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General Introduction

1.1 INTRODUCTION

One of the long-term problems of vaginal childbearing is the traumatic injury
to the support structures of the vagina and uterus. While these injuries are not
at first obvious, as time passes these problems become evident by the tendency
of the vagina and uterus to prolapse down to and sometimes through the vag-
inal opening in about 10% of women. This descent of the vagina tends to cause
the bladder to protrude into the vagina (cystocele) and/or rectum to protrude
into the vagina (rectocele). These prolapse problems seem to be accelerated by
smoking, chronic lung disease and menopause. Sufferers tend to complain of
pelvic pressure, pain, urinary or faecal incontinence or complete prolapse of
the vagina. Surgery is frequently required to correct prolapse problems. Hys-
terectomy (removing of the uterus) is usually included in the management
plan. In severe cases, synthetic mesh material or natural fascia may be used to
"patch" injured support tissue.

The life-time risk of needing surgery for genital prolapse in the U.S.A. is
11%. Among these women, one in every four needs a second operation (Olsen
et al., 1997). Among women with documented prolapse, 76% had a defect in
the support of the posterior compartment (rectocele) (Olsen et al., 1997). Var-
ious surgical procedures have been advocated for repair of pelvic floor organ
prolapse depending on the site of the defect (Richardson et al., 1976, Hurt,
1997). Prolapse can recur postoperatively in up to 34% of cases (Shull et al.,
1994). 1t is possible that the recurrences may be the results of failure to identify
the causative lesion in the pelvic floor before operation (Hoyte et al., 2000). In
the Netherlands about 20% of new patients sent to outpatient gynaecology
clinics present with symptomatic pelvic organ prolapse (National Medical
Registration) and more than 1.000.000 patients with incontinence (29 % of fe-
males between 45 and 70 years old, 6 % urge-incontinence and 23 % combined
incontinence). Despite the common occurrence of genital prolapse, the struc-
tural defects responsible for its formation remain poorly understood.

Many research groups and national or international pelvic floor societies
were established recently in order to obtain more knowledge and to improve
treatment in the pelvic floor. A new development has been done in minimally
invasive techniques (laparoscopic surgery) used during surgery of the pelvic
floor. However, the success of the surgery has not improved. There is a little
knowledge about biomechanics, forces, stresses and pressure in the pelvic
floor. Therefore, research in this field is necessary in order to obtain basic
knowledge about the pelvic floor and pelvic floor disorders. Our research goal
is to study the complex biomechanical behaviour of the pelvic floor muscles
and to investigate the effectiveness of reconstructive surgery.

Biomechanics of the pelvic floor musculature



FUNDAMENTALS OF THE FEMALE PELVIC FLOOR ANATOMY

1.2 FUNDAMENTALS OF THE FEMALE PELVIC
FLOOR ANATOMY

1.2.1 DIAPHRAGMA PELVIS AND DIVISION OF THE M. LEVA-
TOR ANI

The levator ani, with its superior and inferior fascial covering, constitutes the
pelvic diaphragm (see Figure 1.1). In pronograde four-legged animals, it func-
tions primarily as a tail wagger. When humans assumed an upright posture,
they lost the tail as a functioning appendage, and the levator ani took on an en-
tirely different purpose. The comparative anatomy of this evolution has func-
tional significance and relevance to the physiology of the pelvis.

The width of the pelvic floor compartment (see Figure 1.1) is only about
one-third that of the abdomen (Power, 1948). The viscera in the pelvis occu-
pies most of the pelvic floor and separate the peritoneum from the pelvic dia-
phragm. The viscera are actually embedded in a mass of connective tissue that
forms the layers of the endopelvic fascia. The pelvic diaphragm is a thin mus-
cular layer (2 to 6 mm in thickness). In fact, the vagina forms the one weak
spot on the pelvic floor, and it is only in the vagina that hernias, such as
cystocele, rectocele, and prolapse, occur (Nichols and Randall, 1996).

The levator ani is composed of three general portions (see Figure 1.1), each
named according to its origin of insertion. The medial and anterior division is
the pubococcygeus, which, from the gynaecologist's clinical point of view, is
the most significant component of the levator ani.

Originating on the face of the pubis, approximately 1.5 cm either side of
centre, a substantial portion of the levator ani sweeps downward and posteri-
orly along the sides of the urethra, vagina, perineal body, and rectum. These
muscles appear to have clinically significant attachments to the connective tis-
sue along the side of the urethra, the vagina, the rectum, and the upper portion
of the perineal body. Because these attachments vary considerably in strength
and integrity, the support and protection that they provide to both internal and
external genitalia vary as well. There appear to be specific bundles of pubo-
coccygeus fibres that extend medially. These bundles contribute to the poste-
rolateral investment of the urethra (pubourethralis) and provide a slinglike
posterior support to the rectum (puborectalis).

The puborectalis may be a distinct development of the most medial portion
of the pubococcygeus. It is often believed, that the puborectalis is a distinct
muscle intimately associated anteriorly, but distinctly separated posteriorly
from the pubococcygeus. The two muscles appear to have a common origin,
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although the pubococcygeus arises on a higher plane. The puborectalis arises
from the lowest portion of the symphysis pubis and from the deep layers of the
triangular ligament. It passes downward and backward on either side of the va-
gina and lateral aspect of the rectum, with the two sides coming together again
at the levator plate. It is continuous with the deep external anal sphincter. It
fuses posteriorly in the midline, providing muscular support for the anorectal
junction. Thus the puborectalis serves an important role in rectal continence.

The right and left muscle bellies of the pubococcygei fuse in the midline
posterior to the rectum and continue to the coccyx. The rectum, vagina, and
urethra pass through the levator hiatus, and both the rectum and the vagina rest
on the levator plate. The normal horizontal position of this supporting levator
plate accounts for the normal horizontal axis of the upper vagina. If the levator
ani muscle is defective, the plate inclines downward and the hiatus sags.

Although the importance of the levator plate in providing pelvic support
has been recognised and defined (Hadra, 1888; Halban and Tandler, 1907), the
rectal distention and the absence of muscle tone in cadavers made it difficult
to demonstrate the function of the plate. Berglas and Rubin (1953), however,
were able to demonstrate this plate in the living and to relate its pathologic dis-
placement with various degrees of genital prolapse. They did so by injecting
contrast material in the vagina, uterus, and rectum. Radiograms taken of vari-
ous patients while resting and while straining clearly showed the position of
the normal plate as well as tipping of the plate in patients with genital prolapse.

In the standing patient, the horizontal levator plate extends from the coccyx
toward the midportion of the pubic symphysis, but does not reach it. The an-
terior margin of the plate is separated from the posterior margin of the pubis
by the levator or genital hiatus. When the supports of the plate are damaged
and it tips, not only do the organs above it "slide downhill", but also the anter-
oposterior diameter of the hiatus increases significantly, providing a larger
portal for the egress of prolapsing organs (Nichols and Randall, 1996).

The intermediate portion of the levator ani, the iliococcygeus, is somewhat
thinner and flatter than the pubococcygeus and measures between 0.05 and 1
cm in thickness. Originating from the surface of the obturarius internus fascia,
this muscle inserts along the lateral margin of the coccyx and lower sacrum.
Contrary to popular belief, the iliococcygeus is often convex (dome shape)
rather than concave (basin shape), because fat within the ischiorectal fossa
pushes on the soft belly of the muscle (Quinby, 1954). This pressure occurs
when the woman is sitting or reclining, as these positions exert force on the
ischiorectal fat from below. A massive weight reduction that results in a loss
of ischiorectal fat decreases the under support of the pelvic diaphragm, thus
predisposing the levator muscle to sag, the levator plate to tip, and genital pro-
lapse to develop subsequently (Nichols and Randall, 1996).

Biomechanics of the pelvic floor musculature



FUNDAMENTALS OF THE FEMALE PELVIC FLOOR ANATOMY

The most posterior major division of the levator ani is the coccygeus muscle,
which originates in the ischial spine and inserts along the fourth and fifth lat-
eral margins of the coccyx and lower sacrum.

W}

FIGURE 1.1: Anatomy of the pelvic floor in standing female subject. Oblique view on
the top, superior view below. A number of muscles combine with
ligaments forms the pelvic floor diaphragm, which support the pelvic
floor organs (adapted from Evers et al., 1990). Legend: 1 - urethra, 2 -
vagina, 3 - rectum, 4 - os ilium, § - sacrum, 6 - coccyx, 7 - pubic
symphysis, 8 - ischial spine, 9 - m. pubovaginalis, 10 - m. puborectalis,
9 + 10 - m. pubococcygeus , 12 - m. ileococcygeus, 12 - m. levator ani,
14 - m obturatorius internus, 15 - m. coccygeus, 16 - m. piriformis, 17 -
arcus tendineus
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1.2.2 PELVIC FLOOR ORGANS AND STRUCTURES

Female pelvis organs are readily distensible within certain maximal limits.
Bladder, vagina, and rectum distend quite independently in the course of their
normal functions, and each rather quickly resumes its usual or resting shape,
dimension, and relationship when distension is no longer necessary. Function-
ing in concert, they reinforce one another. The histological components that
permit such a range of activity include combinations of varying amounts of
smooth muscle, striated muscle, elastic tissue, and collagen.

FIGURE 1.2: Anatomy of the pelvic floor in standing female subject. Medial view

(adapted from ADAM Student Atlas of Anatomy). Legend: 1 - urethra,
2 -vagina, 3 - rectum, 4 - bladder, 5 - uterus, 6 - diaphragma pelvis

BLADDER

The bladder (see Figure 1.2) is the urine reservoir crucial for proper lower uri-
nary function (continence and micturation). The bladder lies posterior to the
pubic bones, separated from the pubic bones by the retropubic space, which
contains areolar tissue, veins and, near the bladder base, supportive ligaments.
With distension the bladder rises over the upper border of the pubic bone, with
the bladder base or trigonum in a relatively fixed position. The wall of the
bladder consists of three layers: an inner layer of mucous membrane, a smooth
muscle layer and an outer adventitial layer, in some regions covered by peri-
toneum.

| Biomechanics of the pelvic floor musculature
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VAGINA

The vagina (see Figure 1.2) transverses the pelvic floor in a sagittal oblique
plane. The vagina is a fibromuscular sheath extending from the uterine cervix
to the vestibule. The length is approximately 7.5 cm anterior and 8.5 cm pos-
terior. The walls are collapsed with the lumen flattened in the anteroposterior
plane (H-shape). The smooth muscle coat primarily has a longitudinal orien-
tation.

UTERUS

The uterus (see Figure 1.2) is a midline visceral organ, pear-shaped and main-
ly horizontal in orientation. The upper two-thirds constitutes the body and the
lower one-third the uterine cervix. In general the cervix is tilted forward from
the coronal plane: anteversion, while the body is slightly flexed on the cervix:
anteflexion. The uterus is above the pelvic diaphragm.

SMOOTH MUSCLE

Smooth muscle has the least complex histological structure of all muscle
types. It is composed of elongated, tapering, isolated, or small groups of cells.
Each cell has one centrally located nucleus. The cells vary greatly in length. It
possesses no visible cross-striations. Smooth muscle cells are arranged in bun-
dles and layers and in many sites are associated with elastic or connective tis-
sue. Smooth muscle tissue is also referred to as involuntary muscle because
most smooth contractions occur without voluntary control. The speed of con-
traction in smooth muscles is very slow compared with skeletal muscle, and
the duration is often prolonged (Keele and Neil, 1971).

SKELETAL MUSCLE

In contrast to smooth muscle, it is composed of elongate, multinucleate, cylin-
drical structures called fibres that bear alternating dark and light cross-mark-
ings of striations. The striations are caused by the presence of intracellular
fibrils. Skeletal muscle is also referred to as voluntary muscle because its con-
tractions are under voluntary control. The striated and smooth muscles have
complementary activities that permit and contribute to functional changes
within the limitations of the pelvic supporting tissues. For more information
about the skeletal muscle see Section 1.4 on page 11.

ARCUS TENDINEUS

The arcus tendineus lies on side of the pelvis (see Figure 1.1). The arcus tend-
ineus of the levator ani runs from the back side of the pubis to the ischial spine.
The arcus tendineus of the levator ani provides a soft tissue attachment for the
connective tissue bundle of fibres attaches to the anterior vaginal sulcus.

Biomechanis of the pelvic floor musculature
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PERINEAL BODY

The perineal body is a pyramidal fibromuscular node located midline between
urogenital region and the anal sphincter. At this center numerous striated mus-
cles and fascia converge and interlace: the longitudinal muscle of the anorec-
tum, the pubovaginal part of the pubococcygeus muscle, perineal membrane,
superficial transverse perineal muscle, bulbospongiose muscle and external
anal sphincter. In women the insertion is larger, and the imbrication of the
muscle fibers is more pronounced. Therefore, it is often described as the peri-
neal body. The involvement of numerous muscles with their attachments to
several parts of the pelvic ring (e.g. anal sphincter is connected to the coccyx
by the anococcygeal ligament), give the perineal body an important function
in the complex interaction of pelvic floor muscles.

ELASTIC TISSUE

Elastic tissue fibres are constructed in irregular networks that are especially
well suited for tissues that are frequently subject to stress. These fibres respond
to stress with stretching, but they resist such stretching by a natural tendency
to return to their original state, much as a rubber band does. The histogenesis
of these fibres is unknown, although they are apparently produced by fibrob-
lastic cells. The quantity of elastic tissue decreases with age (Nichols and Ran-
dall, 1996).

COLLAGEN

Like elastic tissue fibres, collagen fibres are arranged in an interlacing mesh-

work. Unlike elastic tissue fibres, they are limited in stretch (up to 5%). With

age they swell, fuse, and become hyalinized. Because they are flexible, they

permit movement without stretching, much like a piece of string or rope.
BONE AND CARTILAGE

Bone and cartilage are inflexible, firm, and strong. They resist sudden strain
and stress, but respond to prolonged stress and sprain by gradual changes in
architecture. This response appears to be both age- and hormone-related.

1.2.3 ANATOMIC PELVIC SUPPORT SYSTEMS

There are several different anatomical systems contribute varying degrees of
support to the pelvic compartment (Nicols and Randall, 1996):

1) Bone

2) Ligaments and other connective tissue

3) Muscles

Biomechanics of the pelvic floor musculature
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Though each of these systems is a separate anatomic unit, they are interrelated,
and additional components may exert synergistic, supportive, or even sphinc-
terlike action. It is uncommon for any of these anatomic units to be individu-
ally defective, other than by congenital anomaly. These systems can be injured
or damaged separately, however, or they can be injured or damaged in various
combinations. Damage may be primary, secondary, or both.

1.3 PELVIC ORGAN PROLAPSE

Pelvic organ prolapse (genital prolapse) is a condition in which organs, which
are normally supported by the pelvic floor, namely the bladder, bowel and
uterus, herniate or protrude into the vagina (see Figure 1.3). This occurs as a
result of damage to the muscles and ligaments making up the pelvic floor sup-
port.

FIGURE 1.3: Mechanism of the pelvic organ prolapse. A - Normal anatomical
position. B - Total pelvic organ prolapse (adapted from Obstetrie en
gynaecologie, Treffers et. al., 1995).

Childbirth is the most common cause of damage to the pelvic floor, particular-
ly where prolonged labour, large babies and instrumental deliveries are in-
volved. Other factors include past surgery such as hysterectomy, lack of
oestrogen due to the menopause, and conditions causing chronically raised in-
tra-abdominal pressure such as chronic constipation, coughing, and heavy lift-
ing.

Biomechanis of the pelvic floor musculature
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1.3.1 MECHANISMS OF PELVIC ORGAN PROLAPSE

M. levator ani is largely responsible for supporting both pelvic and abdominal
organs and acts synergistically with the striated muscle of the anterior abdom-
inal wall, also generating intra-abdominal pressure. Any increase in intra-ab-
dominal pressure e.g. caused by coughing or sneezing, is applied equally to all
sides of the pelvic and abdominal walls. If the levator ani is pathologically
weakened or temporarily inactivated, the pressure on one side of a pelvic or-
gan may become greater than that on the other, permitting the organ to descend
(genital prolapse). If this movement carries the organ outside the pelvic cavity,
pressure in the content of that organ will be directed unequally. For example,
if the visco-urethral junction is displaced outside the pelvic cavity, an increase
in intra-abdominal pressure normally distributed equally on the intraperitoneal
or intra-abdominal portion of the urethra and the bladder, will affect the blad-
der alone. As a result, the intravesical pressure will increase more than the in-
tra-urethral pressure, and urinary incontinence will occur.

1.3.2 TREATMENT OF PROLAPSE

Surgery for pelvic support problems attempts to restore the normal anatomic
position of the prolapsed areas and to improve symptoms, which may be
caused by the prolapse. The choice of surgical procedure is individualized.
Factors that may influence this choice include examination findings, previous
surgery, age, other medical illnesses and patient/physician preference. The
surgery typically includes repair of tears in the muscle or suspension of the
prolapsed tissues to stronger structures in the pelvis. In some cases, a piece of
tissue may be taken from another area to help strengthen the area. The surgery
may be performed through a vaginal or abdominal incision or a combination
of both. One of the goals of surgery for pelvic organ prolapse is to repair all of
the defects that are present in order to prevent the need for surgery in the fu-
ture. Therefore, many women will require a combination of these procedures.

VAGINAL PROCEDURES

Vaginal procedures are done through an incision in the vagina. Some of the
common vaginal procedures are described below.
*Anterior repairs help strengthen the front wall of the vagina overlying the
bladder.

*Posterior repairs correct tears that may exist in the back wall of the
vagina (the area directly above the rectum). This type of surgery may
involve the use of a graft (taking a piece of tissue from another part of the
body) to help strengthen the area.

Biomechanics of the pelvic floor musculature
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*Vaginal Vault Suspension procedures use sutures (stitches) to attach the
top of the vagina to stronger structures in the pelvic region.

*Perineorrhaphy involves reconstruction of the area between the vagina
and rectum.

*Colpocleisis includes partial or complete closure of the vagina.

ABDOMINAL PROCEDURES

Abdominal procedures are done through an incision in the abdomen. Some of
the common procedures are described below.
*Abdominal Sacrocolpopexy suspends the top of the vagina to a strong
ligament on the front part of the sacrum (lower back bone) using a piece
of tissue, muscle, or ligament from another part of the body.

*Paravaginal Defect Repair repairs places where the vagina has torn away
from its attachment to the tissue that connects to the pelvic bone.

1.4 SKELETAL MUSCLE

Skeletal muscle represents the typical example of a structure-function relation-
ship. At both the macro as well as microscopic levels, skeletal muscle is excel-
lently adapted for force generation and movement. Because of this structure-
function relationship, studies of muscle function are intimately tied to studies
of muscle structure.

Skeletal muscle makes up most of the body's muscle and does not contract
without nervous stimulation. It is under voluntary control and lacks anatomic
cellular connections between fibres. The fibres (cells) are multinucleate and
appear striated due to the arrangement of actin and myosin protein filaments.
Each fibre is a single cell, long, cylindric and surrounded by a cell membrane.
The muscle fibres contain many myofibrils that are made of myofilaments.
These myofilaments are made of the contractile proteins. The key proteins in
muscle contraction are myosin, actin, tropomyosin and troponin.

Skeletal muscle fibres have differences in metabolic and contractile prop-
erties. Changes in muscle function can be caused by alterations in activity
(training), hormonal environment, or innervation. Skeletal muscle can under-
go a limited regeneration in case of injury via satellite cells that are located on
the periphery of the muscle fibre. These cells may be active in muscle hyper-
trophy as well.

Skeletal muscle comprises the largest single organ of the body. It is highly
compartmentalized, and we often think of each compartment as a separate en-
tity. Each of these individual muscles is composed of single cells or fibres em-
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bedded in a matrix of collagen. At either end of the muscle belly, this matrix
becomes the tendon that connects the muscle to bone.

Muscle cells contain most of the structures common to all cells. Each cell
is enclosed by a cell membrane or plasmalemma; they contain mitochondria
for the oxidative metabolism of nutrients; and all the machinery necessary for
protein synthesis. Skeletal muscle fibres are multinucleated and can be several
centimeters long.

1.4.1 MORPHOLOGY AND PHYSIOLOGY

There are two kinds of muscles in the pelvic diaphragma: skeletal and smooth
muscles. Skeletal muscles make up a major part of the bodys; it is the prime
means of locomotion. Voluntary nerves control them. When stimulated at a
sufficiently high frequency, they can generate a maximal tension, which re-
mains approximately constant over time. In this case, the muscle is tetanized:
The activity of the contracting mechanism is thought to be maximal.

Muscle I_ogll

Bundle fibres
e ___Myofibril

Cross-bridge s T
Sarcomere

FIGURE 1.4: Skeletal muscle anatomy adopted from Gray's anatomy (Warwick and

Willems, 1973).

Smooth muscles are not striated, and are not controlled by voluntary nerves.
There are many kinds of smooth muscles, for example surrounding blood ves-
sels.

Since a resting skeletal muscle has quite ordinary visco-elastic properties,
the interesting part is the contraction. Muscles exert force when activated by
stimuli from a nerve or artificially by an electrode. These stimuli start a chain
reaction of chemical processes that initiate a connection between the actin fil-
ament and opposite myosin filament. Such a connection is addressed as a
cross-bridge. The myo-filaments, actin and myosin, are together the smallest
functional unit of a muscle, the sarcomere (Figure 1.4). In a muscle fibre a
large number of sarcomeres are arranged in series. The alignment of sarcom-
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eres in series, observed in parallel-arranged fibres, attributes to the name of
striated muscle. Movement is initiated when the myo-filaments slide past one
another. A large number of muscle fibres arranged in parallel form a muscle
belly. Through aponeuroses (tendon-sheets) and tendons, the muscle fibres are
attached to the bone structure at origin and insertion.

FIGURE 1.5: Variety of muscle architectures, with from left to right: two parallel
fibered, two uni-pennate and bi-pennate and multi-pennate muscle.
Adopted from Gray's anatomy (Warwick and Willems, 1973).

The arrangement of the fibres with respect to the line of pull in muscle defines
muscle architecture. A schematic representation of a classification in architec-
tural characteristics is given in Figure 1.5. The most common muscle architec-
tures are the parallel fibered and the pennate muscles. In parallel fibered
muscle (pelvic floor muscles) it is assumed that fibres are arranged along the
line of pull of the muscle. The flat parallel architecture of the pelvic floor mus-
cles suggests its function.

The active components of a muscle cannot function without the presence
of passive mechanical structures. The fibres are arranged in a network of con-
nective tissue, the endomysium (Figure 1.6). The muscle is organized in bun-
dles of fibres, each bundle containing over a hundred fibres and surrounded by
the perimysium. Finally, the outer surface of the muscle is shielded by the
epimysium. Together with tendon and aponeurosis, the epimysium, perimysi-
um and endomysium make up the passive, visco-elastic properties of the mus-
cle. Other structures in the muscle, such as blood and lymph vessels, motor and
sensor nerves, are not considered as contributing to the mechanical behaviour.

A muscle fibre is a single cell, ranging in length from a few millimeters to
several centimeters, and in diameter from 10 to 100 um. Unlike other cells, it
has multiple nuclei, resulting from a fusion of myoblasts in the embryonic
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phase. The muscle fibres are organized in motor units with about 100 fibres
not clustered but distributed over the muscle volume.

bundle of endomysium

fibres

perimysium
fibres

epimysium

FIGURE 1.6: Location of the connective tissues epimysium, perimysium and

endomysium (adapted from Gielen, 1998).

1.4.2 MECHANICS OF MUSCLE - MATERIAL AND STRUCTUR-

AL PROPERTIES

Several aspects of muscle morphology and physiology have important conse-
quences for the mechanics of muscle tissue. The main properties that define
the amount of force exerted can be distinguished in material and structural
properties.

Muscle is made of soft tissue, which allows large deformations. Like any
other soft tissues, it has non-linear passive properties (Fung, 1981). From
about the 18™ century it is known, that the muscle volume is constant during
contraction. In contrast with other biological soft tissues, muscle has the abil-
ity to exert force when activated. The level of activation determines the
amount of force exerted. However, the level of activation depends on other
properties such as firing rate of nerves, reaction rate of chemical process and
other activation dynamic. The very important parameter for the amount of
force exerted is muscle length, which is expressed in the force-length curve.
According to the sliding filament theory (Huxley, 1957) sarcomere force de-
pends on the amount of overlap of the myo-filaments. A characteristic point in
this curve is the length at which maximal force is exerted, addressed as opti-
mum length of sarcomere or fibre. Exerted force is reduced for lengths smaller
than optimal length. Over optimum length, active force decreases. In addition,
passive properties of the muscle tissue, however, contribute to the total force
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for lengths over passive slack length (the smallest length any force is exerted
under passive condition).

Sarcomeres are arranged in series with each other in a muscle fibre. This
suggests that force generated by these sarcomeres is equal. The fact that not all
sarcomeres in series are identical, results in interaction that can lead to me-
chanical instable behaviour at lengths over optimum muscle fibre length (Sugi
et. al., 1988). The number of sarcomeres in series determines the active length
range of a muscle fibre. The amount of fibres arranged in parallel, the physio-
logic cross sectional area (PSCA) is a measure for the maximal active muscle
force. The alignment of fibres in muscle indicates that muscle has anisotropic
properties. Moreover, muscle architecture (e.g. pennation angle) is an impor-
tant structural property as well.

1.5 MODELLING

In order to understand a complex system, it is often useful to extract most of
its essential features and use them to create a simplified representation of the
system or a model of the system. Such a model allows one to observe more
closely the behaviour of the system and to make predictions regarding its per-
formance under altered input conditions and different system parameters.
Modelling is also widely used in biomechanics (Prendergast, 1997). The at-
tractiveness of modelling is that many research questions can be tested (heu-
ristic purpose of a model) and number of human experimental subjects can be
limited. The great virtue of models is the heuristic purpose, besides predicting
specific aspects of complex function. Another big advantage of a model is the
freedom of the researcher to make the model as simple or as complex as his
questions require, or as detailed as the outcome require.

1.5.1 CONTINUUM MODELLING BASED ON FE THEORY

Muscles in joint systems (e.g. in the upper or lower extremities) are activated
to exert forces at the bones in line with their muscle line of action (Van der
Helm, 1994). In contrast, the pelvic floor muscles are loaded perpendicular to
the muscle line of action by the intra-abdominal pressure. A simple represen-
tation of the muscle action by a (one-dimensional) muscle line of action is not
appropriate, but a more sophisticated approach using a finite element (FE)
model of the muscle is necessary. In a FE model the relationship between the
loading and muscle forces in three dimensions can be represented. FE models
are numerical mathematical models - numerical because they rely on comput-
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ers to find approximate solutions to large sets of equations. In order to create
a FE representation of a structure, it is first conceptually divided into simple
parts called elements. Consider a single element, the forces and displacements
at the nodes are related by the stiffness matrix for the element. Each element
has nodes, which join with the nodes on adjacent elements to re-create the total
structure. The stiffness term for a node is then the addition of all the stiffness
terms from the elements joined at that node. In this way, the stiffness matrix
[K] for the whole structure can be obtained by re-assembly of the individual
elements and it is called the global stiffness matrix. Equation 1.1 can be used
to relate all nodal forces {F} and nodal displacements {3}.

{F}=[K]- {5} (1.1)

The forces on each node should be zero (equilibrium principle), except for the
nodes to which an external load is applied. Knowing this, the entries can be
inserted into {F}, and Equation 1.1 can then be solved for {8} in order to ob-
tain the complete set of nodal displacements. Strain and stress can be calculat-
ed from the nodal displacements if required.

