 
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measurement system to assess progress and pelvic floor deformation during the second 

stage of labor. 
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CHAPTER 5  
 

General Discussion 
 

 

5.1 Summary and Significance 
 

 This dissertation has clinical significance in that it explains more concretely how 

the birth-related injury occurs and progresses. Hypotheses on injury mechanisms were 

first suggested based on the findings from the cadaveric examinations (Chapters 2.1 and 

2.3) around the putative injury areas that had been found from a number of imaging 

researches (Tunn et al. 1999; Hoyte et al. 2001; DeLancey et al. 2003; Dietz and 

Lanzarone 2005). We noticed the geometrical similarities between the birth-injury zones 

and the other engineering structures. For example, an oblique interface between the 

pubovisceral muscle and the pubic bone was compared with a scarf joint, and then 

general characteristics of the scarf joint was applied to design a biomechanical analysis in 

order to understand the mechanical behavior of the pubovisceral muscle origin (Chapter 

3.1). The simulation results demonstrated that the oblique corner of the muscle enthesis is 

more vulnerable to stretch-induced injury due to the unique geometry of the scarf 

enthesis. At the lateral margin of the pubovisceral muscle origin, on the other hand, was 

the levator arch, which is essentially a thick collagenous fiber connecting the pubic bone 

and the ischical spine. We were able to find out the way the levator arch supports the 
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To give a brief summary on the mechanisms of the levator ani muscle injury 

during vaginal birth that was refined by a number of studies in this thesis, we can make a 

structural analogy of the proposed injury mechanism to the behavior of a hanging beaded 

curtain. The type 1 injury could be compared to a regular beaded curtain, where beaded 

strings are independently attached (Fig. 5.1 left). Therefore, if one of the strips was pulled 

and detached, adjacent string would not be affected. However, if the vertical beaded 

strings are linked to another cable connecting two points and one of the points were 

separated, the entire structure would collapse in a rather catastrophic manner. This 

corresponds to the type 2 injury. 

 

5.2 Limitations 
 

The approaches used in this thesis have several limitations.  

First of all, despite women experience noticeable remodeling of their tissues 

throughout their entire body during pregnancy (Myers et al. 2009; Wells et al. 2012), the 

finite element simulation results were based on human cadaver tissues (Jing, D. 2010). 

Therefore, mechanical behavior of in vivo pregnant human soft tissues was not able to be 

captured. There is, however, no available information on either uniaxial or biaxial 

properties of the pregnant human levator ani muscle to the best of our knowledge, and 

this approach was considered the closest approximation available to us at the present time. 

Further research on the measurement of the change in the levator ani muscle properties 

before and during pregnancy would greatly benefit the quality of analysis of the vaginal 

delivery. 
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Second, moderate number of samples hindered from deducing stronger 

conclusions in a few chapters, including Chapters 2.1, 2.3, and 4. Acquiring nulliparous 

or young anatomy is extremely rare in the donation program. Comparisons of the 

morphology at the birth-injury zones between young and elderly women or between 

nulliparous and primiparous women would potentially reveal a lot of unknown 

characteristics that could help better understand underlying injury mechanisms. Also, 

recruiting pregnant women for intrapartum measurement was very challenging mainly 

because privacy issues were brought up. If more subject were to be participated in this 

kind of study, valuable dataset such as the amount of the perineal and the fetal head 

descent would be able to measured. 

Finally, the modeling strategy for the vaginal delivery biomechanics model was 

limited to a subject-specific setting. A subject-specific geometry model for finite element 

analysis is very advantageous because accuracy of the model could be focused and 

relatively easily achieved. So, better results for a given circumstances are expected to be 

deduced. On the other hand, a parametric modeling, where a modeling is established by a 

finite number of parameters that determines the overall shape of a model, might 

potentially be more suitable to generalize how the output of a biomechanics model could 

be apportioned to different sources of inputs. A subject-specific modeling would also be 

applied to different scenarios by slightly modifying the geometry as well as the properties 

of the model. But, the more the number of the input parameter combinations are tested, 

the less effective and efficient the processing could be. 
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CHAPTER 6  
 

Conclusions 
 

 The major findings in this dissertation are as follows: 

 Chapter 2.1: Morphology of the pubovisceral muscle (PVM) origin from the pubic 

bone shows different patterns in the medial region to the lateral margin. Unlike the 

medial region which demonstrates an enthesis where there are multiple muscle fibers 

that individually attaches to the pubic periosteum by short connective tissue slips, the 

central portion is very thin and aponeurotic. The very lateral margin is comprised of 

the levator arch, which is a relatively thick collagenous bundle. This suggests that 

vaginal loading is transferred mainly through both the thick, direct medial enthesis as 

well as the lateral levator arch attachment. 