1.5.2 CONSTITUTIVE MODELLING

Continuum models based on FE theory are applied to study the mechanical be-
haviour and function of skeletal muscle. Biomechanical analysis of soft tissue
requires quantification of their three-dimensional (3D) material properties, i.e.
stress-strain behaviour. This necessitates accurate determination of stresses
and strains under multiaxial loading, since uniaxial data do not uniquely char-
acterize 3D. To present, such quantification has been partially successful for
noncontracting tissue, including skin and blood vessels. Some studies have
been performed on passive myocardium and passive and tetanised canine dia-
phragms (Strumpf et al, 1993). However, no multiaxial stress-strain data exist
for the muscle tissue. The reasons for this include the complex geometry and
composite nature of such tissue.

1.6 DEFINITION OF THE PROBLEM

One in every nine women requires surgery for problems related to defective
pelvic organ support. Among these women, one in every four needs a second
operation (Olsen et al., 1997). Among women with documented prolapse, 76%
had a defect in the support of the posterior compartment (rectocele) (Olsen et
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al., 1997). Despite the common occurrence of genital prolapse, the structural
defects responsible for its formation remain poorly understood.

It is essential to understand these phenomena to improve surgical results. It
is plausible that pelvic floor muscles have a fundamental influence in these
disorders. Therefore, to study the complex biomechanical behaviour of the
pelvic floor muscles and to investigate the effectiveness of reconstructive sur-
gery, a computer model is necessary.

GOAL OF THE THESIS

The main research goal of this thesis is to study the complex biomechanical
behaviour of the pelvic floor muscles and to investigate the effectiveness of re-
constructive surgery.The goal is to study the pelvic organ prolapse mechanism
(as described in Sections 1.2 and 1.5) and biomechanical behaviour of the pel-
vic floor muscles. The main loading of the pelvic floor muscles is due to intra-
abdominal pressure. Muscles in joint systems (e.g. in the upper or lower ex-
tremities) are activated to exert forces at the bones in line with their muscle
line of action. In contrast, the pelvic floor muscles are loaded perpendicular to
the muscle line of action by the intra-abdominal pressure. A simple represen-
tation of the muscle action by a (one-dimensional) muscle line of action is not
appropriate. A more sophisticated approach using a FE model of the muscle is
necessary. In a FE model the relationship between the loading and muscle
forces in three dimensions can be represented.

1.8 METHODOLOGY

Development of the FE model is presented in Figure 1.7. The experimental
data concerning the pelvic floor morphology (geometrical data), muscle prop-
erties and loading data are necessary as well as boundary condition are neces-
sary as an input for FE analysis. Thereafter, the displacement and the forces in
diaphragma pelvis can be calculated.

The continuum model based on a FE theory is used for studying the me-
chanical behaviour of these muscles. The model is able to simulate several
pathological situations such as temporary inactivation of the levator ani mus-
cle or mechanism of the pelvic organ prolapse. Results of the analyses were
validated using Magnetic Resonance Imaging (MRI) and electromyography
EMG data obtained from experimental measurements performed on healthy
volunteers as well as on patients. Moreover, the FE model should be able to
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predict the effect of surgical interventions and give insight into the function of
pelvic floor muscles.

Loading data Geometrical parameters
Boundary conditions ||Material properties

RY

Finite Element
model of the
pelvic floor muscles

Validation: MRI and EMG

Displacement of the pelvic floor
Forces in the pelvic floor muscles

FIGURE 1.7: Block diagram of the development of the FE model of the pelvic floor
muscles

1.9 CONTENTS OF THIS THESIS

The present thesis consists of chapters separately offered for publication,
which can be studied independently of each other. The main goal of thesis is
to study the complex biomechanical behaviour of the pelvic floor muscles. To
this end the FE model of the pelvic floor muscles is developed (Chapter 6) and
the pelvic floor muscles pathology is simulated (Chapter 7).
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In Chapter 2, the morphology of the pelvic floor is determined. Geometric pa-
rameters, as well as muscle parameters, of the pelvic floor muscles were meas-
ured on an embalmed female cadaver. A 3D geometric data set of the pelvic
floor including muscle fibre directions has been obtained using a palpator de-
vice. A 3D surface model based on the experimental data, needed for mathe-
matical modelling of the pelvic floor, has been created. For all parts of the
diaphragma pelvis, the optimal muscle fibre length has been determined by la-
ser diffraction measurements of the sarcomere length. In addition, other mus-
cle parameters such as physiological cross-sectional area and total muscle
fibre length were determined. Apart from these measurements we obtained a
data set of the pelvic floor structures based on MRI of the same cadaver spec-
imen.

In Chapter 3, a new constitutive model for the passive elastic behaviour of
human pelvic floor muscles is developed. Since there was a lack of informa-
tion concerning material properties of the pelvic floor muscles, we performed
uniaxial and equibiaxial measurements. The data obtained are used to develop
the Mooney-Rivlin (MR) constitutive model, which assumes the tissue to be
isotropic and incompressible. The constants of the MR constitutive model are
obtainable from experimental tests, which should be conducted with similar
deformation modes to those appearing in vivo.

In Chapter 4, the difference in the displacement of the pelvic floor muscles
between 10 patients and 10 healthy volunteers is presented. The difference in
EMG activity, the displacement, the intra-abdominal pressure (IAP) and the
width of the levator hiatus are evaluated. In order to obtain the pelvic floor
muscles response, the EMG measurements and the IAP measurements were
performed simultaneously. Displacement was recorded separately using MRI.

In Chapter 5, the effect of the loading of the pelvic floor by the weight of
the internal organs in the erect and supine positions is investigated. The exper-
imental measurements were performed using FONAR the Indomitable Stand-
Up™ MRI machine. The effect of the loading of the pelvic floor (position, dis-
placement and deformation of the diaphragma pelvis) was investigated in 12
female subjects (healthy volunteers) in the erect and supine positions.

In Chapter 6, the biomechanical behaviour of the pelvic floor muscles is
studied. The approach is to simulate the biomechanical behaviour of the pelvic
floor muscles as a response to the loading by the IAP and muscle activation.
We develop a FE model of the pelvic floor muscles based on cadaver morphol-
ogy (Chapter 2) and a constitutive model for the passive elastic behaviour of
human pelvic floor muscles (Chapter 3). The FE analysis of the pelvic floor
muscles gives us the muscles' displacements in relation to the level of the AP
and muscle activation.

Biomechanis of the pelvic floor musculature
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Chapter 7 continues the approach from Chapter 6. The FE model is used to
understand the development of the genital prolapse as a result of the biome-
chanical loading of the pelvic floor musculature. Twelve specific load-cases
are analysed using a biomechanical model based on FE theory. These load-
cases describe the effect of the level of the muscle activation and IAP on the
shape and displacement of the pelvic floor.

Finally, Chapter 8 discusses results presented in this thesis and conclusions
are drawn.
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Chapter 2

MEASURING MORPHOLOGICAL
PARAMETERS OF THE PELVIC
FLOOR FOR FE MODELLING
PURPOSES



Abstract

The goal of this study was to obtain a complete data set needed for studying the
complex biomechanical behaviour of the pelvic floor muscles using a computer
model based on the finite element (FE) theory. The model should be able to
predict the effect of surgical interventions and give insight into the function of
pelvic floor muscles. Because there was a lack of any information concerning
morphological parameters of the pelvic floor muscle structures, we performed
an experimental measurement to uncover those morphological parameters.
Geometric parameters as well as muscle parameters of the pelvic floor muscles
were measured on an embalmed female cadaver. A three-dimensional (3D) ge-
ometric data set of the pelvic floor including muscle fibre directions was ob-
tained using a palpator device. A 3D surface model based on the experimental
data, needed for mathematical modelling of the pelvic floor, was created. For
all parts of the diaphragma pelvis, the optimal muscle fibre length was deter-
mined by laser diffraction measurements of the sarcomere length. In addition,
other muscle parameters such as physiological cross-sectional area and total
muscle fibre length were determined. Apart from these measurements we ob-
tained a data set of the pelvic floor structures based on nuclear magnetic res-
onance imaging (MRI) on the same cadaver specimen. The purpose of this
experiment was to discover the relationship between the MRI morphology and
geometrical parameters obtained from the previous measurements. The pro-
duced data set is not only important for biomechanical modelling of the pelvic
floor muscles, but it also describes the geometry of muscle fibres and is useful
for functional analysis of the pelvic floor in general. By the use of many refer-
ence landmarks all these morphologic data concerning fibre directions and op-
timal fibre length can be morphed to the geometrical data based on
segmentation from MRI scans.

These data can be directly used as an input for building a mathematical
model based on FE theory.
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Pelvic floor muscles; Sarcomere length; FE model; MRI
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INTRODUCTION

2.1 INTRODUCTION

The human pelvic floor is a very complex muscular structure (m. levator ani,
m. coccygeus). The m. levator ani with its facial covering constitutes the pel-
vic diaphragm. In four-legged animals, its primary function is to wag the tail.
When humans assumed an upright posture, they lost the tail as a functioning
appendage, and the m. levator ani complex took on an entirely different pur-
pose. The comparative anatomy of this evolution has functional significance
and relevance to the physiology of the pelvis.

M. levator ani is largely responsible for supporting both pelvic and abdom-
inal organs and acts synergistically with the striated muscle of the anterior ab-
dominal wall, also generating intra-abdominal pressure (IAP). Any increase in
IAP e.g. caused by coughing or sneezing, is applied equally to all sides of the
pelvic and abdominal walls. If the levator ani is pathologically weakened or
temporarily inactivated, the pressure on one side of a pelvic organ may be-
come greater than that on the other, permitting the organ to descend (genital
prolapse). If this movement carries the organ outside the pelvic cavity, pres-
sure in the content of that organ will be directed unequally. For example, if the
visco-urethral junction is displaced outside the pelvic cavity, an increase in
IAP normally distributed equally on the intraperitoneal or intra-abdominal
portion of the urethra and the bladder, will affect the bladder alone. As a result,
the intravesical pressure will increase more than the intra-urethral pressure,
and urinary incontinence will occur.

One in every nine women requires surgery for problems related to defective
pelvic organ support. Among these women, one in every four needs a second
operation (Olsen, 1997). Among women with documented prolapse, 76% had
a defect in the support of the posterior compartment (rectocele) (Olsen, 1997).
Despite the common occurrence of rectocele, the structural defects responsible
for its formation remain poorly understood.

It is essential to understand these phenomena. It is plausible that pelvic
floor muscles have a fundamental influence in these disorders. Therefore, to
study the complex biomechanical behaviour of the pelvic floor muscles and to
investigate the effectiveness of reconstructive surgery, a computer model
based on the finite element (FE) theory is necessary. The main loading of the
pelvic floor muscles is due to the IAP. In addition there will be the load due to
the weight of the internal organs. Muscles in joint systems (e.g. in the upper or
lower extremities) are activated to exert forces at the bones in line with their
muscle line of action. In contrast, the pelvic floor muscles are loaded perpen-
dicular to the muscle line of action by the IAP. A simple representation of the
muscle action by a (one-dimensional) muscle line of action is not appropriate,
but a more sophisticated approach using a FE model of the muscle is neces-
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sary. In a FE model the relationship between the loading and muscle forces in
three dimensions can be represented.

For this model an experimental data set of both the geometric and the mus-
cle parameters is required. In vivo, parameters based on nuclear magnetic res-
onance imaging (MRI) data for each individual patient are needed to obtain
geometrical data of the pelvic floor. A palpator (a spatial linkage mechanism
for 3D co-ordinate measurements) was used to obtain the necessary measure-
ments of fibre directions and optimal fibre lengths of the pelvic floor muscles.
These parameters cannot be obtained by use of MRI. The goal of this paper
was to obtain all these parameters.

In this study we first measured the basic morphological data of the female
pelvic floor needed for FE modelling. Secondly, we compared the MRI data
set with the experimental measurements to determine what morphological in-
formation can possibly be obtained from the MRI measurements.

2.2 MATERIALS AND METHODS

All measurements were performed on one embalmed 72-year-old female ca-
daver specimen obtained for scientific research from the University Hospital
AMC, Amsterdam. The specimen was selected for having no pathology to the
pelvic floor. The cause of death was unknown and presumably not affecting
the pelvic floor musculature. Length and weight of the cadaver could not be
exactly determined, since the arms and legs of the body had been removed be-
fore the cadaver became available. Anatomical dimensions of the pelvis are
given in Figure 2.1.

2.2.1 MRI MEASUREMENTS

Prior to dissection, specially prepared nylon screw markers for MRI measure-
ments were manufactured. These markers produce no artifacts within MRI
measurements. The markers were placed in the front part of the cadaver, two
symmetrically to os pubis and to spina iliaca anterior superior on the left and
right side, and in the distal side of cadaver, two symmetrically to os sacrum
and one to L5 vertebral spina. It was possible to recover the position of the
markers after MRI data processing. The markers also formed a reference co-
ordinate system for the next experimental measurements. Finally, the markers
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were used for comparison and evaluation of both the experimental geometrical
data and the data from MRI.

FIGURE 2.1: Proportional anatomical dimensions of the cadaver specimen pelvis.
Dc - Diameter conjugata: 122 mm Dt - Diameter transversa :140 mm

The MRI data set experiment was obtained using a GE Signa Horizon MRI
scanner at the Radiology Department of the Academical Medical Center
(AMC) in Amsterdam. The parameters of the measurement are summarized in
Table 2.1. As the last step, three-dimensional (3D) reconstruction of the pelvic
floor muscles was done (see Figure 2.4).

TABLE 2.1: Measuring parameters and special settings for the cadaver
measurements of the GE Signa Horizon MRI scanner during the MRI
measurements.

3D MR acquisition type

High resolution 512x512 pixels, 16bit
Pixel resolution 0.683%0.683 mm
Slice thickness 1.4 mm

Acquisition time 12:15 min

Spatial Resolution 1.5625 mm
Magnetic Field Strength 1.5 T
Repetition Time 11.7 s

Echo Time 4.2s

Inversion Time 400 ms

Biomechanis of the pelvic floor musculature
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2.2.2 CADAVER MEASUREMENTS - GEOMETRICAL PARAME-
TERS

First, the specimen was prepared for the geometrical measurements. To this
end we removed the abdominal wall and all organs inside the pelvic floor to
reveal the pelvic floor muscle structures. Secondly, the bony landmarks were
identified by markers. Additional markers were placed, evenly and non-col-
linearly distributed in the pelvic bone (along the linea terminalis and crista il-
iaca), to be used as reference points to form a reference co-ordinate system for
the experimental measurements. The following pelvic floor muscles were pre-
cisely prepared and cleared: m. levator ani complex, m. coccygeus, m. iliococ-
cygeus and m. obturatorius internus - pars pelvis. After that, for each muscle
element the visually estimated centroid of the origin and the insertion were
marked with numbered labels, both on the bone and the muscle (if possible).
Additional numbered labels were placed for each muscle fibre chosen to be
measured. Bony landmarks were identified as well with numbered labels to
mark significant bony contours in the pelvic floor. Palpable bony landmarks
(e.g. spina iliaca anterior superior and symphysis pubica) were also marked.
The position of palpable bony landmarks is needed for defining a local co-or-
dinate system of the pelvis for later comparison and evaluation of the geomet-
rical model with data obtained from a living patient.

2.2.2.1 PALPATOR MEASUREMENTS

For measuring positions and geometry of the pelvic floor, we used a 3D-pal-
pator (Pronk, Van der Helm, 1991), which is a special 3D device designed for
this type of measurement. It has a standard deviation of 0.1 mm per co-ordi-
nate. At the beginning of every measurement the co-ordinates of the reference
marks were recorded. For the purposes of high accuracy measurements, spe-
cial screw markers as reference markers were developed. These markers have
avery accurate conical hole of 120°, which can be easily and precisely reached
from a big radius. After repositioning of the cadaver specimen and measure-
ment of a new data set, we were still able to recalculate this data set to the glo-
bal co-ordinate system. This was done by use of the least-squares algorithm for
equiform transformation from spatial marker co-ordinates (Veldpaus et al.,
1988).

Prior to all geometrical measurements of the pelvic floor muscles, the po-
sitions of five reference points were measured. Subsequently, all palpable
bony landmarks, bony contour landmarks, muscle markers and chosen signif-
icant muscle fibres were measured. The measurements were performed with
the smallest force possible, in order to avoid any deformations of the muscle
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surface. The measurements resulted in a complete 3D geometrical data set of
the pelvic floor muscles and structures.

+z

FIGURE 2.2: Palpable bony landmarks and local orthogonal co-ordinate system of
the pelvic floor. Direction of axes, origin of the co-ordinate system
definitions, and pelvis orientation relative to a standing anatomical
position. (Based on figure from Evers et al., 1990). siasL - spina iliaca
anterior superior, left side, siasR - spina iliaca anterior superior, right
side, tpL - tuberculum pubicum, left side, tpR - tuberculum pubicum,
right side, p - promontorium, oc - 0s coccygeus, sp - symphysis
pubica, O - origin of the co-ordinate system

The data are expressed in a local orthogonal co-ordinate system of the pelvis,
whose orientation is in agreement with the ISB co-ordinate system as shown
in Figure 2.2. The axis system was defined by three landmarks: right and left |
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spina iliaca anterior superior and symphysis pubica. These three points define
the y-z plane in the following manner: construct a line passing from left to right
anterior superior iliac spines to establish the +z axis. Next, establish a perpen-
dicular to the z axis passing through symphysis pubica in a -y direction. A +x
axis is defined normal to the y-z plane according to the right-hand rule. The
origin of the co-ordinate system was established in the symphysis pubica. The
x-y plane will be roughly aligned with the sagittal plane, the y-z plane with the
frontal plane and x-z plane with transversal plane.
All data are then transferred into the new axis system.

2.2.2.2 DATA PROCESSING

A 3D geometrical model (Figure 2.3) of the pelvic floor muscles based on the
experimental data set from the palpator measurements was created. 3D
NURBS splines were stretched through the data points measured using the pal-
pator. Thereafter, NURBS surfaces lying through these spline curves were cre-
ated. For the data processing the MATLAB™ 6.0 software from The
Mathworks Inc. was used. For visualization and surface modelling the Dscasl
(the Delft medical data visualization platform, Botha, 2001) was used.

FIGURE 2.3: Simplified description of particular muscle parts (significant muscle
bundles) used also in Table 2.2. Labels are in accordance with data set
available at the website (http://mms.tudelft.nl/morph_data/index.htm).
Schema on the left side, L - left side, R - right side. Photo on the right
side.
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2.2.3 CADAVER MEASUREMENTS - MUSCLE PARAMETERS

Prior to the measurements of the muscle parameters, the complete m. levator
ani complex was removed. Each muscle was cleared from its surrounding tis-
sue. For each muscle it was defined how many elements it should be divided
into. The main criterion therefore was that the cleared pieces were representa-
tive for the chosen significant muscle bundles that were measured with the pal-
pator. Therefore, the complete diaphragma pelvis was divided into eight
muscle parts and these muscle parts were divided in total into 22 muscle ele-
ments representing the significant muscle bundles (see Figure 2.2 and
Figure 2.3). The number of elements was chosen so that an equidistant distri-
bution over the muscle covers most of its surface.

Optimal muscle fibre length was measured using a laser diffraction method
(Klein Breteler et al., 1999). Pelvic floor muscles have no tendon, therefore the
muscle fibre length is the same as the total muscle element length. Each mus-
cle element was placed on a flat support and its origin and insertion labelled.
The length between origin and insertion was then copied to a string and meas-
ured with a ruler. Each muscle element (representative fibre bundle) was
weighed with the use of a high accuracy digital scale with a standard deviation
of 0.05 g. Muscle elements were wiped with tissue to remove excess fluid be-
fore weighing. Pennation angles for these muscle elements were considered
negligible. Because of the striated character of skeletal muscle, sarcomere
length was measured by the diffraction of a He-Ne laser beam of about 1 mm
in diameter (Young et al., 1990). Fibre bundle samples were positioned in the
laser beam at a fixed distance (0.5 m) from a scale to allow direct reading of
the sarcomere length. The samples were approximately 10 mm long and very
thin, and were placed on a microscope glass. All samples were eased apart un-
der an operation binocular microscope (used magnitude interval from 10x up
to 24x). The resolution of the sarcomere length was 0.05 pm, depending on the
quality of the embalming process. For each muscle fibre, three samples of sar-
comere length at three representative locations along the bundle were record-
ed.

2.2.3.1 DATA PROCESSING

The optimum fibre length for each muscle was calculated as the fibre bundle
length divided by mean sarcomere length in that fibre bundle, multiplied by
the optimum sarcomere length of 2.7 um (Walker and Schrodt, 1974). Opti-
mum fibre length of a muscle element was the mean of its optimum fibre bun-
dle lengths. The embalming process has no effect on the results, since the
actual sarcomere length and muscle bundle length were measured and the op-
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timum muscle length was calculated from the optimal sarcomere length in
vivo (2.7 um).

TABLE 2.2: Summary of the muscle parameters for all muscles and all muscle
elements of m. levator ani complex. Particular muscle parts are labelled
in accordance with the data set available at the website (http:/
mms.tudelft.nl/morph_data/index.htm) see also Figure 2.3. PCSA -

physiologic cross-sectional area [cm2]

Mean Std. Optimal
weight ~ volume fiber dev. : dev. No. of fibre PCSA

[a] [cm3] length [mm] [um] sarc. [1] length [cm?]
N=3 N=3 _ N=9 [mm]

m. levator ani - m. 9.64 82.8 3.0 ] 0.1 83.5

pubococcygeus

A4-E1 4.1 0.43 82.0 0.0 . 0.2 82.0

A3-A15 29 2.71 80.0 2.0 2.8 0.2 28829 77.8 0.35
A2-A10 2.3 217 82.3 2.5 2.7 0.1 30923 83.5 0.26
A1-A16 0.9 0.81 87.0 0.0 2.6 0.2 33605 90.7 0.09
m. iliococcygeus 2.1 1.99 80.0 1.9 2.7 0.1 30060 81.2 0.25
AT7-A8 1.0 0.96 81.3 1.2 2.6 0.3 30984 83.7 0.12
A5-A16 1.1 1.03 87.7 1.2 2.7 0.3 29136 78.7 0.13
m. coccygeus (1) 0.8 0.74 41.8 4.5 25 0.0 16969 45.8 0.16
B2-A21 0.3 0.30 38.7 1.2 25 0.2 15570 42.0 0.07
B3-A20 0.5 0.44 45.0 0.0 25 0.1 18367 49.6 0.09
m. coccygeus (2) 4.8 4.50 51.6 2.8 25 0.2 20674 55.8 0.58
B2-A8 1.6 1.55 54.7 0.6 24 0.2 22466 60.7 0.26
B3-B4 1.8 1.68 50.7 2.3 2.7 0.2 19000 51.3 0.33
B1-B6 1.3 1.27 49.3 3.1 2.4 0.0 20556 55.5 0.23
Right side

m.levatorani-m. 4909 947 827 4.1 2.9 00 28738 776 120

pubococcygeus

C2-A16 1.5 1.40 76.7 1.2 2.9 0.2 26620 71.9 0.20
C3-A10 1.5 1.41 85.0 1.0 2.9 0.2 29412 79.4 0.18
C6-A15 24 2.26 83.3 15 29 0.2 28860 77.9 0.29
C5-E1 4.7 4.41 85.7 0.6 29 0.2 30058 81.2 0.54
m. iliococcygeus 1.9 1.81 70.2 54 2.5 0.1 27768 75.0 0.24
D3-A8 1.0 0.97 74.0 1.0 2.5 0.1 29899 80.7 0.12
D4-A16 0.9 0.84 66.3 1.2 2.6 0.1 25636 69.2 0.12
m. coccygeus (1) 0.9 0.87 54.2 3.1 24 0.1 18520 50.0 0.18
D2-D5 0.6 0.56 43.0 2.7 24 0.2 18201 49.1 0.11
C8-D5 0.3 0.31 47.3 25 2.5 0.1 18839 50.9 0.06
m. coccygeus (2) 4.8 4.57 457 1.5 2.3 0.1 19726 53.3 0.86
D1-B9 1.8 1.73 47.3 2.5 2.4 0.2 19606 52.9 0.33
D6-D7 14 1.36 445 4.4 2.2 0.1 20075 54.2 0.25
D2-C9 1.6 1.47 45.3 0.6 2.3 0.2 19498 52.7 0.28
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The physiological cross-sectional area (PCSA) of a muscle element at opti-
mum length is a measure for the maximum force that a muscle can exert.
PCSA was calculated as the mass divided by the density, resulting in muscle
volume, and subsequently divided by the optimum fibre length of the relevant
muscle element. The specific density of skeletal muscle tissue was taken to be
1.057 g/em? since muscles were soaked during weighing (Lieber, 1992, Klein
Breteler et al., 1999).
Results of these calculations are summarized in Table 2.2.

2.2.4 MODEL COMPARISON

A numerical comparison of two triangle model meshes, namely the 3D recon-
struction based on the palpator measurements and the 3D reconstruction based
on the MRI experiment, was performed. We used a Metro (a tool developed
by Visual Computer Group, CNR-Pisa), to evaluate the difference between
surfaces e.g. triangulated meshes. The measures were computed using an error
defined as an approximation of the surface-to-surface distance between two
corresponding sections of the meshes (Cignoni et al., 1998). The results of
both the numerical and visual evaluations are summarised in Table 2.3 and
Figure 2.6.

2.3 RESULTS

2.3.1 MRI MEASUREMENTS

Semi-automated gradient-oriented segmentation of the MRI scans was per-
formed. Thereafter 3D reconstruction of the pelvic floor muscles was done
(see Figure 2.4).

2.3.2 CADAVER MEASUREMENTS

Table 2.2 shows the summary of the muscle parameters for all muscles and all
muscle elements of m. levator ani complex needed for building the FE model.
The complete experimental data set concerning both the geometrical and the
muscle parameters is available on the Internet (http://mms.tudelft.nl/
morph_data/index.htm).

It was remarkable that all muscles were near the optimal muscle length as
reflected in the small interval of sarcomere lengths between 2.2 and 2.9 um
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(see Table 2.2). Mostly sarcomere lengths were at or just below the optimal
muscle length. After simulated contraction, presumably all muscle bundles
will be below optimal length on the ascending slope of the force-length curve.

2.3.3 MODEL COMPARISON

Numerical comparison of two triangle model meshes was done and results of
both the numerical and visual evaluations are summarised in Table 2.3 and
Figure 2.6. This comparison was important in order to demonstrate the simi-
larity between the present cadaver study and MRI studies. Mean surface-to-
surface distance square error is 3.9 mm. The maximal error of 34.9 mm is due
to a missing coccygeus muscle part in the 3D reconstruction of the pelvic floor
muscles based on the MRI data set.

TABLE 2.3: Summary of the numerical results as a mean and maximum surface-to-
surface distances between meshes returned using absolute measures.

Maximal Error 34.9
Mean Error 2.2
Mean Square Error 3.9

2.4 DISCUSSION

This study was performed to uncover the morphological parameters of the pel-
vic floor muscle complex for FE modelling purposes. When a FE model is de-
veloped for a living patient or healthy subject, the only way to obtain
morphological parameters is using MRI scans. Important parameters like the
optimum muscle length and fiber orientation cannot be obtained from MRI
scans, and must be imported from a cadaver study. Therefore, it is important
to enable a link between the present cadaver study and MRI studies. The bony
landmarks enable the construction of a local co-ordinate system of the pelvis.
MRI data were described with respect to this local co-ordinate system, as well
as the muscle data in this cadaver study. The similarity between the data sets
was good.

The experimental measurement of the pelvic floor structures was per-
formed in a specimen fixed by injection embalming. These specimens are
known to exhibit distorted spatial relationships (Richter, 1966) and these top-
ographic relationships do not correspond to the data available from living
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women. After embalming, the m. levator ani, as well as the sphincter muscles
(e.g. m. sphincter ani externus and m. sphincter ani internus) lose their tone.
All internal organs and structures moved downwards, because they lack sup-
port by diaphragma pelvis.

FIGURE 2.4: The 3D geometrical model of the pelvic floor muscles based on the
experimental data set from the MRI measurements. The 3D
reconstruction of the pelvic bone (PB) and m. levator ani complex
(MLA) on the left side: A - frontal view, B - top view. Detail of the 3D
reconstruction of the m. levator ani complex on the right side: C -
levator ani muscle complex, volume model, D - levator ani muscle
complex, triangle model.

Loss of the muscle tone after death has been addressed by studying some ca-
davers during the phase of rigor mortis (DeLancey, 1999). Therefore, there is
a difference in the pelvic floor topology between the cadaver and the living pa-
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tient. However, this does not affect the muscle parameters, such as optimal sar-
comere length. In the biomechanical model based on the FE theory, the muscle
position can be reconstructed by imposing the appropriate muscle tone. In the
FE model the loading forces and muscle forces are simulated, and the muscle
finds a new position depending on the load condition and simulated muscle ac-
tivation. That solves the problem of the loss of the muscle tone in the cadaver
experiment.

For the purposes of mathematical modelling of the pelvic floor based on the
FE theory, one has to take into account all these morphological changes, espe-
cially in the pre-processing phase of the model development (e.g. loading of
the pelvic floor muscles). Furthermore, the comparison of the cadaver MRI
scans with the MRI of living women returned relatively large differences in
the pelvic floor topography.

Geometrical data on the gross anatomy of pelvic floor muscles can be ob-
tained by the use of high resolution MRI scanning. Unfortunately, additional
morphologic data concerning foremost muscle fibre directions cannot be ob-
tained from MRI. These morphological data as well as additional muscle pa-
rameters can be obtained from cadaver experiment. By the use of many
reference landmarks (e.g. spina iliaca anterior superior, symphysis pubica,
promontorium, os coccygeus etc., see also Figure 2.2) all these morphological
data can be morphed onto the geometrical data based on segmentation from
MRI scans. Thereafter all these data can be used as input for building a math-
ematical model based on FE theory.

The purpose of this experiment was to discover the relationship between
the MRI morphology and geometrical parameters obtained from the previous
measurements. The produced data set is not only important for biomechanical
modelling of the pelvic floor muscles and to investigate the effectiveness of
the reconstructive surgery, but it also describes the geometry of muscle fibres
that can be used for functional analysis of the pelvic floor in general.

2.4.1 MRI MEASUREMENTS

The parameters of the MRI measurements are given in Table 2.1. The semi-
automated gradient-oriented segmentation of the MRI scans was performed
because there is no proprietary automatic image processing segmentation tool
for segmenting muscle tissue within MRI scans yet. Even in relatively high
resolution MRI scans (512 x 512 pixels, pixel resolution of 0.68 mm), seg-
mentation of levator ani muscle was very difficult. These difficulties arose pri-
marily because of the small thickness of levator ani muscle (approximately 2
mm) and there was almost no difference in contrast between levator ani mus-
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cle and surrounding soft tissues. Difficulties in in-vivo MRI data set segmen-
tation are expected. Presently, no solution has been found for this problem.

2.4.2 GEOMETRICAL PARAMETERS MEASUREMENTS

100

50

-50

-100

100

Because of the relatively flat muscle shape of the m. levator ani complex, the
geometry and topology was scanned relatively easy. In this study only the sur-
face geometry of the diaphragma pelvis was determined. Concerning the rela-
tively constant thickness of the muscle element for FE modelling purposes, the
pelvic floor muscles can be simulated by the use of shell elements. A single
shell element layer or multi-layer shell element mesh with constant thickness
is obviously the best solution to this problem.

This study was performed on only one cadaver specimen, which is relevant
for purposes of FE modelling. A previous anatomical study (De Blok, 1982)
showed that there is no significant inter-individual and intra-individual differ-
ence in pelvic floor morphology. Additional cadaver studies focusing on pel-
vic floor morphology can evaluate the relevance of morphologic parameters
obtained from this study.

-100
50 100 150

0]
-50 Y

FIGURE 2.5: The 3D geometrical model of the pelvic floor muscles based on the

experimental data set from the palpator measurements. Points
measured by the use of the palpator on the left side. Pelvic floor
muscles surface rendered on the right side.
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2.4.3 MUSCLE PARAMETERS - SARCOMERE LENGTH MEAS-
UREMENTS

Recording the muscle sarcomere length for each bundle of the pelvic floor
muscles enables the reconstruction of the muscle optimum length. From the
muscle optimum length, the force-length curve can be reconstructed using data
from muscle physiology (Klein Breteler et al., 1999). The force-length curve
is important because it determines the maximal force in a certain position. In
addition, the muscle stiffness is higher at the ascending slope of the force-
length curve than at the descending slope (Sugi and Tsuchiya, 1988). Muscle
stiffness is an important factor for the stability of the system, and will deter-
mine the necessity of additional proprioceptive feedback control of the pelvic
floor muscles.

The muscle fibre length was measured directly as the distance between the
beginning and end of the straightened muscle bundle. Measured muscle bun-
dle length varied a little within certain muscles, because of the trapezoidal
muscle shape (see Figure 2.5 and Figure 2.3). Within a muscle, the element
length differences were correlated with spatial position. The mean muscle fi-
bre length and the standard deviation were calculated (see Figure 2.2).

Laser diffraction is a very accurate method for measuring sarcomere
lengths, especially if the muscle tissue is perfectly embalmed (if not, sarcom-
ere unit damage can be observed). Sarcomere lengths between 2.0 and 3.2 pm
were measured, which is within the range that Walker and Schrodt (1974) ar-
gued to be consistent with the sliding filament theory. This makes it plausible
that filament lengths have not changed during the embalming process. Sample
preparation did not permanently alter the sarcomere length. In a few muscle
elements, it was not possible to measure the sarcomere length. Those were
considered as artifacts and were further ignored. We assumed, that the muscle
fibres were broken during rigor mortis or during the embalming process.

Sarcomere length measurements in m. coccygeus were very difficult, be-
cause of the relatively large atrophy of the skeletal muscle tissue. Presumably,
it was caused by the age of the cadaver specimen.

2.4.4 MODEL COMPARISON

We consider that the relatively high maximal error (see Table 2.3 and
Figure 2.6) is due to geometric difference in the coccygeus muscle between
the surface model from the palpator measurements and the MRI experiment.
Thickness of this muscle was determined up to one mm. Therefore segmenta-
tion of the posterior part of this muscle is almost impossible due to low reso-
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lution within MRI scans. On the other hand the mean surface-to-surface
distance error seems to be low (mean square error of 3.9 mm) given the
number of manipulations and tasks performed (e.g. removing internal organs,
clearing pelvic floor muscles from its surrounding tissue) within this large ex-
periment. The maximal error of 34.9 mm is due to a missing coccygeus muscle
part in the 3D reconstruction of the pelvic floor muscles based on MRI data
set. The segmentation of this muscle part was not possible because of resolu-
tion difficulties described above.

m. coCCygeus

m. iliococcygeus

m. pubococcygeus

FIGURE 2.6: The graphical results output from the Metro tool software (Cignoni,
1998). Surface distance-to-distance maximum error colour bar on the
left side, the graphical visualisation of the error distribution in the 3D
reconstruction of the pelvic floor muscles based on the palpator
measurements on the right side. Mean surface-to-surface distance
square error is 3.9 mm (see also Table 2.3). The maximal error of 34.9
mm is due to a missing coccygeus muscle part in the 3D reconstruction
of the pelvic floor muscles based on MRI data set.
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MRI scans will be used in future. These results show that it is feasible to trans-
fer cadaver data (muscle fibre direction, optimum muscle length) to the MRI
data set.

2.5 CONCLUSIONS

The produced data set is not only important for biomechanical modelling of
the pelvic floor muscles and to investigate the effectiveness of the reconstruc-
tive surgery, but it also describes the geometry of muscle fibres that is useful
for functional analysis of the pelvic floor in general.

By the use of many reference landmarks (e.g. spina iliaca anterior superior,
symphysis pubica, promontorium, os coccygeus etc.) all these morphological
data concerning fibre directions and optimal fibre length can be morphed onto
the geometrical data based on segmentation from MRI scans.

These data can be directly used as an input for building a mathematical
model based on FE theory.
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Chapter 3

A CONSTITUTIVE MODEL FOR
THE PASSIVE ELASTIC BEHAV-
IOUR OF HUMAN PELVIC FLOOR
MUSCLES



Abstract

Objective: The goal of this study is to derive passive material parameters of the pelvic
floor muscles. A constitutive model needed for studying the complex biome-
chanical behaviour of these muscles is developed. This model can be used for
computer modelling of the pelvic floor.

Methods: Since there was a lack of any information concerning passive material
properties of the pelvic floor muscles, uniaxial and equibiaxial measurements
were performed. The data obtained were used to estimate parameters of the
Mooney-Rivlin (MR) constitutive model, which assumes the tissue to be iso-
tropic and incompressible.

Results: The constants of the MR constitutive model are obtained from experimental
tests, which have been conducted with similar deformation modes to those ap-
pearing in vivo.

Conclusions: The produced data set describes the passive elastic material properties
of the pelvic diaphragm. The constitutive model based on these data can be di-
rectly used as an input for building a mathematical model based on finite ele-
ment theory. This can be used for the investigation of the effectiveness of
reconstructive surgery. The presented elastic constants describing the non-lin-
ear passive elastic behaviour of the pelvic floor muscles represents a good fit
of the experimental data.

Relevance: The present study helps to understand the biomechanical behaviour and
material properties of the pelvic floor muscles, which should be beneficial to
clinicians and engineers developing new biomaterial prosthesis or surgical
techniques for prolapse repair.

Keywords

Pelvic floor muscles; Material parameters; Elasticity; Finite element model
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INTRODUCTION

3.1 INTRODUCTION

The pelvic diaphragm in human is a very complex muscular structure. Levator
ani muscle with its fascial covering constitutes the pelvic diaphragm. It is
largely responsible for supporting both pelvic and abdominal organs and acts
synergistically with the striated muscle of the anterior abdominal wall, also
generating intra-abdominal pressure (IAP). Any increase in [AP e.g. caused by
coughing or sneezing, is applied equally to all sides of the pelvic and abdom-
inal walls. If the levator ani is pathologically weakened or temporarily inacti-
vated, the pressure on one side of a pelvic organ may become greater than that
on the other, permitting the organ to descend (genital prolapse). One in every
nine women requires surgery for problems related to defective pelvic organ
support. Among these women, one in every four needs a second operation
(Olsen et al., 1997). Despite the common occurrence of genital prolapse, the
structural defects responsible for its formation remain poorly understood.

It is essential to understand prolapse phenomena to improve surgical re-
sults. Obviously, the pelvic floor muscles have a fundamental influence in
these disorders. To study the complex biomechanical behaviour of the pelvic
floor muscles, and to investigate the effectiveness of reconstructive surgery, a
computer model is necessary. The main loading of the pelvic floor muscles is
due to IAP. Additionally, there will be loading due to the weight of the internal
organs. Muscles in joint systems (e.g. in the upper or lower extremities) are ac-
tivated to exert forces at the bones in line with their muscle line of action. In
contrast, the pelvic floor muscles are loaded perpendicular to the muscle line
of action by IAP. A simple representation of the muscle action by a (one-di-
mensional) muscle line of action is not appropriate. A more sophisticated ap-
proach using a finite element (FE) model of the muscle is necessary. In a FE
model the relationship between the loading and muscle forces in three dimen-
sions (3D) can be represented. For this model an experimental data set of both
the geometric and muscle material properties is required.

Continuum models have been applied to study the mechanical behaviour
and function of skeletal muscle. Biomechanical analysis of soft tissue requires
quantification of their 3D material properties, i.e. stress-strain behaviour. This
necessitates accurate determination of stresses and strains under multiaxial
loading, since uniaxial data do not fully characterize behaviour in 3D. To
present, such quantification has been partially successful for non-contracting
tissue, including skin and blood vessels. Some studies were performed on pas-
sive myocardium and passive and tetanised canine diaphragm (Strumpf et al.,
1993). However, no multiaxial stress-strain data exist for human pelvic floor
muscles. The reasons for this include the complex geometry and composite na-
ture of such tissue.

45

Biomechanis of the pelvic floor musculature



46 | Chapter 3

A constitutive model for the passive elastic behaviour of human pelvic floor muscles

The passive material properties of the pelvic floor muscles are unknown. The
active material properties are due to muscle dynamics and cannot be obtained
from cadaver measurements. The passive material properties can be derived
from stress-strain data based on the tissue testing. In addition, a good material
model describing the non-linear material behaviour of muscle tissue must be
developed.

The goal of this study is to derive passive material parameters of the pelvic
floor muscles needed as an input for a FE model of the pelvic floor. The uniax-
ial and equibiaxial data were obtained for human pelvic floor muscles. The
non-linear elasticity data obtained were used to develop the Mooney-Rivlin
(MR) constitutive model for the pelvic floor muscle tissue. This isotropic in-
compressible constitutive model is included in several widely available FE
software. The constants of the MR constitutive model are obtainable from ex-
perimental tests, which should be conducted with similar deformation modes
to those appearing in vivo.

3.2 MATERIAL AND METHODS

3.2.1 TISSUE TESTING

All measurements were performed on three female pelvic floor fresh cadaver
specimens (82, 66 and 38 years old). Samples were frozen directly after be-
coming available within an interval of 4-16 hours after death. Before testing,
the samples were defrosted and stored in saline solution at 4°C. All samples
were prepared under sterile conditions. Fat and other connective tissues were
removed from the surface of the muscle tissue. Thereafter, the samples were
pressed flat and sectioned. For uniaxial test 15 X 3 mm strips of muscle tissue
were prepared. For bi-axial testing square areas of 20 x 20 mm were prepared.
Pelvic floor muscle are thin and flat structure with constant thickness along the
specimen. The thickness of each sample was measured at several locations us-
ing the preparation microscope and an average was taken. Accuracy of thick-
ness measurement was 0.01 mm. In both tests, strain rates of 30% per minute
were used. Samples were preconditioned and irrigated with 0.9% saline solu-
tion during the test. All tests were performed at a temperature of 25°C.

3.2.1.1 UNIAXIAL TESTING

Specimens were gripped in pneumatically activated stainless steel grips with
coatings of emery paper to prevent slippage during the test. The gauge length
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was determined after clipping the specimen. The grips were mounted on a
Zwick displacement controlled tensile testing machine. The load data were re-
corded using a data acquisition card on a local PC. Extension of the specimen
was taken to be the crosshead displacement. The samples were preloaded up
to 0.05 N and thereafter preconditioned up to upper reversal point of 0.2 N in
three cycles. Strain rate of 30% per minute was used in both the precondition-
ing and testing phase. The tests were stopped when tearing began at either the
grips or along the length of the specimen.

3.2.1.2 BI-AXIAL TESTING

A specially designed equibiaxial rig device (Prendergast et al., 2003) was used
on a standard uniaxial Zwick testing machine. This device ensures equal forc-
es in both testing directions. It comprises a number of working assemblies as
shown in Figure 3.1. The suspension assembly consists of four horizontal arms
of equal length stemming from a central block secured to the crosshead of the
testing machine. The four arms supports four identical balance beams. Each
beam is free to pivot on a polished stainless steel shoulder screw. The base
plate is secured to the base of the testing machine. The base plate consists of
four brackets containing pairs of stainless steel pulleys. The main function of
the bracket-pulley assemblies is to turn the vertical cable network through 90°
and guide them toward the square specimen of pelvic floor muscle tissue po-
sitioned centrally to the base plate. High strength thread lines are used for the
cable network. Four lines of equal length are attached to the rig at various po-
sitions. The route of a line can be seen from Figure 3.1. Each line originates
from a position on a balance beam. Each line is guided along a curved groove
at the end of the beam. This is to ensure that each line is in constant tension
during rotations as well as ensuring it remained perpendicular to the base plate
assembly. Each line is suspended from the balance beam and passes through
the pulley-bracket fixture on the base plate and is turned through 90° towards
the central area of the base plate. Each line passes through a loading bracket
before returning via a similar route to the end of the adjacent balance beam.
The loading bracket transfers the loads from the line to the specimen. The jaw
end of each crocodile clip is used to grip the specimen and the other end is
linked to a vertical dowel pin on the Perspex bracket.

The rig was validated using a square piece of isotropic silicone and it pro-
duced equal stretch in both directions (Lally et al., 2004). The load was meas-
ured using the load cell attached to the overhead lever assembly system. The
load required to overcome the friction in the pulleys without sample was de-
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termined to be 0.5 N (Lally et al., 2004). This was subtracted from the total
load on the specimen.

FIGURE 3.1: Equibiaxial rig device setup mounted on a standard uniaxial Zwick
testing machine. The specimen is placed in the centre of the rig
base. A digital CCD camera is used for monitoring the displacement

| of the specimen.
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The thickness of the specimens was 2.96 + 0.61 mm. The square specimen (20
x 20 mm) was visually oriented (muscle fibre direction and transverse direc-
tion as a principal directions) and gripped using the jaw ends of crocodile clips,
equally distributed along each side of the specimen. The muscle fibre direction
is clearly recognisable on the surface of the specimen since the fibres are ar-
ranged parallel. The clips were adjusted to ensure that each jaw remained firm-
ly locked during the test. After gripping, a 3 x 3 orthogonal array of dots was
printed on the surface of the specimen using water-resistant, oil-based, quick
drying ink. Schema of the set-up is shown in Figure 3.2.

Force

AN

Tissue specimen

Force

FIGURE 3.2: Schematic diagram of the equibiaxial testing setup. The square (20
x 20 mm) tissue specimen is gripped using the jaw ends of crocodile
clips, equally distributed along each side of the specimen. In order
to measure tissue strain, a 3 x 3 orthogonal array of dots was
printed on the surface of the specimen using water-resistant, oil-
based, quick drying ink. The specimen is thereafter loaded with
equal force in both testing directions.
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The gauge length was determined using markers by CCD camera. The speci-
men was placed in the centre of the rig and the crosshead of the Zwick machine
was advanced until any slack was eliminated from the specimen. The speci-
men was irrigated with 0.9% saline solution during testing. The samples were
preloaded up to 0.05 N and thereafter preconditioned up to upper reversal
point of 0.2 N in three cycles. The same test protocol was used as during the
uniaxial testing. The tests were stopped when tissue tearing or slippage began
at the jaws of the crocodile clips.

The stretch was measured by monitoring the displacement of dots printed
on the surface of the specimen. A digital CCD camera was used to take images
of the tissue at a predetermined frequency of 1Hz. All images were processed
using an image-processing package built-in MATLAB™ 6.0 software from
The Mathworks Inc. As a result, the centroids of at least four of the dots on the
tissue were recorded. The strain of the tissue in both principal directions was
determined from the movement of the centroids of these four dots on the spec-
imen from picture to picture as the load increased. The engineering stress was
calculated by dividing the load in each principal direction by the initial effec-
tive cross-sectional area of the specimen. This produced the stress-strain data
in the two principal directions (muscle fibre and transverse direction).

3.2.2 HISTOLOGICAL ANALYSIS

After the last stretching protocol, each specimen was fixed in 10% Formalin
solution. Histological analysis was performed in all specimens to evaluate the
percentage of striated and smooth muscle type in the specimens. Samples were
taken from the remaining tissue in a random manner. Sections of 4 mm of
thickness from the paraffin-embedded, formalin-fixed blocks were stained
with hematoxylin and eosin. Thereafter, the percentage of the striated and
smooth muscle type was determined in all specimens.

The number, and the individual diameter, of type I (slow twitch) and type
II (fast twitch) fibres was not possible to determine due to the embalming proc-
ess.

3.2.3 SARCOMERE LENGTH MEASUREMENTS

Because of the striated character of skeletal muscle, sarcomere length was
measured by the diffraction of a He-Ne laser beam of about 1 mm in diameter
(Young et al., 1990). Fibre bundle samples were positioned in the laser beam
at a fixed distance (0.5 m) from a scale to allow direct reading of the sarcomere
length. The samples were approximately 10 mm long and very thin, and were
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placed on a microscope glass. All samples were eased apart under an operation
binocular microscope (used magnitude interval from 10x up to 24x). Details
of laser diffraction technique measurements are described in Janda et al.
(2003). The resolution of the sarcomere length was 0.05 pum. For each muscle
specimen, ten samples of sarcomere length at several representative locations
were recorded.

3.2.4 CONSTITUTIVE MODELLING

A MR strain energy density function (Mooney, 1940) was used to develop a
constitutive model of the non-linear elastic behaviour of the pelvic floor mus-
cles. This elastic material model assumes that material response is isotropic
and materials are also assumed to be incompressible. General MR form of the
strain energy function can be written as:

N N

W=y Zalj(11—3)i(12—3)i (3.1)
i=1j=1

where W is the strain energy density function and /; and /, are the first and sec-
ond invariants of Cauchy-Green tensor (Green et al., 1968, Lai et al., 1993).
The strain energy density function W (Equation 3.1) can be expanded in order
to obtain the particular forms of the generalized MR model, namely the two,
three, five and nine parameter strain energy density functions:

W= a,y(I,-3)+ag,(I,~3) 32)

b

= ayo(I, ~3) +ag, (I, ~3) +ay, (I, - 3)(I, - 3) (3.3)
W= a1, =3) + ag (I, = 3) + asy(I, = 3)" +ay, (I, = 3) (L, =3) T apy (I, ~3)"  (3.4)

W= a,(I,-3) +ag (I~ 3) + ayy(I, = 3)" +ay (I, - 3)(I, — 3) + agy(I, — 3)
+as(I,—3) +ay (I, —3) (1, = 3) + ay, (I, - 3) (I, - 3)" + agy (I, — 3)° (3-5)

The equations above represent first, second and third order models. The in-
crease in complexity of the expression of the strain energy function density W
should, in principle, correspond to an increase in accuracy of modelling the de-
formation modes. In general, there is no limitation on model order, N. A higher
N may provide a better fit to the exact solution; however, it may, on the other
hand, cause numerical difficulty in fitting the material constants and requires
enough data to cover the entire range of interest of deformation. Therefore, a
very high N value is not usually recommended (MSC.Marc, reference manu-
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al). When a suitable form of the strain energy density function W is chosen, the
parameters a;; (elastic constants) are found by non-linear regression. In some
cases it may be found that the predicted non-linear elasticity is unaffected by
a particular parameter and therefore the parameter is redundant and may be set
to zero. However, the final set of parameters must satisfy the requirement for
positive definiteness of the elastic behaviour. These conditions can be violated
if insufficient data are used in the regression (Holzapfel et al., 2000).

RESULTS

The complete data set describing the non-linear elastic passive material prop-
erties of the pelvic floor muscles was obtained. This data set includes both
uniaxial and the equibiaxial properties of the pelvic floor muscle tissue.

Stress kPa] 3
o

o
S

50

e Specimen 3
Specimen 1
Specimen 2

0 0.1 0.2 03 Strain[1] 04 0.5 0.6

FIGURE 3.3: The representative uniaxial stress-strain response for passive

material properties of the pelvic floor muscles (raw data fits). All
uniaxial stress-strain curves lie in the same interval. No significant
difference was found within each particular specimen. Moreover, the
non-linear and elastic behaviour of the pelvic floor muscle tissue is
obvious.
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3.3.1 TISSUE TESTING
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Representative uniaxial and equibiaxial stress-strain responses for passive pel-
vic floor muscles are shown in Figure 3.3 and Figure 3.4.
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FIGURE 3.4: The representative equibiaxial stress-strain response for passive

material properties of the pelvic floor muscles (raw data fits).
Particular specimens are labelled with numbers. In equibiaxial test,
the behaviour in both fibre and transverse direction is non-linear
with increasing stresses at higher stretches, indicating a limited
maximum degree of extensibility. Visual inspection of the stress-
strain plot suggests that the tissue is stiffer in the muscle fibre
direction. In six of nine equibiaxial tests performed on three
specimens, six samples were stiffer in muscle fibre direction while
only three were stiffer in transverse direction. Moreover, the non-
linear and elastic behaviour of the pelvic floor muscle tissue is
obvious. The average transverse direction (thick curve) was used for
fitting third order deformation Mooney-Rivlin material model
(Table 3.3).

Relatively high hysteresis (from 5 to 20% in strain) was observed in all tested
samples (see example in Figure 3.5). This was observed only in the first pre-
conditioning cycle. In second and third preconditioning cycle, the hysteresis
was insignificant.
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All uniaxial stress-strain curves lie in the same interval. No significant differ-
ence was found within each particular specimen (see Figure 3.3).

As in many other soft tissues, the behaviour of the pelvic floor muscle tis-
sue is non-linear and elastic (Figure 3.3 and Figure 3.4). In equibiaxial tests,
the behaviour in both fibre and transverse direction is non-linear with increas-
ing stresses at higher strains, indicating a limited maximum degree of extensi-
bility. Visual inspection of the stress-strain plot suggests that the tissue is
stiffer in the muscle fibre direction. In six of nine equibiaxial tests performed
on three specimens, six samples were stiffer in muscle fibre direction while
only three were stiffer in transverse direction.

3.3.2 HISTOLOGICAL ANALYSIS

Percentage of particular muscle type for all specimens are summarised in
Table 3.1. The results show that the pelvic floor muscles are composed from
both muscle fibre types with almost the same ratio.

TABLE 3.1: Results from histological analysis of the embalmed pelvic floor
muscles. Percentage of striated and smooth muscle type in the
specimen. Samples were taken from the tissue in a random manner.

Striated muscle Smooth muscle

fibres percentage fibres percentage

Specimen 1 50 50
Specimen 2 60 40
Specimen 3 60 40

3.3.3 SARCOMERE LENGTH MEASUREMENTS

The results of the sarcomere length measurements in all specimens are shown
in Table 3.2. It was remarkable that all muscles were near the optimal muscle
length as reflected in the small interval of sarcomere lengths between 2.0 and
3.3 um. Mostly sarcomere lengths were at or just below the optimal muscle
length. Obvious differences in sarcomere length in particular specimens were
found. The standard deviation within specimen was very small (see Table 3.2).
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TABLE 3.2: Results from the sarcomere length measurements using a laser
diffraction technique. Obvious difference in sarcomere length in
particular specimens were found. Sarcomere lengths between 2.0 and
3.3 um were measured, which is within the range that Walker and
Schrodt (1974) argued to be consistent with the sliding filament theory.

Mean sarcomere Standard deviation

length [um] N=10 [um] N=10
Specimen 1 3.05 0.16
Specimen 2 217 0.23
Specimen 3 2.84 0.13

3.3.4 CONSTITUTIVE MODELLING

Since the MR constitutive model assumes the material to be isotropic, it was
necessary to establish only one equibiaxial stress-strain curve to define the ma-
terial properties of the pelvic floor muscle tissue. Therefore, an average stress-
strain curve was determined from the stress-strain curve in transverse direc-
tions. The stress-strain curves in the muscle fibre direction were not consid-
ered, since they were presumably affected by rigor mortis (Van Ee et al.,
2000).