 Chapter 2.2: In living women, a magnetic resonance imaging study demonstrated 

three distinct fiber directions in the levator ani muscle subdivisions; namely the 

pubovisceral muscle (PVM), puborectal muscle (PRM), iliococcygeal muscle (ICM) 

as well as external anal sphincter (EAS). We conclude that the 58° difference in fiber 

orientation between the PVM and the PRM reflects the former acting primarily to 

elevate perineal structures (a ‘lifter’) and the latter increasing levator hiatus closure 

creating the vaginal high pressure zone (a ‘closer’). 

 Chapter 2.3: The medial portion of the pubovisceral portion of the levator ani muscle 

originates tangentially from the pubic bone through a fibrous entheses. Collagenous 



120 
 

fibers, which lie between the pubovisceral muscle and the pubic bone and connect 

each other, mainly arise from the periosteum of the pubic bone. In a longitudinal 

cross-section, the amount of the connective tissue and muscular tissue becomes equal 

at approximately 8 mm from the pubic bone. 

 Chapter 3.1: The oblique interface between the pubic bone and PVM, along with 

heterogeneous material properties of the enthesis, causes a noticeable strain energy 

concentration at the inferior margin of the interface corner when the PVM is placed 

under tension. This suggests a likely injury initiation point during the late second 

stage of vaginal birth. The severity of the strain energy localization was inversely 

proportional to the scarf angle of the PVM as well as the posterior bending, but 

proportional to the amount of stretch applied to the PVM.  

 Chapter 3.2: The pubic origins of both the levator arch and PVM are shown both to 

be at risk for injury during the second stage of vaginal birth due to excessive stress 

and strain. This is the first biomechanical explanation of why it is the pubic origins of 

these structures that can be injured during vaginal birth. 

 Chapter 4: This objective measurement method can document the dynamic, multi-

dimensional changes of the perineum during the 2nd-stage of labor. The method 

potentially allows stretch and deformation patterns to be correlated with the 

occurrence of perineal lacerations.  
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CHAPTER 7  
 

Suggestions for Future Work 
 

 For an anatomical/histological study, more cadaver specimens need to be acquired in 

order to draw more general conclusions on the morphological patterns at the birth 

injury sites. Quantification of the variations in (a) the shape of the levator arch, (b) 

the levator arch material properties including ultimate tensile strength could be 

addressed. Comparison of the morphological variations against advancing age and 

increasing parity is also needed. 

 For a computer simulation study, measurement of the elastic and viscoelastic material 

properties of the pregnant pelvic floor muscle should be conducted. Although many 

kinds of tissue property data are currently available, the lack of information of the 

pregnant effect on the pelvic floor soft tissue hinders investigators from emulating a 

more realistic vaginal birth simulation. 

 Parametric modeling of the pelvic floor would allow biomechanical models to predict 

the injury location and pattern during vaginal delivery. Until now, all the previously 

reported vaginal birth biomechanics models were subject-specific models, which 

made hard to deduce generalized conclusions. With the accumulation of the 

information from the previous models, some meaningful results might be generated. 

 The stereophotogrametry proved itself to be a reasonable technique that can be 

efficiently used to measure the deformation during vaginal delivery. Although the 
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occlusion of the scene may be an inevitable event for this experiment setting, 

alternative light source which can penetrate through the skin might be adequate for 

the configuration. Finer distribution of the marker is another obstacle to overcome for 

an even more meaningful study. 
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           APPENDIX A 

Consumer Camera-Based System for Measuring Fetal Head and  

Pelvic Floor Displacements During the Second Stage of Labor 
    

 

                      A.1 Introduction 

Pelvic floor dysfunction is a major health problem for women, which requires 

approximately 11% of American women to be surgically treated annually (Wilson et al. 

2001). In particular, vaginal delivery is considered to be a major risk factor for 

developing pelvic floor dysfunction (Mant et al. 1997). The circumferential length of the 

circumvaginal tissue at the second stage is expected to increase four times the initial 

periphery, and this process often causes injuries to the striated muscles of the levator ani 

(Brooks et al. 1995). However, the level of stretch in levator ani muscles during birth, 

accompanying displacements in the whole pelvic floor, has not yet been quantified 

experimentally. 

There are several methodologies for studying the causes and the characteristics of 

pelvic floor dysfunction, including magnetic resonant imaging (MRI) (Hoyte et al. 2001) 

and computerized finite element methods (FEM) model (Lien et al. 2005). Although MRI 

allows for examining the three-dimensional pelvic floor geometry both inside and outside 

the human body, there are limitations that exist because MRI devices are immobile and 

costly. On the other hand, a 3-D FEM pelvic floor model has been used to evaluate the 

levator ani muscle stretch induced during the second stage of simulated labor (Lien et al. 
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2004). However, the results from computer models are often compared with experimental 

measurements to verify the predictions, therefore, achieve a stronger authenticity (Pan 

1990). 