The strain energy density function for the nine-parameter model
(Equation 3.5) was fitted to the equibiaxial data. A particular form of the gen-
eralized MR model, namely the Third Order Deformation (TOD) model
(Equation 3.6), was used to obtain the elastic constants using a non-linear re-
gression routine.

W= a,o(I, - 3) +ag (I~ 3) + ayy(, = 3)" +ay, (I, - 3)(I,~ 3) +ags(,~3)  (3.6)

This non-linear regression routine is available in the MSC.Marc (Palo Alto,
CA) FE package and was used to determine the five material constants of
Equation 3.6 (see Table 3.3). Since the strain energy density function of both
constitutive models (the nine parameters model Equation 3.5 and TOD model
Equation 3.6) is uniform, the remaining constants in the nine parameter MR
constitutive model (Equation 3.5) are set to zero. Material constants of the hu-
man pelvic floor muscles for a particular order deformation model are summa-
rised in Table 3.3. The TOD model provided the best fit of the experimental
data. The least square error for a particular fit is given in Table 3.3.
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TABLE 3.3: Elastic constants describing the non-linear passive elastic behaviour
of the pelvic floor muscles. The non-linear regression routines in
MSC.Marc (Palo Alto, CA) were used (Equation 3.2, Equation 3.3,
Equation 3.4, Equation 3.5 and Equation 3.6) in order to determine
material constants for Mooney-Rivlin deformation model. Third order
deformation (TOD) model provided the best fit of the experimental
data. The least square error for particular fit is also given.

Mooney-Rivlin Mooney-Rivlin Mooney-Rivlin Mooney-Rivlin TOD
(Equation 3.2) (Equation 3.3) (Equation 3.4) (Equation 3.5 and 3.6)

Best-fit Pos. Best-fit Posi. Best-fit Pos.
values const. values const. values const.
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

-0.022084 0 -0.023218  0.001397 EEVAAPIAYS 0 -0.015510 0

Best-fit val- Pos. const.
ues [MPa] [MPa]

0.035584  0.023799 ONOKIZEISRRN Rk -k I0rg 0.027997  0.019530 0.029881 0.022005
EONV0[0Jos BN [0R (Gl -0.000489  0.001212 0.002003 0.000181

(0 0 0.003795  0.000778 -0.000420 0.000234

0 0 0 0 -0.000634 0.000385

0.000458  0.326449 EEOKVVERZEENVRVEY L) 0.000001 0.039565 0 0.102702

3.4 DISCUSSION

This study was performed to determine the passive material properties of the
pelvic floor muscle tissue for FE modelling purposes. The study was per-
formed on fresh cadaver specimens. This material is very difficult to obtain.
The goal of our study was not to describe population specific properties of the
pelvic floor muscle. Therefore we consider, that for developing the constitu-
tive model of these muscles at first three specimens should be sufficient. In the
future work, more specimens will be tested and the inter-individual compari-
son will also be provided.

3.4.1 TISSUE TESTING

The testing was carried out at room temperature and not body temperature.
This is not expected to have a significant effect on tests of only several minutes
duration. The samples were preloaded and thereafter preconditioned in three
cycles (see Figure 3.5). The hysteresis was insignificant in second and third
cycle. We suggested that the three preconditioning cycles are sufficient for
purposes of material testing. Strain rates of 30% per minute were used in both
the preconditioning and testing phases. These values were based on a pilot ex-
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periment with the pelvic floor muscle tissue and the strain rate was chosen to
avoid any dynamic effects of the tissue loading. The specimens used for tissue
testing contained a muscle fascia, which is a part of diaphragma pelvis. This
muscle fascia varies in thickness within the location in the pelvic floor and can
influence the stress-strain response of the tissue. However, influence of the
muscle fascia cannot be determined in our measurements. We measured the
complex stress-strain response of the diaphragma pelvis composite, which will
be used, and is sufficient, for FE modelling of the pelvic floor.
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FIGURE 3.5: Example of typical stress-strain response of the passive material
properties of the pelvic floor muscles (raw data). Relatively high
hysteresis was observed in the first preconditioning cycle. In the
second and third preconditioning cycles, the hysteresis was
insignificant.

No inter-specimen or intra-specimen differences in stress-strain mechanical
behaviour were found in the uniaxial tests. All uniaxial stress-strain curves lie
in the same interval within all specimens as shown in Figure 3.3. Rigor mortis
effects within uniaxial tests are unknown. The uniaxial data were not used for
constitutive modelling.

We suggest to use only the muscle transverse direction stress-strain data
from the equibiaxial test as a measure of the passive properties of the muscle
tissue, since the fibre direction data are presumably strongly affected due to
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rigor mortis. Rigor mortis is the result of an increasing number of cross-bridg-
es connecting the actin and myosin filaments after death. Rigor mortis affects
the stiffness in fibre direction, but not the stiffness perpendicular to fibre di-
rection (transverse direction). The transverse direction can be used for model-
ling the passive elastic non-linear behaviour of the muscle using the MR
material model. The passive component results mainly from the extra-cellular
matrix (i.e. connective tissue), and it can be assumed that it is similar in the
muscle fibre direction and transverse direction, resulting in an isotropic MR
model. The active component of the muscle cannot be obtained in a cadaver
study. It only can be reconstructed implementing active muscle properties in a
FE model.

Previous studies revealed that the living muscle was significantly stronger
and absorbed more energy to failure than any of the postmortem post-rigor
specimens, regardless of their handling (Van Ee et al., 2000). While the tissue
of bone, ligament, tendon, and skin undergo small changes in mechanical
properties post-mortem, skeletal muscle stiffness and failure load have been
reported to vary significantly (Gottsauner-Wolf et al., 1995, Leitschuh et al.,
1996). Results from Van Ee et al. (2000) demonstrated that post-rigor handling
of cadaveric tissue prior to testing greatly affects muscle properties. Post-rigor
skeletal muscle is significantly less stiff than perimortem and live passive tis-
sue. These results, however, are not influenced by freezing (Van Ee et al.,
2000).

3.4.2 HISTOLOGICAL ANALYSIS

The pelvic floor muscles are composed from both muscle fibre types with al-
most the same ratio, which is in agreement with results from de Blok, (1982).
Unfortunately, the function (muscle and reflexive properties) of the smooth
muscle remains unknown. The composition from both muscle fibre types is
presumably important for function of the diaphragma pelvis.

3.4.3 SARCOMERE LENGTH MEASUREMENTS

Recording the muscle sarcomere length (in relaxed condition) within the pel-
vic floor muscles enables the reconstruction of the muscle optimum length.
From the muscle optimum length, the force-length curve can be reconstructed
using data from muscle physiology (Klein Breteler et al., 1999). The force-
length curve is important because it determines the maximal force in a certain
position. In addition, the muscle stiffness is higher at the ascending slope of
the force-length curve than at the descending slope (Sugi and Tsuchiya, 1988).
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Muscle stiffness is an important factor for the stability of the system, and will
determine the necessity of additional proprioceptive feedback control of the
pelvic floor muscles.

Laser diffraction is a very accurate method for measuring sarcomere
lengths (Klein Breteler et al., 1999). Sarcomere lengths between 2.0 and 3.3
um were measured, which is within the range that Walker and Schrodt (1974)
argued to be consistent with the sliding filament theory. Sample preparation
did not permanently alter the sarcomere length. Some differences in sarcomere
length in particular specimens were found. However, no relation to the speci-
men or particular location was found. The differences in sarcomere length
could not explain the differences in stress-strain behaviour in the muscle fibre
direction. Therefore, rigor mortis affects muscle properties and passive mate-
rial properties cannot be measured in vitro.

3.4.4 DETERMINING THE MOONEY-RIVLIN CONSTANTS

Muscle consists of more than 70% water and behaves as nearly incompressi-
ble. Nearly incompressible material behaviour can lead to so-called locking of
element in a numerical procedure. This becomes visible as oscillations in the
displacement fields (Oomens et al., 2003). For this reason it is better to con-
sider the material fully incompressible. The MR isotropic constitutive model
was used for modelling the passive properties of the muscle.

The MR elastic model was chosen because of the wide availability in com-
mercially available FE software. In this way, our solution may be widely used.
Other constitutive models for the passive properties of the pelvic floor muscles
could be determined, and indeed be superior to the MR model used here. The
variability of the elastic behaviour observed in tested tissues suggests that the
model proposed here is useful for the biomechanical purposes.

For constitutive model (Equation 3.6) and associated constants given in
Table 3.3, the second derivate W with respect to the invariants B;; (Cauchy-
Green tensor) must be positive definite (Truesdell, 1952). L.e. the slope of the
stress-strain curve must not be less than zero. This imposes the following con-
ditions:.

ow oW
— +(1+X) —>0 37
ol 25> (5.7)

where A, is a stretch (A; = 1 + ;). All sets of constants presented in Table 3.3
satisfy this condition. The “best fit” constants have negative parameters and
therefore do not satisfy the stricter condition that:
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ow ow (3.8)
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Although the algorithm accepts up to six different deformation states, it can be
shown that apparently different loading conditions have identical deforma-
tions, and are thus equivalent. After eliminating the several equivalent modes
of testing, there are only three independent deformation states for which ex-
perimental data are needed: (1) Uniaxial tension, (2) Equibiaxial tension and
(3) Pure shear. Pure shear deformation experiments are very difficult to per-
form. Besides, the shear properties are only relevant if the muscle is thick. The
pelvic floor muscles are very thin (average of 3 mm). We assumed that the
shear stress can be considered negligible. Data fitting can be done for uniaxial
tension, equibiaxial tension or both modes simultaneously. In general, using
both modes simultaneously results in the most accurate experimental data fit
needed for constitutive modelling, especially in biomechanical analyses.
However, we suggest the use of only the passive (transverse direction) com-
ponent from the equibiaxial testing, since stiffness in the muscle fibre direc-
tion is presumably affected by rigor mortis. This applies to uniaxial as well as
bi-axial measurements in the muscle fibre direction. This process does not af-
fect the transverse direction.

3.5 CONCLUSIONS

The produced data set describes the passive elastic material properties of the
pelvic diaphragm. The constitutive model based on these data can be directly
used as an input for building a mathematical model based on FE theory, which
can be used for the investigation of the effectiveness of reconstructive surgery.

Material properties of the muscle in the fibre direction are greatly affected
by rigor mortis. Therefore, passive muscle properties can only be determined
in transverse direction. The passive material properties in the muscle fibre di-
rection can be derived from transverse direction data. Active muscle properties
must be derived using a muscle model relating activation and muscle length.

The presented elastic constants in a Mooney-Rivlin Third Order Deforma-
tion Model, describing the non-linear passive elastic behaviour of the pelvic
floor muscles, represent a good fit of the experimental data. A bi-axial material
model is necessary for a thin layer like the pelvic floor.

Biomechanics of the pelvic floor musculature
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Chapter 4

PELVIC FLOOR MUSCLE DIS-
PLACEMENT IN RELATION TO
THE LEVEL OF THE INTRA-AB-
DOMINAL PRESSURE AND MUS-
CLE ACTIVATION



Abstract

Objective: The main goal of this experiment is to analyse the behaviour of the pelvic
floor in patients and healthy volunteers.

Study design: The EMG activity, the displacement, the intra-abdominal pressure
(IAP) and the width of the levator hiatus are evaluated. The EMG and IAP
measurements are performed simultaneously. Displacement is recorded sepa-
rately using MRI. All measurements are performed in three conditions: Rest,
holding of the max level of the IAP and max contraction of the pelvic floor mus-
cles (Conditions a, b, and c respectively).

Results: The effects of several within subject factors are evaluated using a general lin-
ear model of repeated measurements procedure (ANOVA). The EMG activity
in the healthy volunteers is significantly higher (P=0.041) than in the patients.
No significant difference in IAP was found (P=0.542) between healthy volun-
teers and the patients. No significant difference in the mean displacement of the
diaphragma pelvis (P=0.671) was found between healthy volunteers and the
patients. The displacement in the posterior part of the levator ani muscle is sig-
nificantly larger (P=0.024) in the patient group. The width W of levator hiatus
is significantly larger (P=0.002) in the group of selected patients with
cystocele than in the healthy volunteers.

Conclusions: The presented results demonstrate: 1) significantly lower muscle acti-
vation (EMG activity) in the patient group, 2) no difference in the displacement
in relation to the level of IAP; 3) larger width W of the levator hiatus in group
of patients with cystocele but no difference in the depth D of the levator hiatus.
No significant difference was found in the level of the AP between groups. Per-
forming MRI scanning in the rest and during holding the maximal level of the
IAP provides the best information about the position and the displacement of
the pelvic floor muscles. The combination of EMG, IAP and the width W of le-
vator hiatus in these two conditions can be used for diagnostic purposes.

Keywords

Pelvic floor muscles; intra-abdominal pressure; MRI; EMG



INTRODUCTION

4.1 INTRODUCTION

The human pelvic floor is a very complex muscular structure. The m. levator
ani with its fascial covering constitutes the pelvic diaphragm. M. levator ani is
largely responsible for supporting both pelvic and abdominal organs and acts
synergistically with the striated muscle of the anterior abdominal wall gener-
ating intra-abdominal pressure (IAP). Any increase in IAP caused for example
by coughing or sneezing, is applied equally to all sides of the pelvic and ab-
dominal wall. If the levator ani is pathologically weakened or temporarily in-
activated a genital prolapse can occur. Genital prolapse is a major cause of
morbidity in women. Genital prolapse is a condition in which pelvic organs
(vagina, uterus, bladder, etc.), normally supported by the pelvic floor muscles,
protrude outside the pelvic floor.

One in every nine women requires surgery for problems related to defective
pelvic organ support (Olsen et al., 1997). Among these women, one in every
four needs a second operation. Among women with documented prolapse,
76% had a defect in the support of the posterior compartment (Olsen et al.,
1997). Despite the common occurrence of those diseases, the structural defects
responsible for its formation remain poorly understood.

The pelvic floor muscles have a fundamental influence in the pelvic disor-
ders. To study the complex biomechanical behaviour of the pelvic floor mus-
cles and to investigate the effectiveness of reconstructive surgery, a computer
model based on the finite-element (FE) theory is developed (Chapter 6). The
model is able to predict the position of the pelvic floor depending on the load
(e.g. IAP) and activation of the muscles. The model has to be validated with
experimental data about the position of the pelvic floor (measured with Mag-
netic Resonance Imaging - MRI), muscle activation (EMG measurements) and
IAP.

No studies are found describing the difference in the position of the pelvic
floor between healthy subjects and patients with the pelvic organ prolapse.
There is also a lack of any knowledge about the relationship between the po-
sition and activation of the pelvic floor muscles and the level of the IAP. Since
the IAP is the main loading of the pelvic floor, it will affect the displacement
of the pelvic floor. Activation of the pelvic floor muscles is necessary to in-
crease the IAP (except during activities like coughing, sneezing etc.). Whether
the muscles are lengthened or shortened, which will result in respectively
downward or upward movement of the pelvic floor, depends on the level of
the IAP and the level of muscle activation. There is a direct relation between
the pressure in the compartment, the tensile stress in the wall of the compart-
ment and the curvature of the wall of the compartment (Equation 4.1) van
Leeuwen and Spoor (1992):
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dp = ~o,- ¢, dr @.1)

where dp is the pressure difference, o is the stress in the muscle fibre, c,= 1/
Ryis the local curvature (Ry= local radius of curvature) and dr represents the
muscle thickness. If the muscles are activated, the tensile stress will increase
and the curvature will decrease for the same IAP (which also depends on the
activation of the abdominal muscles). Presumably, there is a difference in
muscle activation between healthy persons and patients. This difference is pre-
sumably caused due to the pathology in the pelvic floor and must be studied in
order to understand the behaviour of the diaphragma pelvis. Furthermore, the
data can also be used for validation of the biomechanical model of the pelvic
floor muscles.

The main goal of this experiment is to analyse the behaviour of the pelvic
floor in patients and healthy volunteers. This behaviour is a result of muscle
activation and loading by IAP and the displacement of the diaphragma pelvis.
The difference in EMG activity, the displacement, the IAP and the width of the
levator hiatus are evaluated during rest, maximal IAP and maximal pelvic con-
traction.

4.2 MATERIAL AND METHODS

All measurements are performed on 20 female subjects - ten healthy volun-
teers and ten patients (Table 4.1). All subjects were solicited in co-operation
with the Department of Gynaecology of the OLVG Hospital in Amsterdam.
Inclusion criteria for volunteers are: older than 18 years, comprehension of the
aim and the conditions of the experiment. The exclusion criteria for volunteers
are: identifiable acute or chronic diseases or urologic or gynaecologic dys-
function, pregnancy, previous or planned surgery in the pelvic floor compart-
ment, contraindication for MRI (e.g. pacemaker, vascular clip in brain,
claustrophobia) and not understanding aim and conditions of the experiment.
Inclusion criteria for patients are: older than 18 years, primary genital prolapse
without previous surgery in the pelvic floor compartment, comprehension of
the aim and the conditions of the experiment. The exclusion criteria for pa-
tients are: pregnancy, previous surgery in the pelvic floor compartment, con-
traindication for the MRI (e.g. pacemaker, vascular clip in brain,
claustrophobia), not understanding aim and conditions of the experiment.
After explaining the rationale of the study complemented by printed infor-
mation, written informed consent was obtained and a health questionnaire ad-
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ministered to each participant. Permission for this study was obtained from the
Medical Ethical Committee in OLVG Hospital, Amsterdam.

TABLE 4.1: Characteristics of the subjects - individual and group information.
BMI = body mass index.

Subject  Age Height Weight BMI v'\ellgir?afl Diagnosis
No. (vears) (cm) (kg) kg/m?)  yeliveries

Healthy
volunteers
N=10

O = O =2 N W N O o o

39.9 171.6
11.0 54

Stress urinary incontinence
Cystocele gr Il + Rectocele gr |
Cystocele gr Il

Cystocele gr Il

Cystocele gr Il + Rectocele gr |
Rectocele gr 11/l

Rectocele gr Il + descensus uteri
Cystocele gr Il

Cystocele gr I

Cystocele gr lll + Rectocele gr |

Patients
N=10

A NN =2 N 2N =N =

4.2.1 EMG AND IAP MEASUREMENTS

A two-channel perineal surface EMG is measured using the Medical Measure-
ment Systems modular Solar Gold 4T urodynamics system. The NORAX-
ON™ dual electrodes composed of two circular electrodes (outer diameter of
2 cm, electrode diameter of 0.5 cm) placed on one supporting fabric strip are
used during the experiment. The distance between the electrodes is 2 cm.
These electrodes are placed lengthwise along the sagittal plane approximately
1 cm anterior to the anus. Electrodes are placed on both left and right side of
the perineum. Flectrodes are moistened with a conductive gel medium and
connected to the Solar Gold 4T unit. The Kendall™ Meditrace 133 electrodes
placed on the spina iliaca anterior superior on each side (left and right) are used
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as a ground and connected to the Solar Gold 4T unit. The EMG signal goes
through two channels differential amplifier with: noise less than 1 mVrms, in-
put impedance of 1GQ2, CMRR > 120dB@50Hz and IMRR > 160dB. Subse-
quently, the signal is filtered with a high pass filter (-3dB) of 10Hz; slope is
6dB/oct and low pass filter (-3dB) of SkHz with very steep anti-aliasing filter.
The data are recorded at 11.025 kHz sample frequency with a 16-bit AD con-
verter. Thereafter, the EMG signal is rectified (full-wave rectification). After
rectification, the signal is filtered using a moving average FIR filter. The data
are resampled to a sampling rate of S0Hz having the effect of a digital low-
pass filter. The data are measured in microvolts (LV).

Simultaneously, the IAP is measured using an intra-rectal catheter connect-
ed on the same urodynamics system. The intra-rectal unisensor microtipcath-
eter with a diameter of 2 mm is placed in the rectum (approximately 4 cm).
Before insertion, the pressure is set to zero, in order to calibrate the level of the
IAP in relation to the atmospheric pressure. This catheter is a standard intra-
rectal pressure device and is often used during routine urodynamics examina-
tions. The pressure is recorded in cm of water column at a sampling rate of
50Hz.

4.2.1.1 PROCEDURES

Each subject was asked to disrobe and to assume a supine position on the phys-
iotherapy bed with legs straightened. With the assistance of a physiotherapist,
each subject tried all the conditions several times with the help of feedback us-
ing the EMG and IAP data on a LCD display. Thereafter, each subject was
asked to perform one of the three measurement conditions as explained below:

a) Rest - Condition a: In this condition, the subject is asked to maintain rest
while lying, to avoid any movements and to breathe normally. EMG activity
and the level of IAP are recorded.

b) Max IAP - Condition b: In this condition, the subject is asked to maintain
the maximal level of the IAP by both breath holding and abdominal muscle
contraction. The subject is asked to maintain this condition for at least 20 s.
During this time the EMG activity and the level of IAP are recorded.

¢) Max ACT - Condition c: During this condition subject is asked to per-
form maximal contraction of the pelvic floor muscles for at least 20 s. She is
also asked to breathe normally and to minimize abdominal muscle wall con-
traction during this condition (i.e. no build-up IAP). EMG activity and the lev-
el of IAP are recorded during the pelvic floor contraction phase.

All these conditions are performed in this sequence: a, b, ¢, a, b, c, a, band
c. No movement is allowed between these conditions. The time for performing
these measurements is approximately 30 minutes per subject.
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4.2.1.2 DATA PROCESSING

The EMG data are filtered and processed by use of the MATLAB™ 6.1 soft-
ware from The Mathworks Inc. The EMG data are split up for each condition
(a, b, and c¢) into segments of about 15 s. In this study, muscle activation is
modelled as a second order system. Thus, data are filtered using a second order
Butterworth filter. The quantified cut off frequency (natural frequency) is 2.5
Hz. These values are similar to those found in the literature. Potvin et al.,
(1996) found a rather wide range for trunk extensor muscles (2.0-3.3 Hz)
while Bobet and Norman (1990) identified the elbow flexor and extensor mus-
cles and found values of 1.9-2.8 Hz. Olney and Winter (1985) estimated values
of 1.0-2.8 Hz for lower limb muscles during walking. For each condition, a
mean value of the EMG signal is calculated.

The mean value of the IAP is calculated over the same period of 15s.

Analysis of variance (ANOVA) is performed in order to quantify the effect
of conditions a, b and ¢, the EMG activity, the IAP and the displacement. A
general linear model (GLM) for repeated measurements is analysed separately
for EMG and IAP. The dependent variables are EMG and IAP. The independ-
ent variables are: Condition b vs. ¢ and left and right side of the pelvic floor.
The group (patients vs. healthy volunteers) is used as a between subject factor.
The SPSS 12.0.1 software is used for this statistical analysis in all cases during
this study.

4.2.2 MRI MEASUREMENTS

Directly after the EMG measurements, the subjects had MRI measurements.
Several T1-weighted gradient echo or T2-weighted turbo spin-echo MRI se-
quences are performed in order to obtain the displacement of the pelvic floor
muscles. The measurements are performed using a 1.5T Philips MRI Gyros-
can Intera scanner at the Department of Radiology of the OLVG Hospital in
Amsterdam. The MRI volume is chosen in order to cover the diaphragma pel-
vis (m. levator ani and m. coccygeus) between symphysis pubica and os coc-
cygeus. The same cubic MRI volume is used for all scan conditions. The first
scan session (Condition a as described in Section 4.2.2.1 on page 70) is per-
formed in the rest position with the highest resolution possible. This session
formed a reference image data set. Thereafter, sequences of fast sessions are
taken during holding of the maximal level of the IAP (for about 21 s) and dur-
ing the maximal contraction of the pelvic floor muscles without increasing the
level of TAP. Fast sessions are repeated three times. The MRI settings for all
conditions are summarised in Table 4.2. A syn-cardiac coil is used during all
sessions.
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TABLE 4.2: Measuring parameters and settings of the Philips MRI Gyroscan Intera
scanner during the MRI measurements in all conditions. Condition a -
rest, Condition b - max IAP, Condition ¢ - max ACT.

MRI settings Condition a Conditions b, ¢
Session type Cor TT2 SE Cor T1 GR
Slice thickness [mm] 4 4
Spatial Resolution [mm] 5 7
Field of view (FOV) 300 375
RFOV 80 70
Matrix resolution [pixels] 16bit 512x512 256x256
Pixel resolution [mm/pixel] 0.58 1.46
Number of slices 25 11
MR acqusition type 2D 2D
Acquisition time 1min 59s 21s
TR [ms] 4547 3.58
TE [ms] 90 1.79
Magnetic field strength [T] 1.5 1.5
Coil type Syn-cardiac Syn-cardiac
Fast imaging mode TSE FFE

4.2.2.1 PROCEDURES

Subjects were requested not to eat for four hours before the measurements.
This condition is necessary to ensure good MRI image quality. Each subject
was asked to assume a supine position within the MRI scanner. Each subject
was instructed to perform one of the three conditions of measurement as ex-
plained below:

a) Rest - Condition a: The subject is asked to maintain rest, to avoid any
movements and to breathe normally. A Coronal T2 weighted turbo spin-echo
MRI sequence is performed for approximately 2 minutes.

b) Max IAP - Condition b: In this condition, the subject is asked to maintain
the maximal level of the IAP by both breath holding and abdominal muscle
contraction. The subject is asked to maintain this condition for at least 21 s.
During this time, a Coronal T1 weighted gradient-echo MRI sequence is per-
formed.

¢) Max ACT - Condition ¢: During this condition, the subject is asked to
perform maximal contraction of the pelvic floor muscles for at least 21 s. She
is asked to breathe normally and to minimize the abdominal muscle wall con-
traction during this condition. A Coronal T1 weighted gradient-echo MRI se-
quence is performed during the pelvic floor muscle contraction phase.

The sessions are performed in this sequence: a, b, ¢, b, ¢, b, and c. No move-
ment is allowed between these conditions. A 30 s rest period followed each
condition to minimize fatigue.
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These three conditions are chosen as the only repeatable conditions in both
parts of experiment (EMG + IAP and MRI part). Without measuring IAP and
muscle activity inside the MRI scanner, the subjects are able to repeat only
these three conditions (a, b and c¢). The measurements lasted approximately 20
minutes per subject.

FIGURE 4.1: The 3D reconstruction of the pelvic floor muscles based on semi-
automated gradient-oriented single line segmentation of the MRI data.
An implicit (cutting plane) is displayed. This is based on an anatomical
division of the diaphragma pelvis as follows: Part 1 consists all organs
structures such as the vagina and the rectum and Part 2 consists the
posterior part (m. coccygeus) of the diaphragma pelvis. The arrow is
pointing posteriorly in both views. A - perspective view from top left
side. B - left side view.
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4.2.2.2 DATA PROCESSING

Semi-automated gradient-oriented segmentation of the MRI scans is per-
formed. A single line is generated as a representation of an inner surface bor-
der of pelvic floor muscles. 3D reconstructions of the pelvic floor muscles are
made in all measured conditions (see Figure 4.1 for an example).

For use in numerical comparison, the 3D surfaces are divided into two
parts. This is based on an anatomical division of the diaphragma pelvis as fol-
lows: Part 1 (anterior part) consists of all organ structures such as the vagina
and the rectum and Part 2 consists of the posterior part (m. coccygeus) of the
diaphragma pelvis (see Figure 4.1). This division is necessary for determining
the local effects between all conditions. A comparison for both parts (Part 1
and 2) is done in Condition b with respect to a, and Condition ¢ with respect
to a. The MESH software developed by Aspert et al., (2002) is used to evaluate
the difference between iso-surfaces (triangulated meshes). It uses symmetric
Hausdorff distance to compute a mean error between two given surfaces (As-
pert et al., 2002). For visualization and surface modelling of the data, the De-
VIDE (the Delft Visualisation and Image processing Development
Environment, Botha, 2004) software is used.

The mean distance between the given surfaces is used as a dependent var-
iable for ANOVA. GLM for repeated measurements is analysed. The inde-
pendent variables are Condition b vs. c, and Part 1 vs. Part 2 of the diaphragma
pelvis. Patients vs. healthy volunteers are analysed as a between subject factor.

The diagnosis of most of the patients (seven of ten) is a cystocele (see
Table 4.1) in the anterior part of Part 1. Cystocele is primarily a consequence
of damage to the vagina - either its support or the vaginal wall itself (Nichols
and Randall, 1996). Therefore, one slice is selected in order to determine local
changes in the shape and position of the levator ani muscle. The position of
this slice is determined using the landmarks (levator hiatus at the level of va-
gina). Thereafter, the closest neighbourhood slice is selected in this compart-
ment. In this slice, the distance between centroids of the femur heads (HD) is
determined. Thereafter, the distance (depth D) is determined from the centre
of the line connecting both femur centroids to the lowest border of the levator
ani muscle. The width W of the levator hiatus is determined as a distance of
the left and right borders of the levator ani muscle perpendicular to D at 50%
of the length of D (see Figure 4.2). The hip distance HD, maximal depth D and
width W are determined in all conditions (rest, max IAP, max ACT).

The depth D and width W of the levator hiatus in all three conditions are
used as dependent variables for ANOVA. GLM for repeated measurements is
analysed for these independent variables: Condition a, b, and c. The selected
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group of patients (N=7) vs. healthy volunteers (N=10) is used as between sub-
ject factor.

FIGURE 4.2: Example of coronal MRI images of the female pelvis in supine position
for a healthy subject (Images A, B and C) and patient with cystocele
(Images D, E, and F). The distance between centroids of the femur
heads (HD) was determined (see example in the Image D). Thereafter,
the distance (depth) of the lowest border of the levator ani muscle (D)
was determined from the centre of the line connecting both femur
centroids. The width W of the levator hiatus was determined as a
distance of the outer border of the levator ani muscle perpendicular to
the D in the 50% of the length of D. The hip distance HD, maximal
depth D and 50% width W were determined in all conditions (rest, max
IAP, max ACT) and are summarised in Table 4.6. A - coronal slice of
the levator ani muscle in rest (Condition a) - healthy subject. B -
coronal slice of the levator ani muscle during max IAP (Condition b) -
healthy subject. C - coronal slice of the levator ani muscle during max
ACT (Condition c) - healthy subject. D - coronal slice of the levator ani
muscle in rest (Condition a) - patient. E - coronal slice of the levator ani
muscle during max IAP (Condition b) - patient. F - coronal slice of the
levator ani muscle during max ACT (Condition c) - patient.
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4.3 RESULTS
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FIGURE 4.3: An example of the EMG and IAP recordings (raw data) obtained for a
healthy subject (subject no.: 4, see Table 4.1) by MMS Solar Gold 4T
urodynamics system. The perineal surface EMG is shown in microvolts
for both sides (EMG 1 - right side, EMG 2 - left side). The IAP was
determined in cm of water column. The measurements were performed
during rest (Condition a), during holding max level of IAP (Condition b)
and during performing max contraction of the muscles (Condition c).
The heartbeat can be observed as a noise.

4.3.1 EMG AND IAP MEASUREMENTS

The EMG and IAP data for each subject are summarised in Table 4.3 and
Table 4.4. Examples of EMG and IAP recordings are displayed in Figure 4.3,
Figure 4.4 and Figure 4.5. Figure 4.3, Figure 4.4 and Figure 4.5 illustrate that,
a high level of IAP is observed in Condition b, while a constant level of IAP
is observed in conditions a and c. An example of recordings for a healthy sub-
ject is given in Figure 4.3. There is a high EMG activity in Condition b and c,
while very low activity can be observed in Condition a. A high level of [AP is
observed in Condition b, while a constant level of IAP is observed in condi-
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tions a and c. Examples of recordings of two different patients with cystocele
are given in Figure 4.4 and Figure 4.5. In Figure 4.4, there is a high EMG ac-
tivity only in Condition c, while hardly any activity can be observed in condi-
tions a and b. In Figure 4.5, there is a low EMG activity in conditions b and c
with respect to Condition a.
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FIGURE 4.4: An example of the EMG and IAP recordings (raw data) obtained for a
patient (subject no.: 9, see Table 4.1) from MMS Solar Gold 4T
urodynamics system. The perineal surface EMG is shown in microvolts
for both sides (EMG 1 - right side, EMG 2 - left side). The IAP was
determined in cm of water column. The measurements were performed
during rest (Condition a), during holding max level of IAP (Condition b)
and during performing max contraction of the muscles (Condition c).
The heartbeat can be observed as a noise.

A significantly higher mean EMG activity (p=0.029) was found during max
contraction of the muscles (Condition c¢) than during holding max level of the
IAP (Condition b). There is no significant effect in EMG activity between left
and right side (P=0.774). Test of between-subject factors revealed a signifi-
cantly higher EMG activity (P=0.041) in the group of healthy volunteers than
in the patients.

A significantly higher level of mean IAP (p<0.001) was found during hold-
ing max level of TAP (Condition b) than during max contraction of the muscles
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(Condition c). Test of between-subject factors revealed no significant differ-
ence in the level of IAP (P=0.542) between the healthy volunteers and pa-
tients.
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FIGURE 4.5: An example of the EMG and IAP recordings (raw data) obtained for a
patient (subject no.: 20, see Table 4.1) from MMS Solar Gold 4T
urodynamics system. The perineal surface EMG is shown in microvolts
for both sides (EMG 1 - right side, EMG 2 - left side). The IAP was
determined in cm of water column. The measurements were performed
during rest (Condition a), during holding max level of IAP (Condition b)
and during performing max contraction of the muscles (Condition c).
The heartbeat can be observed as a noise.

4.3.2 MRI MEASUREMENTS

The results of the mean distance are summarised in Table 4.5. A significantly
larger displacement (p=0.006) is found in Condition b than in Condition c.
Moreover, there is a significantly larger (P<0.001) displacement in Part 1 than
in Part 2 of the diaphragma pelvis. A test of between-subject factors revealed
no significant difference in the mean displacement of the diaphragma pelvis
(P=0.671) between the healthy volunteers and patients. A significant group
difference (P=0.024) is found in the displacement between Part 1 and Part 2.

Biomechanics of the pelvic floor musculature



77

RESULTS

The position of the levator ani muscle in Condition b is always below the po-
sition observed in Condition a (see Figure 4.7). The position of the levator ani
muscle in Condition c¢ intersects with the muscle in Condition a (see
Figure 4.7).

Results of the depth D and width W of the levator ani muscle in the anterior
part of Part 1 are summarised in Table 4.6. A highly significant effect
(P<0.001) is found in the depth D between all conditions (a, b and c). Test of
between-subject factors revealed no significant difference in the depth D
(P=0.861) between the healthy volunteers and selected patients with cystocele

(N=7).

TABLE 4.3: Summary of the perineal surface EMG measurements. All
measurements represent the mean values of the EMG signal in
microvolts. EMG activity is measured on both sides of the diaphragma
pelvis. IAP is measured simultaneously (see Table 4.4). IAP = intra-
abdominal pressure.

EMG [pV]

Subject Right side - EMG 1 Left side - EMG 2

No. Max IAP Max ACT Max IAP Max ACT

Mean Std Mean Std Mean Std Mean Std
(N=3) (N=3) (N=3) (N=3) (N=3)  (N=3) (N=3) (N=3)

Healthy
volunteers
N=10

Patients
N=10
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A highly significant effect (P<0.001) is found in the width W between all con-
ditions (a, b and c). Test of between-subject factors revealed a significantly
larger width W (P=0.002) in the group of selected patients (N=7) than in
healthy volunteers (N=10).

The results show that there is a significant difference in the width
(P<0.001) of the levator hiatus while performing all conditions between pa-
tients and healthy volunteers. This phenomenon can also be observed from
raw MRI scans (see Figure 4.2 and Figure 4.7). In contrary, the maximal depth
of the levator ani muscle does not significantly differ during all conditions be-
tween both groups (Figure 4.2 and Table 4.6).

TABLE 4.4: Summary of the level of IAP measurements. All measurements
represent the mean values of the pressure in Pascals. Perineal surface
EMG was measured simultaneously (see Table 4.3). IAP = intra-
abdominal pressure.

Intra-abdominal pressure [kPa]

Subject Max IAP Max ACT

No. Mean Std Mean Std
(QESINENUEON (N=3) (N=3)
2.33 0.67
3.83 0.30
10.43 1.32 5.77 0.63
7.87 1.79 2.27 0.43
5.12 0.57 4.83 0.41
Healthy 774 034 | 38 023
volunteers
N=10 754 123 | 227 034
7.72 0.08 7.54 0.70
6.76 0.40 4.07 1.14
5.05 0.56

Patients
N=10
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4.4 DISCUSSION

The main goal of this experiment was to analyse the behaviour of the pelvic
floor in patients and healthy volunteers. To this end, experimental measure-
ments were performed in order to obtain a complete data set of the position,
the displacement and the activation of the pelvic floor muscles in 20 female

subjects (10 patients and 10 healthy volunteers).

The results show the differences between patients and healthy volunteers:
1) difference in EMG activity, 2) no difference in the mean displacement in
relation to the level of IAP, 3) difference in width W but no difference in depth
D of the levator hiatus between healthy subjects and patients with cystocele.

FIGURE 4.6: Typical example of coronal MRI images of the healthy female pelvis,
where the shape and position of the pelvic floor muscle (small arrows)
is demonstrated. A - coronal slice in Part 2 of the diaphragma pelvis
during rest (Condition a). B - coronal slice in Part 2 of the diaphragma
pelvis during max IAP (Condition b). C - coronal slice in Part 2 of the
diaphragma pelvis during max ACT (Condition c). The most obvious
difference is observed in the posterior part (m. coccygeus) of the
diaphragma pelvis (Part 2) where the muscle assumes a dome shape
in supine position (Image A) during conditions a and ¢ (Images A and
C) while a basin shape can be found in Condition b (Image B).

The lower EMG activity in the patient group suggest lower muscle activation
and therefore lower muscle force generated by muscle assuming that the same
EMG force relationship exists for each subject. No significant difference was
found in the level of IAP between both groups. The lower muscle force gener-
ation in the patient group can be presumably caused either due to lower muscle
activity (low EMG) or due to muscle atrophy. The width of levator hiatus in
the selected patient group (N=7) was significantly larger (P=0.002) than in the

healthy volunteer group.
In considering the presented results following main questions arise:

1) What is the effect on the width of the levator hiatus if the muscle is

insufficiently activated?

79
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2) What is the effect on width of the levator hiatus if the connective tis-
sue in the levator hiatus is more compliant than normal?

And finally clinical questions arise:

3) Is muscle training effective if there is a problem in connective tissue of the
levator hiatus?

4) On what spot in the diaphragma pelvis the surgeon has to focus on during
reconstructive surgery if: a) the muscle activation is insufficient (the muscle is
not able to generate enough force) and the connective tissue has a normal com-
pliancy; b) the muscle activation is normal (muscle is able to generate enough
force) but the connective tissue of the levator hiatus is more compliant?

A Healthy subject B Patient with cystocele
7 Part1
AW Lw .
D D
1cm
—

Rest - Condition a
e Max 1AP - Condition b
-------- Max ACT - Condition ¢

FIGURE 4.7: Schema of the position of the pelvic floor muscles in healthy subject
and patient with cystocele. The level where the depth (D) and width
(W) of the levator hiatus is determined is also displayed. The mean
displacement of the muscles is summarised in Table 4.5. The depth (D)
and width (W) of the levator hiatus in all conditions is given in
Table 4.6. A - position of the muscle in all conditions in Part 1 - healthy
subject. B - position of the muscle in all conditions in Part 1 - patient. C
- position of the muscle in all conditions in Part 2 - healthy subject. D -
position of the muscle in all conditions in Part 2 - patient.
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In order to answer all these questions a biomechanical model of the pelvic
floor based on FE theory is developed (Chapter 6). The model is able to predict
the position of the pelvic floor depending on the loading (e.g. [AP) and activa-
tion of the muscles.

4.4.1 EXPERIMENTAL DESIGN

Since it is not possible to measure EMG and IAP within the MRI scanner the
experiment is split into two parts. In the first part, the EMG and IAP are per-
formed simultaneously. MRI recordings are performed in the second part in
the same conditions.

All procedures used during this experiment are standard clinical proce-
dures with low associated risks. Some difficulties were expected during breath
holding and holding of the maximal level of the IAP in the supine position.
Some subjects did not find it comfortable in the MRI scanner because of the
level of noise during scanning. Nevertheless, all subjects dealed well with this.

4.4.2 EMG AND IAP MEASUREMENTS

Surface EMG was found to be one of the best ways to measure activity of the
levator ani muscle (Voorham-van der Zalm et al., 2004). The use of vaginal or
rectal electrodes is not accurate enough since these electrodes measure sphinc-
ter activity and the activity of structures other than the levator ani muscle
(Voorham-van der Zalm et al., 2004). The EMG data in microvolts are used
for further analysis, since it is not possible to normalise the EMG signal within
this study. No proper maximal EMG could be obtained as reference. There is
not any absolute reference in the muscle strength. Max level of IAP cannot be
used to determine the muscle activity and force.

4.4.3 MRI MEASUREMENTS

Coronal slices are chosen since all muscle parts of the pelvic floor diaphragma
are easily recognizable in this section, which is necessary for segmentation of
the muscles. Pelvic floor organs are much better recognizable in sagittal sec-
tions, but these slices cannot be used for muscle segmentation. In each condi-
tion, one mid-sagittal slice and several coronal slices are acquired, since the
main goal of our study was to evaluate the position of the pelvic floor muscles
and not the organs.
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TABLE 4.5: Summary of the mean displacement (in millimeters) with respect to the
rest position of the pelvic floor muscles for individual subjects and the
mean values for both groups. The mean symmetric Hausdorff distance
was calculated for comparison of the two corresponding 3D
reconstruction for both parts of the diaphragma pelvis (see Figure 4.1),
for all three conditions (Rest, Max IAP, Max ACT) in the supine position
of subject. IAP = intra-abdominal pressure.

Mean Displacement [mm)]
Subject
No. Max IAP Max ACT
Part 1 Part 2 Part 1 Part 2
3.1 1.6 3.4 2.2
3.1 1.4 2.2 2.0
3.3 1.7 3.0 2.2
3.9 1.5 3.1 1.3
3.8 2.0 3.4 1.5
Healthy 3.6 1.8 34 15
volunteers
N=10 3.2 1.9 2.2 1.9
3.1 2.0 2.5 2.3
2.5 1.8 1.8 1.8
2.8 1.4 2.8 1.3
2.8 1.8
0.5 0.4
3.1 2.7
2.9 2.2
2.4 1.4
3.8 2.3
2.2 2.5
Patients . . 2.2 22
N=10 . . 1.9 1.4
2.8 23
2.1 2.2
24 1.9
2.6 2.1
0.5 0.4

Each subject was already instructed how to perform all conditions in the first
part (EMG + IAP) of the experiment. However, the performance of these con-
ditions during the MRI measurements cannot be checked. It is not possible to
measure EMG within an MRI scanner because of the strong magnetic field af-
fecting all electronic and metallic devices. IAP can be accurately measured us-
ing optical pressure sensors connected by optical cables with the measuring
device, which must be positioned outside the MRI scanner. Unfortunately, we
did not have such a device during this experiment. Therefore, these three con-
ditions were selected as the only repeatable conditions (a, b, and c) in the two
measurement sessions.
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3D reconstruction based on semi-automated gradient-oriented single line seg-
mentation of the MRI scans is performed. Segmentation of the thin layer mus-
cle tissue such as m. levator ani and m. coccygeus is very difficult and no
automatic segmentation tool is available. An inner surface border of muscle
was chosen since the diaphragma pelvis is a flat structure and the inner surface
of the muscle is well recognisable and representative for the displacement.

Each surface representing the diaphragma pelvis is divided into two com-
partments. This is performed based on an anatomical division. The purpose of
this division is to quantify the differences in the organ compartment (Part 1)
and posterior compartment (Part 2). Since a numerical comparison is per-
formed for the whole compartment, such a division can suppress local differ-
ences within the compartment. Presumably, this played a role in the fact that
no significant difference was found between groups, since the diagnosis sug-
gests local differences in the anterior compartment of Part 1.

The mean symmetric Hausdorff distance between the surfaces is used for
quantifying the difference between particular conditions. Using the mean dis-
tance value can suppress local effects, however, it is a reproducible method for
calculating the difference between two corresponding surfaces. The position
of the levator ani muscle in all conditions is shown in Figure 4.7. It is obvious,
that the muscle in Condition b is always below the position observed in Con-
dition a. The position of the levator ani muscle in Condition c intersects with
the muscle in Condition a (see Figure 4.7). Therefore, it is difficult to make
conclusions about the position of the muscle using the mean distance in Con-
dition c. This also applies to the mean displacement of the muscle, which does
not give a proper value in Condition ¢ because of the intersection. This applies
for both parts (Part 1 and Part 2). A relatively high standard deviation for av-
erage displacement (see Table 4.5) was found in all conditions (a, b and c).
This is presumably caused due to the inter-individual differences. For diagnos-
tic purposes, conditions a and b seem to be the most proper, since they can give
us all necessary information about the position and displacement of the mus-
cle.

In order to examine the effect of local differences in pelvic floor, the patient
diagnosis data was inspected. The patient group is not a homogenous group;
therefore, a group of seven patients with cystocele (prolapse in anterior com-
partment of Part 1) was selected. In this group, the morphological measure-
ments of the depth of the levator hiatus and width were determined. Selection
of the slice is based on close neighbourhood corresponding slice in the same
position. This method is selected in order to avoid errors caused due to inter-
polation between slices, since the data set consists only of 11 images during
Conditions b and c. This method, with an accuracy of about 7 mm (maximal
error is equal to the slice spacing), is able do determine the differences in the
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position and shape of the levator ani muscle. Since the cystocele is not a local
phenomenon, in terms of the accuracy of this method, this can be successfully
used for clinical evaluation.

TABLE 4.6: Summary of the depth D and width W of the levator hiatus in all
conditions (Rest, Max IAP, Max ACT). The distance between centroids
of the femur heads (HD) was determined (Figure 4.2). Thereafter, the
distance D of the lowest border of the levator ani muscle was
determined from the centre of the line connecting both femur centroids.
The width W of the levator hiatus was determined as a distance of the
outer border of the levator ani muscle perpendicular to the D in the
50% of the length of D (see Figure 4.2). IAP = intra-abdominal
pressure.

Condition
Rest Max IAP
WidthW  DepthD  Width W

Hip
diameter
[mm] Depth D

Subject
No.

Max ACT
Depth D Width W

[mm] [mm] [mm] [mm] [mm] [mm]

183
174
173
183

183
Healthy 182
volunteer
N=10 175
198
181
168
180.0
8.3
183
176
Patien 179
with
13 175
cystocele
N=7 18 180
19 180
20 185

VEEY]
Std
5

Patients 16
without 17
cystocele
N=3 Mean

Std

179.8

3.5

179

178

182
179.7 68.0
2.1 2.0

Performing MRI scanning in the rest and during holding the maximal level of
the IAP provides the best information about the position and the displacement
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of the pelvic floor muscles. The combination of EMG, IAP and the width W
of levator hiatus in these two conditions can be used for diagnostic purposes.
It seems, that muscle, which is not able to generate enough force, is not able
to hold the diaphragma pelvic in equilibrium during the high level of IAP. Pre-
sumably, there is also the effect of the connective tissue in pelvic floor region.
If the muscle is fully activated but the connective tissue in levator hiatus is
weakened, there is always a risk of not reaching equilibrium with the TAP.
These hypotheses will be tested using a biomechanical model of the pelvic
floor.

The most obvious difference in the position and shape of the diaphragma
pelvis between all conditions is observed in the posterior part (m. coccygeus)
of the diaphragma pelvis (Part 2). The muscle assumes a dome shape in Con-
dition a and c, while a basin shape can be observed in Condition b (see
Figure 4.6). This difference is also present in Part 1 of the diaphragma pelvis,
however, it is less visually obvious. This shape difference is caused due to the
loading of the diaphragma pelvis (IAP and weight of internal organs). The
weight of internal organs in the pelvic floor compartment pushes the diaphrag-
ma pelvis downwards in erect position, while during the supine condition the
gravity force vector is directing to the back (Chapter 5). The IAP has a major
role in the loading and therefore to the displacement of the pelvic floor mus-
cles, since the maximal displacement is observed during performing max IAP
(see Table 4.4). This effect can be observed in the Figure 4.2 and Figure 4.6.

The shape difference in particular parts of diaphragma pelvis (Figure 4.2
and Figure 4.6) is obviously caused due to the weight of the internal organs
(Chapter 5). A dome shape during rest in supine position was already observed
(Hjartardottir et. al., 1997). They also measured movement of the levator ani
muscle and the width of the levator hiatus in 12 healthy subjects. However,
their definition of the levator hiatus width is not clear and they did not look at
the difference between healthy subjects and patients.

4.5 CONCLUSIONS

The presented results demonstrate: 1) significantly lower muscle activation
(EMG activity) in the patient group; 2) no difference in the mean displacement
in relation to the level of IAP; 3) larger width W of the levator hiatus in group
of patients with cystocele but no difference in the depth D of the levator hiatus.
No significant difference was found in the level of the IAP between both
groups.

Biomechanis of the pelvic floor musculature



86 | Chapter 4

Pelvic floor muscle displacement in relation to the level of the intra-abdominal pressure and
muscle activation

The level of IAP is also determined by the abdominal muscles, and is equal for
patients and healthy subjects. The increased width of the levator hiatus might
be the result of the reduced muscle activation, or of more compliant connective
tissue.

Performing MRI scanning in the rest and during holding the maximal level
of the IAP provides the best information about the position and the displace-
ment of the pelvic floor muscles. The combination of EMG, IAP and the width
W of levator hiatus in these two conditions can be used for diagnostic purpos-
es.
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Chapter 5

LOADING EFFECT OF THE
WEIGHT OF THE INTERNAL OR-
GANS ON THE PELVIC FLOOR IN
ERECT AND SUPINE POSITIONS



Abstract

Objective: All MRI scanners currently used in hospitals are designed for acquiring
images of patients in the supine position. In the supine position, the weight of
the internal organs is not loading the pelvic floor. The main goal of this study
was to investigate the effect of the loading of the pelvic floor due to the weight
of the internal organs in the erect and supine positions.

Study design: MRI measurements are performed using a FONAR Stand-Up™ MRI
scanner (which can be used in both a vertical or horizontal position) on 12
healthy subjects under three conditions (during rest, holding maximal level of
intra-abdominal pressure (IAP) and during maximal contraction of the pelvic
floor muscles without IAP). A numerical comparison of the pelvic floor in all
conditions is performed using the mean symmetrical Hausdorff distance be-
tween corresponding surfaces. The mean distance between the surfaces is used
as dependent variable for ANOVA.

Results: A highly significant effect (p<0.001) was found in the displacement between
the erect and supine positions. In addition, there is a significant effect in the
displacement between rest, maximal IAP and maximal contraction and the an-
terior and posterior parts of the diaphragma pelvis.

Conclusion: A highly significant effect in the position of the diaphragma pelvis was
found between the erect and supine position. It is obviously caused due to the
weight of internal organs. Present clinical MRI evaluation of the pelvic floor
muscles performed on patients in the supine position cannot provide the cor-
rect information about the functional behaviour of the pelvic floor, since it is
not loaded. Performing MRI scanning in supine position during holding the
maximal level of the IAP provides diagnostic information about the position
and the displacement of the pelvic floor muscles. Loading due to IAP and the
weight of internal organs is related to the displacement and shape of the pelvic
floor muscles.

Keywords

Pelvic floor muscles; intra-abdominal pressure; MRI; weight of the pelvic or-
gans, shape of the pelvic floor



INTRODUCTION

5.1 INTRODUCTION

The human pelvic floor is a very complex muscular structure. The m. levator
ani with its fascial covering constitutes the pelvic diaphragm. M. levator ani is
largely responsible for supporting both pelvic and abdominal organs and acts
synergistically with the striated muscle of the anterior abdominal wall in gen-
erating intra-abdominal pressure (IAP). Any increase in IAP e.g. caused by
coughing or sneezing, is applied equally to all sides of the pelvic and abdom-
inal walls. If the levator ani is pathologically weakened or temporarily inacti-
vated a genital prolapse can occur. Genital prolapse is a major cause of
morbidity in women. Genital prolapse is a condition in which pelvic organs
(vagina, uterus, bladder, etc.), normally supported by the pelvic floor muscles,
protrude outside the pelvic floor.

One in every nine women requires surgery for problems related to defective
pelvic organ support (Olsen, 1997). Among these women, one in every four
needs a second operation. Among women with documented prolapse, 76% had
a defect in the support of the posterior compartment (Olsen, 1997). Despite the
common occurrence of those diseases, the structural defects responsible for its
formation remain poorly understood.

It is plausible that pelvic floor muscles have a fundamental influence in
these disorders. To study the complex biomechanical behaviour of the pelvic
floor muscles and to investigate the effectiveness of reconstructive surgery, a
computer model based on the finite-element (FE) theory was developed
(Chapter 6). The model is able to predict the position of the pelvic floor de-
pending on the load (e.g. IAP, weight of the organs) and activation of the mus-
cles. The model must be validated with experimental data about the position
of the pelvic floor (measured with magnetic resonance imaging MRI), muscle
activation (EMG measurements) and TAP.

No studies were found describing the position of the pelvic floor structures,
such as organs inside the pelvic region and the diaphragma pelvis in the erect
position. There is also a lack of any knowledge about the relationship between
the position of the pelvic floor muscles and the level of the IAP. Since the AP
and the weight of the internal organs are the main loading factors of the pelvic
floor, they will affect the displacement of the pelvic floor in the erect and su-
pine positions. Activation of the pelvic floor muscles is necessary to increase
the TAP (except during activities like coughing, sneezing etc.). Whether the
muscles are lengthened or shortened, which will result in respective downward
or upward movement of the pelvic floor, depends on the level of the IAP and
the level of muscle activation. There is a direct relation between the pressure
in the compartment, the tensile stress in the wall of the compartment, and the
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curvature of the wall of the compartment (Equation 5.1) van Leeuwen and
Spoor (1992):

dp = —cf-cf-dr (5.1)

where dp is the pressure difference, o¢is the stress in the muscle fibre, cr= 1/
Ryis the local curvature (Ry= local radius of curvature) and dr represents the
muscle thickness. If the muscles are activated, the tensile stress will increase
and the curvature will decrease for the same IAP (which also depends on the
activation of the abdominal muscles). The loading is different depending on
whether the subject assumes an erect or supine position. Since all clinical MRI
scanners are used in supine position, the evaluation of the loading effect of the
internal organs is crucial for diagnostic purposes. The data can also be used for
validation of the biomechanical model of the pelvic floor muscles.