As an alternative, stereophotogrammetric methods have been used to reconstruct 

3-D object coordinates from photographs for medical purposes (Mitchell and Newton 

2002). Photogrammetric techniques are comparatively advantageous in that they are 

easier to repeatedly produce, process and exploit for large amounts of high-resolution 

data in a geometrically consistent, robust and accurate way. An application by Wojtys et 

al. (2000) set a precedent by using a structured light imaging system for making non-

contact optical measurements of the 3-D shape of the surface of the back in 2,270 boys 

and girls.  

 The purpose of this study, therefore, is to describe an experimental apparatus and 

method for measuring fetal head and pelvic floor displacements during the second stage 

of labor. Since, this system incorporates the stereophotogrammetric principle into a set of  

consumer-level digital cameras which are on a movable frame, low-cost measurements 

can be made in varied locations without compromising accuracy and precision. 

 

              A.2 Methods 

To meet the requirements of the clinical environment, a specialized mobile 

camera stand needed to be designed (Figure A.1). The apparatus is mainly comprised of 

three Olympus Stylus 800 Digital cameras (Olympus America Inc., Center Valley, PA), 

aluminum frames (80/20 Inc., Columbia City, IN), and a custom projector with a strobe 

flash. The stand can be drawn and placed at the foot of the bed, and then stored on a 
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Given that the uterus contracts once every three minutes, the system is expected to 

measure the change in the vertex location at rest and at the height of every push by asking 

the experimenter to trigger the cameras. Then, the major and minor vaginal diameters 

versus time are going to be measured in either a one-shot mode or in a burst mode. The 

burst mode will be useful for documenting the time-dependent behavior of the tissues on 

pelvic floor, especially if we can measure the intrauterine pressure. 

Pilot calibration tests were performed to determine the level of accuracy and 

precision of the measuring system. The calibration procedure was based on the method of 

bundle adjustment (Triggs 2000)  and calculated automatically by PhotoModelerTM with 

the use of a special calibration grid. We used the ‘1 in N’ unit to denote the precision 

value, which is widely being adopted in the field of photogrammetry.  

Finally, the whole procedure was examined and tested through delivery 

simulation and face reconstruction. Delivery simulation made use of both a mock-up of 

the vertex and vagina (Figure A.2) and ink reference points to imitate the actual process 

of laboring. The vertex is gradually supposed to come out through the vagina and to be 

captured as the fetus is pushed away. Additionally, a face of a man was tagged with dot-

shaped stickers and stored in images by the system. The position vectors of the dots were 

calculated and then used to generate a facial surface.  
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Figure A.3. Precision values for ‘auto focus’ modes in different camera angle settings. 
The numbers before slash in the x axis mean the angle between the upper two cameras 
from the target. And the numbers following slash indicate the angle between the 
horizontal line connecting the upper cameras and the lower camera. 

 

The results from the delivery simulations and the face reconstruction are shown 

above (Figure A.4). The left is one of the sample measurements we were trying to 

achieve from actual experiment settings. This shows three locations of the reconstructed 

vertex at different time points, from which the major and minor diameter can be 

measured. Also, the face of the author can be seen on the right after the pictures of the 

face were taken and then reconstructed. These results prove that even a geometric figure 

having complicated morphology can be realistically reconfigured. Due to these 

preliminary findings, we expect that the major and minor diameters of fetal heads can be 

measured from this form of images. Both results support that this system can be 

successfully used for measuring the time course of vertex descent during the second stage 

of labor. 
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Figure A.5. RMS precision values in three different axes. X and Y axes constitute the 
transverse plane of the target object. And, Z direction is toward the cameras. 

 

 We acknowledge several methodological limitations can possibly occur. First, it 

should be noted that this system has a better resolution in a transverse plane than in a 

sagittal plane (Fig. A.5). This result is consistent with the general results measured by the 

stereophotogrammetric techniques, which shows the worst records in the most-

perpendicular plane to the image planes of the cameras. It might be possible to improve 

the overall accuracy if one of the cameras is repositioned in the sagittal plane. An 

experiment testing this aspect is worth trying as a further step.  

Second, we would like to point out that central area is the best location to be 

measured in the most accurate manner (Fig. A.6). Therefore, in the actual experiments, 

the target needs to be positioned in the middle of the viewport generated by the three 

cameras. 
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set of cameras is producing accurate enough results, we could exclude the usage of DSLR 

cameras. 

 

           A.5 Conclusions 

A working stereophotogrammetry apparatus was designed, built, calibrated and 

tested ready for use to make 3-D measurements of perineal geometry and perienal/vertex 

displacements during vaginal birth. The resolution and precision of the measurements 

proved adequate for the proposed research project. 
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