The main goal of this experiment was to investigate the effect of the load-
ing of the pelvic floor by the weight of the internal organs in the erect and su-
pine positions. The experimental measurements were performed using
FONAR the Indomitable Stand-Up™ MRI machine. The effect of the loading
of the pelvic floor (position, displacement and deformation of the diaphragma
pelvis) was investigated in 12 female subjects (healthy volunteers) in the erect
and supine positions. This part of the experiment was performed in co-opera-
tion with the Centre for Biomedical Functional Imaging (CBFI), Aberdeen
University, Scotland.

5.2 MATERIAL AND METHODS

All measurements were performed on 12 female healthy subjects. The subjects
were solicited in co-operation with the CBFI, Aberdeen University. Mean age
([range] + SD) was 38.4 years ([28 - 53] + 7.8 years ); body mass index was
23.7 ([19.7 - 28.6] £ 2.6 ). Five subjects were nulliparous, seven subjects had
one up to three vaginal deliveries. Inclusion criteria for volunteers were: older
than 18 years, comprehension of the aim and the conditions of the experiment.
The exclusion criteria for volunteers were: identifiable acute or chronic diseas-
es or urologic or gynaecologic dysfunction, pregnancy, previous or planned
surgery in the pelvic floor compartment, contraindication for MRI (e.g. pace-
maker, vascular clip in brain, claustrophobia), and not understanding aim and
conditions of the experiment.

After explaining the rationale of the study, complemented by printed infor-
mation, written informed consent was obtained and a health questionnaire ad-
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ministered to each participant. Permission for this study was obtained from the
Medical Ethical Committee in Aberdeen University, Scotland.

5.2.1 MRI MEASUREMENTS

Several T1 and T2-weighted gradient-echo or fast spin-echo MRI sequences
were performed in order to obtain the position of the pelvic floor muscles. The
measurements were performed using the FONAR the Indomitable Stand-
Up™ MRI scanner at the Positional MRI Centre, Woodend Hospital, Aber-
deen. The MRI volume is chosen in order to cover the diaphragma pelvis (m.
levator ani and m. coccygeus) between symphysis pubica and os coccygeus.
The same cubic MRI volume is used for all scan conditions. The first scan ses-
sion (Condition a as described in Section 5.2.1.1 on page 94) is performed in
the rest with the highest resolution possible. The MRI settings for all condi-
tions are summarised in Table 5.1. This session formed the reference image
data set. Thereafter, fast sequences are taken during holding of the maximal
level of the IAP (for about 31 s) and during the maximal contraction of the pel-
vic floor muscles without increasing the level of the IAP. Fast sequences are
repeated three times.

TABLE 5.1: Measuring parameters and the settings of the FONAR the Indomitable

Stand-Up™ MRI scanner during the MRI measurements in all
conditions. The same settings were used in both erect and supine
positions of the subject. Condition a - rest, Condition b - max IAP,
Condition ¢ - max ACT.

MRI settings Condition a Conditions b, ¢
Session type Cor T2 FSE Cor T1 GE
Slice thickness [mm] 5 10
Spatial Resolution [mm] 5.5 10.75
Field of view (FOV) 40 40
RFOV 1.5 1
Matrix resolution [pixels] 16bit 256x160 256x160
Pixel resolution [mm/pixel] 1.56 1.56
Number of slices 20 7
Acquisition time 3min 30s 31s
TR [ms] 6240 196
TE [ms] 160 1
Magnetic field strength [T] 0.6 0.6
Coil type Torso Torso

This protocol is performed with the subject in the erect and supine positions.
The measurements lasts approximately 45 minutes per subject.

93
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5.2.1.1 PROCEDURES

Subjects were requested not to eat for four hours before the measurements.
This condition is necessary to ensure good MRI image quality. Each subject is
asked to assume an erect position within the MRI scanner. Each subject was
instructed to perform each of the three conditions as explained below:

a) Rest - Condition a: The subject is asked to maintain rest, avoid any
movements and breathe normally. The position of the subject is fixed using a
belt around the chest. Coronal T2 weighted fast spin-echo MRI sequence is
performed for approximately 3.5 minutes.

b) Max IAP - Condition b: In this condition, the subject is asked to maintain
the maximal level of IAP by both breath holding and abdominal muscle con-
traction. The subject is asked to maintain this condition for at least 31 s. During
this time, a Coronal T1 weighted gradient-echo MRI sequence is performed.

¢) Max ACT - Condition c: During this condition, the subject is asked to
perform maximal contraction of the pelvic floor muscles for at least 31 s. She
is asked to breathe normally and to minimize the abdominal muscle wall con-
traction during this condition. A coronal T1 weighted gradient-echo MRI se-
quence is performed during the pelvic floor muscles contraction phase.

The sessions are performed in this sequence: a, b, ¢, b, ¢, b and c. No move-
ment was allowed between these conditions. A 30 s rest period followed each
condition to minimize fatigue.

Directly thereafter, the MRI examination bed is moved to the supine posi-
tion. The subject is not allowed to move while the bed is moving. Each subject
is instructed to perform the same three conditions of measurement as ex-
plained above (Conditions a, b, and c).

These three conditions are chosen as the only repeatable conditions. This
assumption is based on previous experimental measurements on the pelvic
floor (Chapter 4). Without measuring IAP and muscle activity, the subjects are
able to repeat only these three conditions (a, b, c).

5.2.1.2 DATA PROCESSING

Semi-automated gradient-oriented segmentation of the MRI scans is per-
formed. A single line is generated as a representation of the inner surface bor-
der of the pelvic floor muscles.

3D reconstructions of the pelvic floor muscles are made in all measured
conditions (see Figure 5.1 for example). Since the position of the pelvic com-
partment changes slightly between the erect and supine position in the MRI
scanner (see Figure 5.3A and B), all data from the measurements in the erect
position are transformed into the local co-ordinate system of the supine posi-
tion using corresponding bony landmarks.

Biomechanics of the pelvic floor musculature



95

MATERIAL AND METHODS

FIGURE 5.1: The 3D reconstruction of the pelvic floor muscles based on semi-
automated gradient-oriented single line segmentation of the MRI data.
An implicit (cutting plane) is displayed. This is based on an anatomical
division of the diaphragma pelvis as follows: Part 1 consists of all
organs structures as the vagina and the rectum and Part 2 consists of
the posterior part (m. coccygeus) of the diaphragma pelvis. The arrow
is pointing posteriorly in both views. A - perspective view from top left
side. B - left side view

At least four corresponding bony landmarks are chosen on each 3D recon-
struction of the pelvic bone (for instance: symphysis pubica, fossa acetabuli,
spina iliaca anterior inferior, spina ischiadica). Given two sets of correspond- |
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ing points, a transformation is computed that yields the best fit mapping of the
first set onto the second set, in a least squares sense. A closed-form solution
for this least-square problem (Horn, 1987) was implemented in the DeVIDE
software by Botha, (2004). Only seven slices were recorded in conditions b
and c. This is insufficient for reconstruction of the local co-ordinate system. It
is assumed that the subject did not move between conditions a, b and c.

For use in numerical comparison, the 3D surfaces are divided into two
parts. This is performed based on an anatomical division of the diaphragma
pelvis as follows: Part 1 (anterior part) consists of all organ structures such as
the vagina and the rectum and Part 2 consists of the posterior part (m. coccy-
geus) of the diaphragma pelvis (see Figure 5.1). This division is necessary for
determining the local effects between conditions. It is also used for calculating
the displacement field between corresponding parts. A comparison between
the erect and supine position for both parts is performed in the rest condition
(Condition a) in order to obtain a distance field and therefore to quantify the
difference between these conditions within a subject. Furthermore, compari-
son of both parts are performed in Condition b, and Condition ¢ (with respect
to the rest position) for erect and supine conditions for each subject (see
Figure 5.2). The MESH software developed by Aspert et al. (2002) is used to
evaluate the difference between iso-surfaces (triangulated meshes). It uses
symmetric Hausdorff distance to compute a mean error between two given
surfaces (Aspert et al., 2002). During rest (Condition a), the levator ani muscle
was always lower in the erect than supine position. For visualization, surface
modelling and transformation of the data the DeVIDE (the Delft Visualisation
and Image processing Development Environment, Botha, 2004) software is
used.

The mean distance between the given surfaces is used for analysis of vari-
ance. A general linear model (GLM) for repeated measurements is analysed
for these factors: within subject factors - erect and supine position, Condition
b vs. Condition c, and Part 1 vs. Part 2 of the diaphragma pelvis. In this design,
the independent variables are represented by erect and supine position, Condi-
tion b and ¢, and Part 1 and 2 of the diaphragma pelvis. The dependent variable
is represented by the mean symmetrical Hausdorff distance between two tri-
angulated meshes. SPSS 12.0.1 software was used for this statistical analysis.

5.3 RESULTS

The results of the numerical evaluations are summarised in Table 5.2. An ex-
ample of the graphical result (numerical comparison of whole diaphragma pel-
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vis in the rest condition between the erect and supine position) as generated by
the MESH tool is given in Figure 5.2.

The effects of within subject factors are evaluated using the GLM repeated
measures procedure. A highly significant relation (p<<0.001) is found between
the displacement in the erect and supine positions. Moreover, there is a signif-
icant relation between the displacement during Conditions b and ¢ (P=0.015),
and in Part 1 and Part 2 (P=0.001) of the diaphragma pelvis. These effects are
also obvious from visual inspection of the corresponding MRI slices in these
conditions as shown in Figure 5.3 and Figure 5.4.

TABLE 5.2: Summary of the mean displacement in millimetres of the pelvic floor
muscles for individual subjects and the mean values for the whole
group. The mean symmetric Hausdorff distance was calculated for
comparison of the two corresponding 3D reconstruction for both parts
of the diaphragma pelvis (see Figure 5.1), for all three conditions (rest,
maximal IAP, maximal ACT) and for both erect and supine positions of
the subject. Max IAP and max ACT is determined with respect to the
rest condition in supine position. IAP = intra-abdominal pressure.

Mean Displacement [mm]
bie Erect x Supine Erect Supine
o Rest Max ACT Max IAP Max ACT Max IAP
Part 1 Part 2 Part 1 Part 2 Part 1 Part 2 Part 1 Part 2 Part 1 Part 2

1 1.5 1.9 3.8 4.4 4.2 3.9 3.1 1.9 3.6 23
2 0.9 0.9 2.8 3.2 3.2 2.9 3.2 23 2.7 2.2
3 1.0 1.0 4.0 25 5.0 22 2.1 1.7 3.2 1.8
4 1.1 1.3 2.5 2.5 34 3.1 1.4 1.5 25 1.6
5 1.2 1.0 3.0 2.9 2.9 25 2.6 1.6 25 2.0
6 1.4 1.5 34 3.1 3.3 2.8 1.4 0.8 1.7 0.8
7 1.5 1.3 3.0 2.4 35 2.9 2.0 1.9 25 1.5
8 1.5 1.5 3.6 3.3 3.8 3.1 2.8 24 2.8 23
9 1.0 1.0 4.2 2.8 41 3.3 1.4 1.2 1.8 1.6
10 0.6 0.4 25 1.6 2.9 2.2 2.4 0.9 1.4 1.0
11 1.3 2.0 3.2 4.4 3.8 4.6 1.9 1.9 2.8 2.2
12 1.1 1.2 3.3 2.8 34 2.9 1.7 1.7 2.9 1.6

In Figure 5.3, the shape and position of the pelvic floor muscle (small arrows)
is demonstrated in the rest condition in the erect position, for both erect and
supine positions. A slightly different shape of the pelvic floor compartment
can be observed between the erect and supine positions (Image A and B). The
most obvious difference in the position and shape of the diaphragma pelvis be-
tween the erect and supine position is observed in the posterior part (m. coc-
cygeus) of the diaphragma pelvis (Part 2) where the muscle assumes a dome
shape in the supine position (Image F) while a basin shape can be found in the
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erect position (Image E). A similar shape difference is also present in Part 1
(Image C and D). This shape difference is caused by the weight of the internal
organs. The mass of internal organs in the pelvic floor compartment pushes the
diaphragma pelvis downwards during the erect position (gravity force g in Im-
age A), while during the supine position the mass force is pointing to the back
(gravity force g in Image B). This effect is present in both parts of the dia-
phragma pelvis (Images C, D, E, F).

Anterior

““« Posterior

FIGURE 5.2: An example of the graphical results output from the MESH tool
software (Aspert et al., 2002). Surface symmetric Hausdorff distance
maximum error colour bar on the left side, the graphical visualisation of
the error distribution in the 3D reconstruction of the pelvic floor muscles
based on the single line segmentation of the MRI data on the right side.
In this particular example the surface model of the whole diaphragma
pelvis is compared between the erect and supine positions.
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FIGURE 5.3: The shape and position of the pelvic floor muscle (small arrows) is demonstrated on the
corresponding MRI images in the rest condition in the erect position (left column) and
supine position (right column). A slightly different shape of the pelvic floor compartment can
be observed between the erect and supine positions (Image A and B). The most obvious
difference in the position and shape of the diaphragma pelvis between the erect and supine
positions is observed in the posterior part (m. coccygeus) of the diaphragma pelvis (Part 2)
where the muscle assumes a dome shape in the supine position (Image F) while a basin
shape can be found in the erect position (Image E). A similar shape difference is also
present in Part 1 (Image C and D). This shape difference is caused by the weight of the
internal organs. The mass of internal organs in the pelvic floor compartment pushes the
diaphragma pelvis downwards during the erect position (gravity force g in Image A), while
during the supine position the mass force is pointing to the back (gravity force g in Image
B). This effect is present in both parts of the diaphragma pelvis (Images C, D, E, F). A -
mid-sagittal slice in the erect position. B - mid-sagittal slice in the supine position. C -
coronal slice in Part 1 of the diaphragma pelvis in the erect position. D - coronal slice in Part
1 of the diaphragma pelvis in the supine position. E - coronal slice in Part 2 of the
diaphragma pelvis in the erect position. F - coronal slice in Part 2 of the diaphragma pelvis
in the supine position.

Biomechanis of the pelvic floor musculature



100 | Chapter 5

Loading effect of the weight of the internal organs on the pelvic floor in erect and supine po-

Figure 5.4 demonstrates the typical coronal MRI image of the female pelvis.
The shape and position of the pelvic floor muscles are indicated. The most ob-
vious difference is observed in the posterior part (m. coccygeus) of the dia-
phragma pelvis (Part 2) where the shape of the muscle assumes a dome shape
in supine position (Image D), while a basin shape can be found in erect posi-
tion (Image C). Also compare Images A and C, and B and D.

The position of the levator ani muscle in Condition b is always below the
position observed in Condition a in both erect and supine position (see
Figure 5.5). The position of the levator ani muscle in Condition c intersects
with the muscle in Condition a in both parts in supine condition and in Part 1
in erect position (see Figure 5.5). In Part 2 in erect position the position of the
muscle is above the position during Condition a. In erect position during rest,
the muscle is always positioned below the muscle in supine condition (see
Figure 5.5).

The IAP has a major role in the loading and the displacement of the pelvic
floor muscles (Chapter 4). The effect of the IAP is larger than the weight of
internal organs of the pelvic floor. This effect is found between Conditions b
and c in both positions (erect and supine) and can be observed in Figure 5.3
and Figure 5.4.

5.4 DISCUSSION

The main goal of this experiment was to investigate the effect of the loading
of the pelvic floor by the weight of the internal organs and IAP in the erect and
supine positions. All currently used clinical MRI scanners are designed for im-
age acquisition in the supine position. The effect of the weight of the internal
organs has been investigated in order to improve and to evaluate the diagnostic
results. Most of the diagnostic imaging in the pelvic floor is performed in the
rest condition. The pelvic floor is a dynamic system, which responds signifi-
cantly to the loading and muscle activation (Chapter 4).

5.4.1 MRI MEASUREMENTS

The coronal slices are chosen since all muscle parts of the pelvic floor dia-
phragma are easily recognizable in this section, which is necessary for seg-
mentation of the muscles. The pelvic floor organs are more easily recognizable
in sagittal sections, but these slices cannot be used for muscle segmentation.
In each condition, one mid-sagittal slice and several coronal slices were ac-
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quired, since the main goal of our study was to evaluate the position of the pel-
vic floor muscles and not the organs.

== SUPINE

FIGURE 5.4: Typical example of the coronal MRI images of the female pelvis where
the shape and position of the pelvic floor muscle (small arrows) is
demonstrated. A - coronal slice in Part 1 of the diaphragma pelvis
during max IAP (Condition b) in the erect position. B - coronal slice in
Part 1 of the diaphragma pelvis during max IAP (Condition b) in the
supine position. C - coronal slice in Part 2 of the diaphragma pelvis
during max ACT (Condition c) in the erect position. D - coronal slice in
Part 2 of the diaphragma pelvis during max ACT (Condition c) in the
supine position. The most obvious difference is observed in the
posterior part (m. coccygeus) of the diaphragma pelvis (Part 2) where
the shape of the muscle assumes dome shape in supine position
(Image D) while a basin shape can be found in erect position (Image
C). Also compare Images A and C, and B and D.
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Each subject was carefully instructed on how to perform all the conditions,
particularly the dynamic conditions b and c. Prior to measurements, subjects
practiced performing these conditions. However, the performance of these
conditions cannot be measured, since only the position of the pelvic floor mus-
cle was determined and not muscle activation and IAP. The only way to eval-
uate these effects is to measure the EMG activity of the muscle and IAP
simultaneously (Chapter 4). We were not able to measure EMG within an MRI
scanner because of the strong magnetic field affecting all electronic and me-
tallic devices. IAP can be accurately measured using optical pressure sensors
connected by optical cables with the measuring device, which must be posi-
tioned outside the MRI scanner. Unfortunately, we did not have such a device
during this experiment.

All procedures used during this experiment were standard clinical proce-
dures with low associated risks. Some difficulties were expected during breath
holding and holding of the maximal level of the IAP in supine position. Some
subjects did not find it comfortable in the MRI scanner because of the level of
noise during scanning. Nevertheless, all subjects deal well with these incon-
veniences.

5.4.2 DATA ANALYSIS

3D reconstruction based on semi-automated gradient-oriented single line seg-
mentation of the MRI scans was performed as described in Section 5.2.1 on
page 93. Segmentation of a thin layer muscle tissue such as m. levator ani and
m. coccygeus is very difficult and no automatic segmentation tool is available.
An inner surface border of muscle is chosen since the diaphragma pelvis is a
flat structure and the inner surface of the muscle is well recognisable.

Since the position of the subject's pelvic region is slightly different in the
erect and supine positions (see Figure 5.3A and B), the transformation of the
data is necessary in order to obtain the data in the same co-ordinate system.
The accuracy of this transformation depends on the number of selected corre-
sponding points and the number of slices in the reference data set, which is im-
portant for the precision of the 3D reconstruction. To this end, at least four sets
of corresponding bony landmarks are selected on the pelvic bone surface. A
closed-form solution for the least-square problem of absolute orientation is
calculated. It provides the best rigid-body transformation between two co-or-
dinate systems given measurements of the co-ordinates of a set of points that
is not collinear (Horn, 1987). The solution uses unit quanterions to represent
rotations.
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FIGURE 5.5: Schema of the position of the pelvic floor muscles of the subject in
erect and supine positions. The position of the muscle in all three
conditions in Part 1 and Part 2 is displayed in erect and supine
positions (on the left and in the middle). The difference in position of
the muscle in rest between erect and supine position in both parts is
displayed (on the right side). The mean displacement of the muscles is
summarised in Table 5.2.

Each surface representing the diaphragma pelvis is divided into two compart-
ments as described in Section 5.2.1.2 on page 94, based on an anatomical di-
vision. The purpose of this division is to quantify the differences in the organ
compartment (Part 1) and posterior compartment (Part 2). Since a numerical
comparison is performed for the whole compartment, such a division can sup-
press local differences within the compartment. The whole group of subjects
included healthy volunteers, therefore these local effects are considered negli-
gible. The mean symmetric Hausdorff distance between the surfaces is used
for quantifying the difference between particular conditions. Using the mean
distance value can suppress local effects, however, it is a reproducible method
for calculating the difference between two corresponding surfaces. A relative-
ly high standard deviation for average displacement (see Table 5.2) was found
in all conditions (a, b and c). This is presumably caused due to the inter-indi-
vidual differences between the subjects. The position of the muscle in Condi-
tion ¢ intersects with the muscle in Condition a. Therefore, it is difficult to
make conclusions about the position of the muscle using the mean distance in
Condition c.
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A highly significant effect in position of the diaphragma pelvis was found be-
tween the erect and supine position. It is obviously caused due to the weight
of internal organs as well as a shape difference. The weight of internal organs
in the pelvic floor compartment is pushing the diaphragma pelvis downwards
during erect position, while during the supine condition the weight force is
pointing to the back (see Figure 5.3). This effect is present in both parts of the
diaphragma pelvis and in all conditions.

Observing the results from Table 5.2, the contribution of AP and weight
of the internal organs might be estimated. The mean displacement of the pelvic
floor in erect position in Condition b (max IAP) is 3.63 mm, whereas in supine
position in Condition b is 2.53 mm. This suggests, that the displacement of the
pelvic floor in erect position in Condition b is caused by IAP (two thirds of the
load) and weight of internal organs (one third of the load). In previous study
(Chapter 4), the IAP was determined in supine position during rest (2.9 kPa)
and during Condition b (8.3 kPa) in healthy subjects. The IAP was determined
using intra-rectal unisensor microtipcatheter placed in the rectum. Hypotheti-
cally, the level of the IAP during rest is related to the weight of internal organs,
since these are pressing to the back, where the pressure sensor was placed. A
level of 8.3 kPa was recorded during Condition b, but considering the weight
of the organs (2.9 kPa) the pressure loading the pelvic floor due to IAP will be
5.4 kPa in a supine position. Therefore, it can be assumed that this pressure of
5.4 kPa will cause the mean displacement of the pelvic floor muscles of 2.53
mm in supine position (see Table 5.2). In contrary, the entire pressure of 8.3
kPa will load the pelvic floor in erect position, since the pelvic floor is also
loaded by the weight of the internal organs. The pressure of 8.3 kPa will cause
the mean displacement of 3.63 mm in erect position (see Table 5.2). The con-
siderations above lead to the conclusion that the mean displacement of the pel-
vic floor is in relation with the IAP, which presents about two thirds of the
loading, and with the weight of organs, which presents about one third of the
load to the pelvic floor in erect position in Condition b. Only two thirds of the
measured [AP is loading the pelvic floor in supine position.

Present clinical MRI evaluation of the pelvic floor muscles performed on
patients in the supine position cannot provide the correct information about the
functional behaviour of the pelvic floor, since it is not loaded.

In general, all presented results show that the weight of the internal organs
(position of the subject), the level of IAP (Conditions a and b) and muscle ac-
tivation (Condition c¢) have a significant influence on the displacement and
shape of the pelvic floor muscles. This concludes, that the diaphragma pelvis
is a dynamic system. The shape difference in particular parts of diaphragma
pelvis (Figure 5.3 and Figure 5.4) is obviously caused due to the weight of the
internal organs. The dome shape during rest in the supine position was already
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observed (Hjartardottir et. al, 1997). However, the diaphragma pelvis assumes
the basin shape during all conditions in the erect position (see Figure 5.5).

Performing MRI scanning in erect position in rest and during holding the
maximal level of the IAP can give us the best information about the position
and the displacement of the pelvic floor muscles.

5.5 CONCLUSIONS

A highly significant effect in the position of the diaphragma pelvis was found
between the erect and supine position. It is obviously caused due to the weight
of internal organs.

Present clinical MRI evaluation of the pelvic floor muscles performed on
patients in the supine position cannot provide the correct information about the
functional behaviour of the pelvic floor, since it is not loaded.

Performing MRI scanning in supine position during holding the maximal
level of the IAP provides diagnostic information about the position and the
displacement of the pelvic floor muscles.
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A FINITE ELEMENT MODEL OF
HUMAN PELVIC FLOOR MUSCLES



Abstract

The main goal of this study is to understand the biomechanical behaviour of the
pelvic floor muscles. The muscle behaviour is simulated as a displacement re-
sulting to the loading by the intra-abdominal pressure (IAP) and the muscle ac-
tivation. Also the internal stress and deformation in the muscle and connective
tissue is calculated. We have developed a FE model of the pelvic floor muscles
based on cadaver morphology and a constitutive model for the passive elastic
behaviour of the human pelvic floor muscles. Thermal shortening in the muscle
fibre direction is utilised to represent the muscle activation. One active and two
passive layers are used in a multi-layer shell element, representing the active
muscle fibres and passive tissue. This concept allows using an orthotropic active
layer incorporated in a non-linear passive isotropic matrix formed of passive
layers. The active muscle layer is modelled as an anisotropic material layer with
defined stiffness in the muscle fibre direction. Three general conditions meas-
ured in healthy volunteers (Load-Case (LC) 1 - rest, LC2 maximal contraction
of the pelvic floor muscles and LC3 - holding the maximal level of I[AP) are sim-
ulated and validated using the experimental data.

The results show that the thermal shortening of the element, simulating a
muscle force-length relationship is a simple and effective method for modelling
contractile properties of the muscle tissue. The FE analysis of the pelvic floor
muscles results in the muscles' displacements in relation to the level of the IAP
and muscle activation, which are qualitatively and quantitatively in line with the
MRI measurements. Width of the levator hiatus and displacement of the muscle
is in a good agreement with experimentally determined values in parenthesis:
Width [mm] in LC1 39.4 (34 + 3.6), LC2 47.6 (47 +7.5) and LC3 42.4 (41.9 +
6.1); the displacement [mm] in LC1 3.28 (not determined), LC2 2.8 (3.2 £ 0.4)
and LC3 2.32 (2.8 £ 0.5) It is concluded that the present model describes the
muscle forces and displacements well, validated by experimental results. The FE
model will be used to simulate the pathological behaviour of patients with a gen-
ital prolapse, and to predict the effect of surgical interventions.

Keywords

Biomechanics of pelvic floor muscles; Finite element model; Muscle activation;
Intra-abdominal pressure, EMG
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6.1 INTRODUCTION

The human pelvic floor is a very complex structure composed of muscles and
other connective tissues linked to the supported organs. The pelvic diaphragm
consists of the levator ani muscle with its fascial covering. The levator ani
muscle is largely responsible for supporting both pelvic and abdominal organs
and acts synergistically with the striated muscle of the anterior abdominal
wall, generating intra-abdominal pressure (IAP). Any increase in IAP e.g.
caused by coughing or sneezing, is applied equally to all sides of the pelvic and
abdominal walls. If the levator ani is pathologically weakened or temporarily
inactivated, the pressure on one side of a pelvic organ may become greater
than that on the other, permitting the organ to descend (genital prolapse).

Surgery for problems related to defective pelvic organ support is required
for one in every nine women worldwide. Among these women, one in every
four needs a second operation (Olsen et al., 1997). Despite the common occur-
rence of the genital prolapse, the structural defects responsible for its forma-
tion remain poorly understood.

The fundamental knowledge about the biomechanical behaviour of the pel-
vic floor muscles is missing. There is no knowledge describing the relation be-
tween the loading of these muscles and the muscle forces itself. Moreover, it
is plausible that pelvic floor muscles have a fundamental influence in disorders
like genital prolapse. Muscles, like many biological tissues undergo large de-
formations. A geometrically non-linear theory has to be used for modelling
purposes. The constitutive equation (i.e. stress-strain relationship) is usually
non-linear and anisotropic, and depends on neural activation. The geometry of
the problem is very complex. Consequently, closed-form solution of the math-
ematical equations cannot be found.

A powerful tool to find good approximate numerical solutions for these
equations is the finite-element (FE) method. The basis of this method is dis-
cretization of the continuum into finite elements and determination of the
stresses and nodal forces of the elements. The main loading of the pelvic floor
muscles is by the IAP. In addition there will be the load due to the weight of
the internal organs. Muscles in joint systems (e.g. in the upper or lower ex-
tremities) are activated to exert forces at the bones in line with their muscle
line of action. In contrast, the pelvic floor muscles are loaded perpendicular to
the muscle line of action by the IAP. A simple representation of the muscle ac-
tion by a (one-dimensional) muscle line of action is not appropriate. A sophis-
ticated approach using a FE model of the muscle is necessary. In a FE model
the relationship between the loading and muscle forces in three dimensions
can be represented.

Biomechanis of the pelvic floor musculature
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Continuum models based on FE theory have been applied to study the me-
chanical behaviour and function of isolated skeletal muscles. Several studies
were performed to study the mechanical behaviour of the gastrocnemius me-
dialis muscle of the rat (Vankan et al., 1996; Donkelaar et al., 1996) and the
heart muscle tissue (Huyghe et al., 1991). Van der Linden et al. (1998) devel-
oped a two-dimensional muscle model. Johansson et al. (2000) developed a
three-dimensional (3D) muscle elements. Recently, Yucesoy et al. (2002) de-
veloped a 3D FE model of skeletal muscle using a two-domain approach (the
intra-cellular domain and the extra-cellular matrix domain). Oomens et al.
(2003) published the simulations of 3D model describing the mechanical be-
haviour of a tibialis anterior muscle of rat. The results have been compared
with experimentally determined strains at the surface of the rat muscle. The
basic concept of these models is solving equilibrium equations on a FE con-
tinuum model of skeletal muscle. Muscle-tendon relationships, muscle fibre
direction, shear stiffness and the muscle force-length relationships using for
example Hill type model or Huxley sliding-filament theory are used as param-
eters. The FE models are validated using displacements and strains at the sur-
face of the muscle determined in animal experiments.

No study has been found focusing on modelling of a thin flat muscle layer
such as the pelvic floor muscles. The main goal of this study is to understand
the biomechanical behaviour of the pelvic floor muscles. The approach is to
simulate the biomechanical behaviour of the pelvic floor muscles as a response
to the loading by the IAP and muscle activation. We have developed a FE
model of the pelvic floor muscles based on cadaver morphology (Janda et al.,
2003) and a constitutive model for the passive elastic behaviour of human pel-
vic floor muscles (Chapter 3). Unlike other studies, which used solid elements
for bulky muscles, shell elements are used for modelling the flat pelvic floor
muscle. The FE analysis of the pelvic floor muscles gives us the muscles' dis-
placements in relation to the level of the IAP and muscle activation. It is ex-
tremely difficult to experimentally determine the displacement and strains of
the muscle. This was only possible with MRI scanning. The experimental data
(Chapters 4 and 5) have been used for validation of the FE model.

6.2 MATERIALS AND METHODS

A 3D FE model of the pelvic floor muscles is generated numerically using a
commercial package MSC.Marc (Palo Alto, CA, USA). The FE model geom-
etry is based on the experimental measurements describing the complete pel-
vic floor morphology (Janda et al., 2003). Two element types are used. Since
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the pelvic floor muscles are thin and flat, 4-node bilinear shell quad elements
and 3-node bilinear triangular shell elements were used. These are three- and
four-node shell elements with global displacements and rotations as degrees of
freedom. Bilinear interpolation is used for the co-ordinates, displacements and
the rotations. Due to its simple formulation when compared to the standard
higher order shell elements, it is less computationally expensive and, there-
fore, very attractive in a non-linear analysis. The element is not very sensitive
to distortion, particularly if the corner nodes lie in the same plane. The trian-
gular shell element is used for the connective tissue parts (see Figure 6.1). The
mapped FE mesh is generated in order to generate elements in the same direc-
tion as the muscle fibres as described in Janda et al. (2003). Thereafter, the lo-
cal co-ordinate system of each element is oriented in line with the muscle fibre
direction. The muscle fibre length is set to the optimal muscle fibre length for
the particular muscle part (Janda et al., 2003). The thickness of the particular
pelvic floor muscle is taken to be constant (t = 3 mm), based on the average
thickness of the human pelvic floor muscles (Chapter 3).

Anterior
m. pubococcygeus

m. iliococcygeus

m. coccygeus

levator
L hiatus

Muscle Tissue

Connective Tissue

Posterior

L

FIGURE 6.1: Top back view of the mapped FE mesh of the pelvic floor muscles.
Elements are generated in the same direction as the muscle fibres.
The FE model geometry is based on the experimental measurements
describing the complete pelvic floor morphology (Janda et al., 2003).
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To deal with anisotropic and active non-linear elastic behaviour of the pelvic
floor muscles, the multi-layer thick shell element consists of two elastic iso-
tropic passive layers (each 25% of the thickness of the element) and one ani-
sotropic active layer (50% of the thickness of the element) (see Figure 6.2). It
is assumed that the total stress in the muscle tissue is defined by a superposi-
tion of the passive stress in the plane of the muscle, and active stress that works
only in the fibre direction. Because of this superposition, the thickness of the
active layer is 3 mm and the gross thickness of both passive layers is 3 mm
based on data described in Chapter 3. In the numerical model, the total thick-
ness of the muscle multi-layer shell element is 6 mm representing passive and
active properties, which are combined in the muscle layer. The larger thick-
ness of the numerical model does not have an effect on the results. Since a shell
element with seven integration points is used, the thickness of 6 mm does not
affect the numerical precision of the model.

Non-linear large displacement updated Lagrange procedure is used for nu-
merical calculations. The calculations of the model are performed by
MSC.Marc FE package.

Passive layers

Active layer

FIGURE 6.2: The composite of the multi-layer shell element representing the pelvic
floor muscles. An orthotropic active layer (50% of the element
thickness) incorporated in a non-linear passive isotropic matrix formed
by two passive layers (each 25% of the element thickness). The active
layer generates stress only in the fibre direction. In the passive the
layer stress in the fibre direction and perpendicular to the fibre direction
can occur.

6.2.1 MUSCLE TISSUE - PASSIVE

The Mooney-Rivlin (Mooney, 1940) Third Order Deformation (TOD) consti-
tutive model (Chapter 3) is used for the isotropic non-linear passive layers (see
also Figure 6.3). Model parameters are the result of tissue experiments on a
fresh human cadaver specimen.
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6.2.2 MUSCLE TISSUE - ACTIVE

In the context of the present paper, the active muscle stress is important. In the
literature, Hill-type models are often chosen for the active stress. These are
phenomenological models, accounting for the length-force and the velocity-
force relationship of the muscle. In the present paper, a model based on a ther-
mal shortening in the muscle fibre direction is utilised. The active muscle layer
is modelled as an anisotropic material layer with defined stiffness in the mus-
cle fibre direction. Young modulus in the muscle fibre direction E; is defined
in relation to the particular level of the muscle activation (Equation 6.3), the
modulus in other directions (E, and E3) is set to the value close to zero
(Equation 6.4):

G,,0= 0.37 MPa (6.1)
Emax: 9- Omax (6.2)
E\= act-E,,, (6.3)

E, = E;= 0.00001 MPa (6.4)

O max 1S the active maximal stress in the muscle fibre (Weis and Hillen, 1985).
E ax 18 the maximal derivative of the force-length curve representing the intra-
muscular intrinsic stiffness (Schouten et al., 2001). The muscle stiffness is not
the derivation of force-length relationship but depends on cross-bridge prop-
erties and reflexive properties, and is assumed not to depend on muscle length.
E, is calculated in consideration that the stiffness is scaled with the level of ac-
tivation act (between 0 for no activation up to 1 for 100% activation of the
muscle).

A coefficient of thermal shortening o;=0.005 is introduced in the muscle
fibre direction, while a.,=03=0 for other directions. The stress in the muscle
fibre direction is calculated using the muscle activation and the muscle force-
length relationship. The stress is imposed in the model by calculating the ther-
mal strain ey in a particular element, in accordance with the desired muscle
activation, and the actual muscle strain ey. The force-length relationship curve
(Figure 6.4) is modelled as a Gaussian curve using the following formula:

oy=E,; - (ey—&py) (6.5)
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(zy (6.6)

Oy = act-cmax-e

where oy is a stress in the muscle fibre direction, €y is a strain with respect to
the muscle optimum length, ey is a thermal strain for particular element N
and /sh is a parameter of the curve (Ish = 0.3). The activation act is a given var-
iable and strain gy is calculated by solving the FE model. Muscle force-length
relationship (Equation 6.6) and relation between stress and strain
(Equation 6.5) are constants (see Figure 6.4).

0.6
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FIGURE 6.3: The representative equibiaxial stress-strain response for passive

material properties of the pelvic floor muscles and connective tissue
(raw data fits). The data were used for fitting third order deformation
Mooney-Rivlin material model (Table 6.1).

A user sub-routine is written in Fortran (Digital Visual Fortran 6.0). It is solves
for ey until equilibrium between the external load (IAP), deformation and
muscle stress is obtained. The strain ey in the muscle fibre direction is calcu-
lated in each element to fulfil the muscle force-length relationship as described
in Equation 6.6. With given coefficient of the thermal shortening o, the tem-
perature difference is calculated and an increment of the new value is updated
as a new state variable. Adaptive step value is used for calculating the temper-
ature increment of each element.
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6.2.3 PASSIVE CONNECTIVE TISSUE

Non-linear elastic isotropic material parameters are used for modelling the
passive connective tissue. Those material properties are obtained from previ-
ous measurements on the passive pelvic floor muscle tissue as described in
(Chapter 3). The stress-strain data (see Figure 6.3) are fitted using the non-lin-
ear regression routine available in the MSC.Marc FE package. This is used to
determine five material constants of the Mooney-Rivlin TOD model summa-
rised in Table 6.1.
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FIGURE 6.4: The force-length relationship curve is modelled as a Gaussian curve
using Equation 6.6. Three particular examples are displayed for three
different levels of activation (100%, 70% and 20%). G represents the
stress in the muscle fibre direction and € the strain in the muscle
direction. The top of each curve represents the maximal optimal stress
for particular level of the muscle activation. Gy is a stress in the muscle

fibre direction, gy is the strain and ety is a thermal strain for particular

element N. E; is Young modulus in the muscle fibre direction, which

represents the intrinsic and reflexive contributions to muscle stiffness,
and scales with muscle activation. In order to comply with the force -

length curve, a value for eTN is calculated iteratively such that the
resulting muscle force is in accordance with the prescribed muscle
activation and the muscle strain €y calculated by the FE model.
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6.2.4 LOADING

The pelvic floor muscles are firmly attached to the bone and to the arcus tend-
ineus, therefore displacements on this boundary are zero but rotations are al-
lowed. The perineum is modelled as rigid.

The main loading of the pelvic floor muscles is by the IAP and the weight
of the internal organs (Chapters 4 and 5). Chapter 5 concluded that the mean
displacement of the pelvic floor is in relation to the IAP, which represents
about two thirds of the loading, and with the weight of organs, which repre-
sents about one third of the load to the pelvic floor in erect position during
maximal IAP. Only two thirds of the measured IAP is loading the pelvic floor
in supine position during maximal IAP, since the weight of the organs is not
loading the pelvic floor, but does affect the recordings with a rectal pressure
sensor. The loading pressure on the pelvic floor is modelled using
Equation 6.7:

Pioad = Precorded ~ Pweight 6.7)
where pjy,q 15 the pressure loading the pelvic floor, piecorded 15 the IAP deter-
mined during measurements in supine position (Chapter 4) and peign; = 2.9
kPa is the equivalent pressure calculated as an effect of the weight of internal
Organs. Py is related to the level of the precorgeq recorded in the rest condi-
tion (i.e. pjoaq = 0 (rest), whereas pyeight = Precorded = 2-9 kPa).

TABLE 6.1: Elastic constants describing the non-linear passive elastic behaviour of
the connective tissue and muscle tissue used in FE model (see also
Figure 6.3). The non-linear regression routines in MSC.Marc (Palo
Alto, CA) are used in order to determine material constants for
Mooney-Rivlin deformation model. Third order deformation model
provided the best fit of the experimental data. The least square error for
particular fit is also given.

Mooney-Rivlin TOD
Passive Connective Tissue Passive Muscle Tissue

Best-fit val- Pos. const. Best-fit val- Pos. const.
ues [MPa] [MPa] ues [MPa] [MPa]

1.54499 0.262221 -0.0155102 0
-1.42902 0 0.0298809 0.0220045
0.0888792 0.387745 0.0020027 0.000181295
0.38841 0.392656 -0.000419854 0.00023415
-0.00841026 0 -0.000633591 0.000384789
0 0 0.1
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The FE model was loaded with the objective to obtain equilibrium between
loading, level of activation and the displacement of the pelvic floor muscles.
The load is stepwise increased; otherwise the FE model would crash due to the
large deformations. The IAP, modelled as a hydrostatic pressure, is increasing
from zero to the desired level. A decrease of the temperature results in short-
ening of the muscle elements in the muscle fibre direction. The thermal load-
ing is applied only on the muscle tissue, while the IAP is applied on whole
structure including passive connective tissue.

Then, the force in the muscle fibre due to muscle activation is calculated as
described in Section 6.2.2 on page 113. The necessary ety in accordance with
the muscle activation is calculated iteratively. The displacement is calculated
in each single iteration. Finally, a static equilibrium between loading, muscle
activation and displacement will result.

6.2.5 SIMULATED LOAD-CASES

To illustrate the potential of this model, three loading examples are presented.
The muscle is loaded by hydrostatic pressure at three different levels of acti-
vation.

The level of the muscle activation is calculated based on experimental
measurements in the pelvic floor (Chapter 4). The average EMG activity dur-
ing maximal activation of the muscle (max ACT) in the healthy volunteer is
considered to be 100% (reference value). The levels of activation for healthy
volunteers for other conditions like rest and holding of maximal level of the
IAP (max IAP) are calculated with respect to the reference value of 100%. The
pressure loading the pelvic floor is taken from the measurements using
Equation 6.7. The IAP recorded in rest is used as a pyeigne- The following load-
cases are simulated in order to understand the biomechanical behaviour of the
pelvic floor muscle and to validate FE model using the experimental data from
Chapter 4:

Load-Case 1 (LC1) Rest: The muscle is loaded with the pressure of 0.01
kPa (IAP of 2.9 kPa was determined during measurements and it is considered
to be pyeigh) and level of activation of 29% (act = 0.29). This load-case rep-
resents response of the healthy muscle during rest in the supine position. It also
simulates the effect of the reconstruction of the muscle tone compared to the
cadaver geometry.

Load-Case 2 (LC2) Maximal IAP: The muscle is loaded with the pressure
of 5.4 kPa (IAP of 8.3 kPa was determined during measurements = p,ecorded)
and level of activation of 87% (act = 0.87). This load-case represents response
of the healthy muscle during max IAP in the supine position.
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Load-Case 3 (LC3) Maximal ACT: The muscle is loaded with pressure of 1.3
kPa (IAP of 4.2 kPa was determined during measurements = pecorded) and ful-
ly activated (act = 1). This load-case represents response of the healthy muscle
during max ACT in the supine position.

6.2.6 VALIDATION OF THE MODEL

The displacement of the muscles and the width (W) of the levator hiatus are
calculated. The depth (D) is determined from the centre of the line connecting
both femur centroids to the lowest border of the levator ani muscle (Chapter
4). The width W of the levator hiatus is determined as a distance of the left and
right borders of the levator ani muscle perpendicular to D at 50% of the length
of D. The mean displacement and width W has been recorded using MRI in
ten healthy volunteers (Chapter 4), and will be compared to the results of all
three load-cases described in Section 6.2.5 on page 117. The mean displace-
ment is calculated in LC2 and LC3 with respect to LC1 using a MATLAB™
6.1 software from The Mathworks Inc. The mean displacement in LC1 is cal-
culated with respect to the unloaded state, which corresponds to the cadaver
muscle geometry without a muscle tone.

6.3 RESULTS

The graphical results of the three loading cases are presented in Figure 6.5 and
Figure 6.6. In all loading cases, the stress in the muscle fibre direction reached
equilibrium with respect to the level of activation and external load. Stress is
uniformly distributed over all muscle fibres (see Figure 6.5A, C and E), since
they have all the same activation and sustain the same external load. The glo-
bal displacement is presented in Figure 6.5B, D and F. The largest displace-
ment (with respect to the cadaver geometry) in the LC1 is observed on both
sides of the iliococcygeus muscle (see Figure 6.5B). However, the largest dis-
placement in LC2, where the maximum pressure of 5.4 kPa takes place, is ob-
served in the connective tissue of the levator hiatus. In the LC3 where the
activation of the muscle reach 100%, the largest displacement is observed in
both the iliococcygeus muscle and the connective tissue of the rear part of the
pelvic floor.

The strain in the fibre and transverse direction of the muscle is presented in
Figure 6.6. The strain in the transverse direction is higher than in the muscle
fibre direction in all loadcases (LC1, LC2 and LC3). Due to the muscle acti-
vation, the muscle will shorten and the stress will increase in its fibre direction.
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However, the same internal stress must be reached in the perpendicular direc-
tion. This can be achieved when the connective tissue is strained further.

Stress in the Muscle fibre [MPa] Global Displacement [mm]

o act=0.29 -

o act=0.87

—~

L

FIGURE 6.5: Graphical results of the FE analysis of the pelvic floor muscles. The
stress in the muscle fibre direction in MPa is displayed in the left
column, displacement in millimeters in the right column. The 'active’
stress in the connective tissue is zero in image A, C and E, since it is
passive tissue. The same scale is used for all three load-cases. Three
particular examples are displayed for three conditions: LC1 (rest): 29%
activation, 0.01 kPa load - Images A and B; LC2 (max IAP): 87%
activation, 5.4 kPa load - Images C and D; LC3 (max ACT): 100%
activation, 1.3 kPa load - Images E and F).
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The width W of the levator hiatus and the mean displacement of the muscle
calculated in the model for all three conditions and the experimental data from
Chapter 4 are summarised in Table 6.2. For LC2 and LC3 the difference in
width between model prediction and experiment is small (less than 1 mm), and
the difference in mean displacement is also smaller than 0.5 mm. In LC1 (rest
condition) the difference in width is 5 mm. The displacement in LC1 (rest)
with respect to the cadaver geometry (no muscle tone) is 3.28 mm.

TABLE 6.2: The results of the width W and mean displacement (with respect to LC1)

in all three load-cases compared to the experimental data from
Chapter 4.

Loading Case LC1 LC2 LC3

Width W [mm] 39.4 47.6 424
FE model
Mean displacement [mm] 3.28 2.8 2.32

Experimental Width W [mm] 34+£6.1 4775 41.9+6.1
measurements Mean displacement [mm] x 3204 28+0.5

6.4 DISCUSSION

The main objective of the presented paper is to explain the concept of the FE
modelling of the pelvic floor muscles and its ability to analyse the biomechan-
ical behaviour of such a complex structure as the pelvic floor musculature. The
pelvic floor is composed of muscles and other connective tissues linked to the
supported organs. One of the major complexities of such structure is caused by
the difficult constitutive behaviour of the material. This is particularly true for
muscle, because apart from non-linear passive properties, it has an active prop-
erty. Muscle is able to generate force depending not only on its length but also
on its activation. The active stress is implemented using thermal strain gy rep-
resenting the force-length relation and activation. The coupling of this stress
with the deformation makes this type of analysis complicated.

6.4.1 FE MODEL

The descriptive model includes reflexive and contractile properties of the mus-
cle, incorporated in the Young's modulus E;. A concept based on thermal
shortening of the muscle in the muscle fibre direction is chosen using a stand-
ard FE code (MSC.Marc). This concept solves the muscle force using an opti-
misation method, as described in Section 6.2 on page 110. Thermal shortening
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of the element using a muscle force-length relationship is a simple and effec-
tive method for simulating contractile properties of the muscle tissue.

Strain in the Muscle fibre direction [1]

o act=0.29

- A

o act=0.87

- Act=1.0

- E

- B

Strain in Transverse direction [1]

act=0.29

act=0.87

FIGURE 6.6: Graphical results of the FE analysis of the pelvic floor muscles. The
strain in the muscle fibre direction is displayed in the left column, strain
in the transverse fibre direction in the right column. The same scale is
used for all load-cases. The strain in the connective tissue is displayed
in principal directions (the local co-ordinate system). Three particular
examples are displayed for three conditions: LC1 (rest): activation
29%, load 0.01 kPa - Images A and B; LC2 (max IAP): activation 87%,
load 5.4 kPa - Images C and D; LC3 (max ACT): activation 100%, load

1.3 kPa - Images E and F).
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The convergence of the optimisation method depends mainly on the tempera-
ture difference as a new state variable in each optimisation step. The maximal
increment of the thermal strain was found to be Aey = 0.00025 which corre-
sponds to the temperature increment of about 0.05 K. This is caused presum-
ably due to very complex geometry of the pelvic floor and the large
deformations.

The FE muscle model is quite complex with many material parameters, and
is difficult to validate. For contracting muscle, much simpler models, which
were successful, have been used in the past. Many musculoskeletal models e.g.
in gait analysis problems can be solved using 1D-line elements for muscle
with simple contraction model. However, the pelvic floor is loaded perpendic-
ular to the muscle line of action by IAP and, therefore, a simple representation
of the muscle action by a 1D-line elements is not appropriate. A sophisticated
approach using a FE model of the muscle is necessary.

The advantage of the present concept is to model both non-linear passive
and active properties of the muscle using a standard FE code. Since an element
with non-linear and orthotropic properties is not available in standard FE code,
we have used a multi layer shell element with both active and passive layers.
This concept allows using an orthotropic active layer incorporated in a non-
linear passive isotropic matrix formed of passive layers.

6.4.2 FE ANALYSIS OF THE PELVIC FLOOR

The stress in the muscle fibre reached the equilibrium level with respect to the
level of activation in all loading cases (see Figure 6.5). However, there are
some spots with higher stress than the maximal stress in the muscle fibre (see
Figure 6.5). These artefacts (stress concentration) are situated mostly at the at-
tachment sites (an effect of the boundary conditions) in the posterior part of
the coccygeus muscle (attached to spina ischiadica). These are presumably
caused due to the constant thickness of the element. Since the pelvic floor mus-
cles are flat, have no tendon and because of the trapezoid shape, the muscle
must be thicker when the width is smaller if assuming a constant number of
fibres. Simulations shown that these artefacts disappear if constant cross-sec-
tion area of the muscle is considered, assuming that the thickness of the muscle
is not constant i.e. it is growing with the decreasing width.

The largest displacement is observed in LC1 in the iliococcygeus and pub-
ococcygeus muscle (Figure 6.5B). In this load-case, the activation of the mus-
cle is 29% and the loading pressure is very low. A small pressure of 10 Pa is
used for numerical stability of the FE model. The main loading in the LCl1 is
due to the muscle activation. Therefore, the largest displacement is observed
in the muscle tissue on both sides of the pelvic floor. This is in agreement with
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the clinical observations (see also Chapter 4). The largest displacement in LC2
1s observed in the connective tissue of the levator hiatus. In this load-case, the
pelvic floor is loaded by the maximal pressure of the 5.4 kPa, while the mus-
cles are highly activated. The passive connective tissue obtains the necessary
stress through larger deformations, and displaces in a downward direction. In
the LC3 where the activation of the muscle reach 100%, the largest displace-
ment is observed in both the iliococcygeus muscle and the connective tissue of
the rear part of the pelvic floor. Again, since there is not a large load of the
structure, the contracting muscle parts will displace most in the upward direc-
tion.

The displacement of the connective tissue parts depend only on the passive
properties. Increasing pressure loading the pelvic floor generates increasing
displacement of the connective tissue of the levator hiatus. In the muscle parts,
the displacement is in relation to the muscle activation. When the muscle ac-
tivation is increasing the upward muscle displacement is increasing as well
(see Figure 6.5). The global displacement is, however, also depending on the
pressure loading the pelvic floor. If the pressure is increasing the (upward) dis-
placement is decreasing. The levator hiatus is closing with increasing activa-
tion of the muscle tissues (see Figure 6.5B, D and F). This is in agreement with
the clinical observations. The muscle is the only active component in the pel-
vic floor. Therefore, the displacement of the muscle, particularly in the anteri-
or part of the levator ani muscle plays obviously a crucial role in the support
of the organs in the pelvic floor. The opening and closing of the levator hiatus
is dependent on the activation of the muscle. When the activation is decreas-
ing, the width of the levator hiatus is increasing and vice versa.

The strain in the muscle fibre and transverse direction of the muscle is pre-
sented in Figure 6.6. The strain in the muscle fibre direction reached the equi-
librium level with respect to the muscle force-length relationships
(Equation 6.6) for each element. The lower strain in the muscle fibre direction
compared to the transverse direction is caused by reinforcement through the
active layer of the muscle tissue. When the level of muscle activation is in-
creasing the strain in the muscle fibre is decreasing. The strain in the transverse
direction is higher than in the muscle fibre direction as observed in Figure 6.6.
The strain in the transverse direction is solely dependent on the passive prop-
erties of the muscle tissue.

6.4.3 MUSCLE ACTIVATION
Activation of the pelvic floor muscles is necessary to increase the IAP (also
during activities like coughing, sneezing etc.). Whether the muscles are

lengthened or shortened, which will result in downward or upward movement
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of the pelvic floor respectively, depends on the level of the IAP and the level
of muscle activation. There is a direct relation between the pressure difference
between the inside and outside of the intra-abdominal compartment, the tensile
stress in the wall of the compartment and the curvature of the wall of the com-
partment (Equation 6.8) described by Van Leeuwen and Spoor (1992):

N dpd (6.8)
Gf‘ r

Cr

where c¢= 1/R¢is the local curvature (R¢= local radius of curvature), dp is the
pressure difference, ¢is the stress in the muscle and dr represents the muscle
thickness. If the muscles are activated, the tensile stress will increase in the
muscle direction and the curvature will decrease for the same IAP (which also
depends on the activation of the abdominal muscles). However, in the muscle
the stress perpendicular to the fiber direction (transverse direction) is not ac-
tively controlled, and will be lower. From Equation 6.8 it can be seen that as a
result the curvature will be higher. The combination of curvatures in the fiber
direction and perpendicular to the fiber direction will result in the typical basin
and dome shapes of the pelvic floor muscle (Hjartardottir et al., 1997). In path-
ological cases like genital prolapse the displacement was not different from
healthy subjects, but the width W (which is mainly affected by the connective
tissue) was different.

Since the relation between stress ¢ and strain ¢ is utilised using a linear
Hook law (Equation 6.5, see also Figure 6.4), the solution is not dependent on
modulus E i.e. the intrinsic and reflexive muscle stiffness. This linear relation
is used in muscle force-length relationship (Figure 6.4 and Equation 6.6) and
it will be important for later dynamics simulations, when perturbations are
present like in walking or coughing. The positive value of E is used for numer-
ical stability of the model.

Loss of muscle tone after death has been addressed by studying some ca-
davers during the phase of rigor mortis (DeLancey, 1999). There is a differ-
ence in the pelvic floor topology between the cadaver and the living subject.
In the biomechanical model based on the FE theory, the muscle position is re-
constructed to the in vivo situation by imposing the appropriate level of mus-
cle activation. In the FE model, the loading forces and muscle forces are
simulated, and the muscle found a new position depending on the load condi-
tion and simulated muscle activation. That solved the problem of the loss of
the muscle tone based on a cadaver geometry data.

Muscle consists of more than 70% water and behaves as nearly incom-
pressible. Nearly incompressible material behaviour can lead to so-called
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locking of element in a numerical procedure. This becomes visible as oscilla-
tions in the displacement fields (Oomens et al., 2003). For this reason fully in-
compressible material model (Mooney-Rivlin TOD) is used. The advantage of
such a constitutive model is that it can describe non-linear elastic material
properties of the passive muscle and connective tissue. The disadvantage is an
isotropic model for the passive muscle tissue. This is, however, partly solved
using the anisotropic active layer incorporated in multi-layer composite ele-
ment as described in Section 6.4.1 on page 120.

6.4.4 VALIDATION

The FE model described above is validated using the experimental data ob-
tained from Chapter 4. The width W of the levator hiatus and the mean dis-
placement with respect to the rest condition of the pelvic floor muscles are
measured. The simultaneously recorded EMG data and the level of the IAP are
used as an input for the numerical model.

The width W corresponds very well with the experimental measurements
in LC2 and LC3 (see Table 6.2). In the LC1, the width W calculated by the FE
model is larger than measured in Chapter 4. This effect can be caused by the
stiffness of the connective tissue of the levator hiatus in the FE model. The
connective tissue has an influence on the borders of the muscle. If the stiffness
of this connective tissue is decreasing, the muscle is able to close the levator
hiatus more easily and, therefore, the width W is decreasing if the pressure is
loading the pelvic floor (Chapter 7).

The mean displacement of the pelvic floor muscles is summarised in
Table 6.2 and compared with data from Chapter 4. The displacement in LC2
and LC3 is in good agreement with the experimental measurements. In the
LCl1, the mean displacement is calculated with respect to the fully relaxed
muscle, with lost tone (cadaver geometry). This condition is obviously not de-
termined experimentally in Chapter 4.

In the next study, more load-cases will be analysed in order to confirm the
hypothesis that the activation of the pelvic floor muscles play a crucial role in
the pelvic floor support. It is also important to test the effect of the various
stiffness of the passive connective tissue in the pelvic floor. The results from
these analyses will be validated using experimentally determined displace-
ments from MRI measurements (Chapters 4 and 5) and EMG activity of the
muscle (Chapter 4) in patients and healthy subjects.
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6.5 CONCLUSIONS

The relation between input variables: loading (by IAP etc.) and muscle activa-
tion and output variables: displacement of the pelvic floor muscles was itera-
tively determined by FE model. This relation describes the biomechanical
behaviour of the pelvic floor.

The results of the FE simulations (Width of the levator hiatus and displace-
ment of the muscle) are in good agreement with experimentally determined
values on healthy subjects in parenthesis: Width [mm] in rest: 39.4 (34 £ 3.6),
max [AP: 47.6 (47 = 7.5) and max ACT: 42.4 (41.9 £ 6.1); the displacement
[mm] in rest: 3.28 (not determined), max IAP: 2.8 (3.2 + 0.4) and max ACT:
2.32(2.8+0.5).

The model can be used for further studying of the function of the pelvic
floor and for understanding the substance of disease such as genital prolapse.
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Chapter 7

BIOMECHANICAL ANALYSIS OF
THE PELVIC FLOOR MUSCULA-
TURE



Abstract

The goal of this study is to understand the development of the genital prolapse as a result
of the biomechanical loading of the pelvic floor musculature. 12 specific load-cases are
analysed using a biomechanical model based on FE theory. These load-cases describe
the effect of the level of the muscle activation and intra-abdominal pressure (IAP) on the
shape and displacement of the pelvic floor. These load -cases were also experimentally
determined in both healthy subjects and patients. The load-cases could accurately be de-
scribed by the FE model and validated using the experimental data. Width of the levator
hiatus and displacement of the muscle are in a good agreement with experimentally de-
termined values (healthy subject data used for validation: Hla - rest, H2a - max contrac-
tion of the pelvic floor muscles and H3a - holding the max level of IAP) in parenthesis:
Width [mm] in Hla 39.4 (34 £ 3.6), H2a 47.6 (47 = 7.5) and H3a 42.4 (41.9 £ 6.1); the
displacement [mm] in Hla 3.28 (not determined), H2a 2.8 (3.2 £ 0.4) and H3a 2.32 (2.8
+ 0.5). The hypothesis was tested that genital prolapse might result from compliant con-
nective tissue; Two types of connective tissue with different stiffness are tested. The re-
sults show that the muscle tissue as the only active component in the pelvic floor plays a
major role in the support of the organs in the pelvic floor. When the muscle activation is
increasing the upward muscle displacement is increasing as well. The levator hiatus is
closing with increasing activation of the muscle tissues if the pressure is constant.

1t leads to the conclusions, that: 1) Decreasing muscle activation leads to the increas-
ing width of the levator hiatus, which is associated with the development of genital pro-
lapse. 2) The compliance of the connective tissue of the levator hiatus has not a
significant effect on the width of hiatus, therefore has not a significant effect on the de-
velopment of genital prolapse. 3) The muscle training is efficient since the muscle plays
a crucial role in pelvic organ support. 4) Muscle activation is a major factor responsible
for the enlargement of the levator hiatus. Therefore, the surgeon has to focus on the le-
vator hiatus width, which should be reduced by use of mesh prosthesis in order to mini-
mize the development of the genital prolapse. Design of a new biomaterial mesh
prostheses for surgical repair of the genital prolapse can be based on predictions of the
FE model.

Keywords

Genital prolapse; Pelvic floor muscles; Finite element model
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7.1 INTRODUCTION

The pelvic floor in humans is a very complex muscular structure. The levator
ani muscle with its fascial covering constitutes the pelvic diaphragm. It is
largely responsible for supporting both pelvic and abdominal organs and acts
synergistically with the striated muscle of the anterior abdominal wall gener-
ating intra-abdominal pressure (IAP). Any increase in IAP e.g. caused by
coughing or sneezing, is applied equally to all sides of the pelvic and abdom-
inal wall. If the levator ani is pathologically weakened or temporarily inacti-
vated a genital prolapse can occur. Genital prolapse is a major cause of
morbidity in women. Genital prolapse is a condition in which pelvic organs
(vagina, uterus, bladder, etc.), normally supported by the pelvic floor muscles,
protrude outside the pelvic floor into or through the vagina.

One in every nine women requires surgery for problems related to defective
pelvic organ support (Olsen et al., 1997). Various surgical procedures have
been advocated for repair of pelvic floor organ prolapse (genital prolapse) de-
pending on the site of the defect (Richardson et al., 1976, Hurt, 1997). Prolapse
can recur postoperatively in up to 34% of cases (Shull et al., 1994). It is pos-
sible that the recurrences may be the results of failure to identify the causative
lesion in the pelvic floor before operation (Hoyte et al., 2000). Despite the
common occurrence of genital prolapse, the structural defects responsible for
its formation remain poorly understood. Besides, damage to the levator ani
muscle is associated with genital prolapse, which has been documented on dis-
sections (Halban and Tandler, 1907), with radiography (Berglas and Rubin,
1953), and in neuromuscular studies (Smith et al., 1989). Since genital pro-
lapse occurs through the urogenital hiatus in the levator ani muscle, it seems
possible that loss of the levator ani muscles' ability to close hiatus is a factor
contributing to prolapse (DeLancey and Hurd, 1998). It was concluded that in-
creasing pelvic organ prolapse is associated with increasing urogenital hiatus
size; the hiatus is larger after several failed operations than after successful
surgery or single failure. However, the factor responsible for enlargement of
the urogenital hiatus remains to be determined (DeLancey and Hurd, 1998).

The biomechanical behaviour of the pelvic floor muscles was recently an-
alysed (Chapter 6). It is expected that pelvic floor muscles have a fundamental
influence in disorders like genital prolapse. The main loading of the pelvic
floor muscles is due to IAP. In addition there will be the load due to the weight
of the internal organs. To study the complex biomechanical behaviour of the
pelvic floor muscles and to investigate the effectiveness of reconstructive sur-
gery, a computer model based on the finite-element (FE) theory was devel-
oped (Chapter 6). In a FE model the relationship between the loading and
muscle forces in three dimensions can be represented. The model is able to
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predict the position of the pelvic floor depending on the load (e.g. IAP) and
activation of the muscles. Thus far, no other three-dimensional models have
been proposed to analyse the biomechanical behaviour of the pelvic floor.
The main goal of this study is to understand the development of the genital
prolapse as a result of the biomechanical loading of the pelvic floor muscula-
ture. Genital prolapse is likely to be related to the displacement of the pelvic
floor and the width of the levator hiatus.
The following questions are raised:
1. What is the effect on the width of the levator hiatus if the muscle is
insufficiently activated?
2. What is the effect on width of the levator hiatus if the connective tissue
in the levator hiatus is more compliant than normal?
And finally clinical questions arise:
3. Is muscle training effective if there is a problem in connective tissue of
the levator hiatus?
4. On what spot in the diaphragma pelvis the surgeon has to focus on dur-
ing reconstructive surgery if:

a) The muscle activation is insufficient (the muscle is not able to gener-
ate enough force) and the connective tissue has a normal complian-
Ccy;

b) The muscle activation is normal (muscle is able to generate enough
force) but the connective tissue of the levator hiatus is more compli-
ant?

In order to answer these questions a biomechanical model of the pelvic floor
based on FE theory was developed (Chapter 6). The model has been validated
using experimental data describing the displacement of the pelvic floor mus-
cles in relation to the level of IAP and muscle activation during several condi-
tions (Chapters 4 and 5).

7.2 MATERIALS AND METHODS

A FE model of the pelvic floor muscles developed in Chapter 6 is used for bi-
omechanical analysis of the pelvic floor muscles. This model is able to repre-
sent both non-linear and active properties of the muscle using a standard FE
code multi layer shell element. A thermal shortening in the muscle fibre direc-
tion is utilised for simulating active muscle properties. The force in the muscle
fibre is calculated in order to obtain the optimal muscle force for particular lev-
el of the muscle activation (Chapter 6).

Biomechanics of the pelvic floor musculature
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FIGURE 7.1: The representative equibiaxial stress-strain response for passive

material properties of the pelvic floor muscles and uniaxial stress-strain
response for passive connective tissue (raw data fits). Connective
tissue |. represent measured values on normal specimen (stiff);
connective tissue |Il. represents approximately two times more
compliant tissue. The data were used for fitting third order deformation
Mooney-Rivlin material model (Table 7.1).

7.2.1 PASSIVE CONNECTIVE TISSUE

Passive connective tissue of the pelvic floor is assumed to be isotropic. Non-
linear elastic isotropic material parameters are used for modelling the passive
connective tissue. Two types of connective tissue with different stiffness - stiff
(Connective tissue 1.) and compliant (Connective tissue II.) are chosen (see
Figure 7.1). The material properties of connective tissue are obtained from
previous measurements (unpublished data) on the passive pelvic floor muscle
tissue as described in Chapter 3. Connective tissue I. is determined by uniaxial
tensile test (described in Chapter 3) of the pelvic floor connective tissue in the
levator hiatus region of healthy specimen. The connective tissue II. is calcu-
lated to be approximately two times lower in stiffness than connective tissue
I. The stress-strain data (see Figure 7.1) are fitted using the non-linear regres-
sion routine available in the MSC.Marc FE package. This is used to determine
five material constants of the Mooney-Rivlin (Mooney, 1940) Third Order De-
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formation (TOD) model summarised in Table 7.1. Positive constants are used
(Chapter 3).

TABLE 7.1: Elastic constants describing the non-linear passive elastic behaviour of
the connective tissue and muscle tissue used in FE model (see also
Figure 7.1). The non-linear regression routines in MSC.Marc (Palo
Alto, CA) are used in order to determine material constants for
Mooney-Rivlin deformation model. Third order deformation model
(TOD) provided the best fit of the experimental data. The least square
error for particular fit is also given.

Mooney-Rivlin TOD

Passive Connective Tissue Passive Connective Tissue
l. 1.

Pos. const. Best-fit val- Pos. const. Best-fit val- Pos. const.
[MPa] ues [MPa] [MPa] ues [MPa] [MPa]

0.262221 0.774016 0.131757 -0.0155102 0

Passive Muscle Tissue

Best-fit val-
ues [MPa]

1.54499

0 -0.715201 0 0.0298809 0.0220045

-1.42902

0.0888792 0.387745 0.0445678 0.212103 0.0020027 0.000181295

0.392656 0.38841 0.184141 -0.000419854 0.00023415

0.38841
0 0.194134 0 -0.000633591 0.000384789

-0.00841026
0 0 0 0.1

7.2.2 LOADING

The pelvic floor muscles are firmly attached to the bone and to the arcus tend-
ineus, therefore displacements on this boundary are zero but rotations are al-
lowed. The perineum is modelled as rigid with free rotations. The main
loading of the pelvic floor muscles is by the IAP and the weight of the internal
organs (Chapters 4 and 5). Chapter 5 concluded that the displacement of the
pelvic floor is in relation with the IAP, which presents about two thirds of the
loading, and with the weight of organs, which presents about one third of the
load to the pelvic floor in erect position. Only two thirds of the measured IAP
is loading the pelvic floor in supine position, because the weight of the organs
is also pressing on the rectal pressure sensor, whereas the weight does not load
the pelvic floor. The loading pressure on the pelvic floor is modelled using
Equation 7.1:

Pioad = Precorded ~ Pweight (7.1)

where pj,,q 1S the pressure loading the pelvic floor, precorded 1S the IAP deter-
mined during measurements in supine position (Chapter 4) and pyigp, is the
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equivalent pressure calculated as an effect of the weight of internal organs.
Pweight 18 equal to the level of the precordeq recorded in the rest condition (i.e.
Pload = 0)-

The FE model will iterate until equilibrium is obtained between loading,
level of activation and the displacement of the pelvic floor muscles. The IAP
is modelled as a hydrostatic pressure. Imposing a thermal loading on the mus-
cle elements simulates muscle activation. A decrease of the temperature re-
sults increased tensile stress of the muscle elements in the muscle fibre
direction. The thermal loading is applied only on the muscle tissue, while the
IAP is applied on whole structure including the passive connective tissue.

The thermal loading is calculated iteratively such that the resulting force
complies with the given muscle activation and the resulting muscle length cal-
culated by the FE model, given the muscle force-length relationship as de-
scribed in Chapter 6.

7.2.3 SIMULATED LOAD-CASES

The muscle activation, IAP and position of the pelvic floor are based on ex-
perimental measurements (Chapter 4). The average EMG activity during max-
imal activation of the muscle (Max ACT) in the healthy volunteer is
considered to be 100% (reference value). The levels of activation for both
healthy volunteers and patients for other conditions like rest and holding of
maximal level of the IAP (Max IAP) are calculated with respect to the refer-
ence value of 100%. The pressure loading the pelvic floor is calculated using
Equation 7.1. The IAP recorded in rest is used as a pyejgn- Load-cases based
on EMG and IAP measurements (Chapter 4) are summarised in Table 7.2.
Those are simulated in order to understand the biomechanical behaviour of the
pelvic floor muscle and to answer question from Section 7.1 on page 131.

7.2.4 VALIDATION

The mean displacement and the width W of the levator hiatus calculated by the
FE model are validated using the MRI data from Chapter 4. The distance
(depth - D) is determined from the centre of the line connecting both femur
centroids to the lowest border of the levator ani muscle (Chapter 4, see Figure
4.2 on page 73). The width W of the levator hiatus is determined as a distance
of the left and right borders of the levator ani muscle perpendicular to D at
50% of the length of D.
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TABLE 7.2: Description of the all load-cases used for analysing the biomechanical
behaviour of the pelvic floor muscles. The input parameters and short
description of the conditions are given. The IAP and activation levels
are based on results of experimental measurements in the pelvic floor
(Chapter 4).

Connec-
tive tissue Condition description

type

IAP Activation
ILGE]| [%]

Healthy subject muscle and strong connective tissue in the pel-

2 vic floor during rest

Healthy subject muscle and compliant connective tissue in the

2 pelvic floor during rest.

Healthy subject muscle and strong connective tissue in the pel-

& vic floor during max IAP

Healthy subject muscle and compliant connective tissue in the

i pelvic floor during max IAP

Healthy subject muscle and strong connective tissue in the pel-

Ly vic floor during max ACT

Healthy subject muscle and compliant connective tissue in the

oy pelvic floor during max ACT

Patient muscle activation and strong connective tissue in the
pelvic floor during rest

23

Patient muscle activation and compliant connective tissue in

e the pelvic floor during rest

Patient muscle activation and strong connective tissue in the

= pelvic floor during max IAP

Patient muscle activation and compliant connective tissue in

& the pelvic floor during max IAP

Patient muscle activation and strong connective tissue in the

70 pelvic floor during max ACT

Patient muscle activation and compliant connective tissue in

7 the pelvic floor during max ACT

The mean displacement of the muscle tissue in the FE model is calculated with
respect to the rest condition (load-cases: Hla, H1b, Pla, P1b) using a MAT-
LAB™ 6.1 software from The Mathworks Inc. H2a and H3a are calculated
with respect to Hla, in H2b and H3b with respect to H1b, in P2a and P3a with
respect to Pla and in P2b and P3b with respect to P1b. The mean displacement
in Hla, H1lb, Pla and P1b is calculated with respect to the unloaded state (act
= 0), which corresponds to the cadaver muscle geometry without a muscle
tone.

The width W and the mean displacement of muscle for both healthy sub-
jects (Hla, H2a and H3a) and patients without cystocele (Pla, P2a and P3a)
and with cystocele (P1b, P2b and P3b) are compared with the results of all 12
load-cases (see Table 7.2).
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7.3 RESULTS

The graphical results of all twelve simulated load-cases are presented in
Figures 7.2,7.3,7.4 and 7.5. In all loading cases, the stress and deformation in
the muscle fibre reached equilibrium with respect to the level of activation and
IAP. Stress is uniformly distributed over all muscle fibres (see left column in
Figures 7.2 to 7.5). The global displacement is presented in the right columns
in Figures 7.2 to 7.5.

The displacement of the pelvic floor muscles and the width W of the levator
hiatus calculated by the FE model for all three conditions (rest, max [AP and
max ACT) in the load-cases Hla, H2a and H3a are in a good agreement with
the experimentally determined data of healthy subjects. These are summarised
in Table 7.3.

TABLE 7.3: The results of the width W and mean displacement in all three load-

cases compared to the experimental data obtained from healthy
subjects and patients in Chapter 4.

FE model Experimental measurements

Mean displace-
ment [mm]

Mean displacement

Width W [mm] (]

Width W [mm]

3.28 x
3.35 x
2.8 7. 32+04
2.84 x
2.32 41.9+6.1

2.33 x

2.88 36.7+3.5

2.94 453 +6.7

2.31 51.3+£3.1

2.35 576+73

2.16 493+23

2.18 51.5+8.6

The largest displacement (11.1 mm) with respect to the cadaver geometry is
observed in the Rest condition H1b on both sides of the iliococcygeus muscle
(see Figure 7.3B). In the Max IAP condition the largest displacement in caudal
direction with respect to the Rest condition H1b (7.4 mm) is observed in H2b
(see Figure 7.3D). In this condition, where the maximum pressure of all load-
cases of 5.4 kPa takes place, the maximal displacement is observed in the con-
nective tissue of the levator hiatus. In the Max ACT condition the largest dis-
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placement in cranial direction (6.5 mm) is observed in H3b (see Figure 7.3F).
In this condition, where the activation of the muscle reach maximum of all
load-cases (100%), the largest displacement is observed in both the iliococcy-
geus muscle and the connective tissue of the posterior part of the pelvic floor.

Stress in the Muscle fibre [MPa] Global Displacement [mm]

n act=0.29 - act=0.29

'~ I'B

., act=0.87

- A

n act=0.87

FIGURE 7.2: Healthy subject muscle activation and stiff connective tissue during all
three conditions (see also Table 7.2). Connective tissue I. is used in all
displayed conditions. The stress in the muscle fibre direction in MPa is
displayed in the left column, displacement in millimetres in the right
column. Load-cases H1a (Images A and B), H2a (Images C and D)
and H3a (Images E and F) are displayed for three different levels of the
muscle activation (29% - Rest condition, 87% - Max IAP condition, and
100% - Max ACT condition). The stress in the connective tissue is zero
since it is not an active tissue. The same scale is used for all three
load-cases.
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The width W of the levator hiatus and the mean displacement of the muscle
calculated in the model for all three conditions and compared to the experi-
mental data from Chapter 4. The results are summarised in Table 7.3. The
largest mean displacement (3.35 mm) is observed in H1b (Rest condition). The
largest width W of the levator hiatus (56.5 mm) is observed in P2a (Max IAP
condition).

7.4 DISCUSSION

The FE model developed in this study is designed specifically to study the fun-
damental biomechanical behaviour of the pelvic floor muscles. The quasi-stat-
ic model consists of the pelvic floor muscles and connective tissue of the
diaphragma pelvis. This simplification is sufficient to satisfy the main goals of
this study. The other structures such as organs inside the pelvic floor and con-
nections of these organs to the muscles are not included. The pelvic region is
very complicated structure, where the support of the organs is maintained in
three levels (i.e. hanging apparatus of the uterus etc.) as described by DeLanc-
ey 1992. The pelvic floor muscle is the only active structure in this region re-
sponsible for supporting the organs. Therefore, if the muscle is not active, the
other structures (mostly passive collagen, connective and fat tissues) cannot
fully support the internal organs and resist to the higher levels of IAP pushing
the organs downward. The weight of the organs is incorporated in the hydro-
static pressure loading the pelvic floor. For the future studies, however, a more
sophisticated model including internal organs might be necessary. Dynamics
effects of moving organs might be included as well.

There are two main hypothesises concerning the development of the genital
prolapse. Genital prolapse can occur due to compliant muscle (muscle pathol-
ogy) or the degradation of the connective tissue (connective tissue pathology).
In this study, 12 load-cases are analysed in order to confirm the hypothesis that
the activation of the pelvic floor muscles play a crucial role in the pelvic floor
support. Two types of connective tissue with different stiffness are tested in or-
der to describe an effect of the influence of the passive connective tissue in the
pelvic floor. The results from these analyses are validated using experimental-
ly determined displacements from MRI measurements (Chapters 4 and 5) and
EMG activity of the muscle (Chapter 4).
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FIGURE 7.3: Healthy subject muscle activation and a compliant connective tissue
during all three conditions (see also Table 7.2). Connective tissue Il. is
used in all displayed conditions. Graphical results of the FE analysis of
the pelvic floor muscles. The stress in the muscle fibre direction in MPa
is displayed in the left column, displacement in millimetres in the right
column. Load-cases H1b (Images A and B), H2b (Images C and D)
and H3b (Images E and F) are displayed for three different levels of the
muscle activation (29% - Rest condition, 87% - Max IAP condition, and
100% - Max ACT condition). The stress in the connective tissue is zero
since it is not an active tissue. The same scale is used for all three
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7.4.1 LOAD-CASES ANALYSIS

The FE model is validated using the data of healthy subjects (load-cases Hla,
H2a and H3a). In order to provide a good prediction for patients, following ad-
justments were performed: The muscle activation of a compliant muscle ob-
tained from experimental measurements were utilised (load-cases Pla, P2a
and P3a). Furthermore, the effect of the quality of the connective tissue of the
diaphragma pelvis was tested utilizing two types of this tissue with the differ-
ence in stiffness. This represents the strong and compliant connective tissue.
The quality of the connective tissue was tested for both healthy and patient
muscle activation (load-cases H1b, H2b, H3b, P1b, P2b and P3b). These ad-
justments are necessary to understand the effects of the muscle activation and
connective tissue influence to the behaviour of the pelvic floor muscles and to
the mechanism of the development of genital prolapse.

The stress in the muscle fibre reached the equilibrium level with respect to
the level of activation in all loading cases (see Figures 7.2 to 7.5). However,
there are some spots with higher stress than the maximal stress in the muscle
fibre. These artefacts are caused due to constant thickness of element and dis-
appear if constant cross-section area of the muscle is considered (Chapter 6).
The active stress distribution in the muscles depends on the active as well as
passive muscle material properties, level of the muscle activation and level of
the loading pressure. It is not affected by the material properties of the connec-
tive tissue (see Figures 7.2 to 7.5 - for example, there is no difference in the
stress in the muscle fibre between Hla and H1b, H2a and H2b etc.).

The largest displacement of the muscle in all load-cases with respect to the
cadaver geometry (without the muscle tone) is observed in the Rest condition
on both sides of the iliococcygeus muscle (see Figures 7.2B to 7.5B). In these
load-cases, the activation of the muscle is 29% (in Hla, H1b) and 23% (in P1a,
P1b) and the loading pressure is low or approaching zero (see Table 7.2). The
main loading in the rest position is due to the muscle activation. Therefore, the
largest displacement is observed in the anterior part of the muscle tissue on
both sides of the pelvic floor. This is in agreement with the clinical observa-
tions using the MRI scanner (Chapter 4). In the simulated rest position the
muscle position is reconstructed to the in vivo situation by imposing the ap-
propriate level of muscle activation. There is a difference in the pelvic floor
topology between the cadaver and the living subject. Loss of muscle tone after
death was addressed by studying some cadavers during the phase of rigor mor-
tis (DeLancey, 1999).
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Stress in the Muscle fibre [MPa] Global Displacement [mm]

»  Act=0.23 s Act=0.23

- A

q  Act=0.54

;I'B

o Act=0.54

q Act=0.7 n Act=0.7
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FIGURE 7.4: Patient muscle activation and strong connective tissue during all three
conditions (see also Table 7.2). Connective tissue I. is used in all
displayed conditions. The stress in the muscle fibre direction in MPa is
displayed in the left column, displacement in millimetres in the right
column. Load-cases P1a (Images A and B), P2a (Images C and D) and
P3a (Images E and F) are displayed for three different levels of the
muscle activation (23% - Rest condition, 54% - Max IAP condition, and
70% - Max ACT condition). The stress in the connective tissue is zero
since it is not an active tissue. The same scale is used for all three
load-cases.
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In the Max IAP condition, the largest displacement with respect to the rest po-
sition is observed in H2b (see Figure 7.3D). In this condition, the pelvic floor
is loaded by maximum pressure of all load-cases (5.4 kPa). The maximal dis-
placement in all load-cases in this condition (H2a, H2b, P2a and P2b) is ob-
served in the connective tissue of the levator hiatus. The pelvic floor is loaded
by high pressure while the muscle activation is 54% up to 87% (see Table 7.2).
The displacement of the connective tissue parts depends only on the passive
material properties. Increasing pressure loading the pelvic floor generates in-
creasing displacement of the connective tissue of the levator hiatus. The de-
creasing stiffness of the connective tissue (stiff vs. compliant connective
tissue) results in the larger anterior displacement in this region (see Figures
7.2D, 7.3D, 7.4D and 7.5D). The quality of the connective tissue has an influ-
ence on the anterior part of the diaphragma pelvis, foremost on the levator hi-
atus tissue. The larger displacement of the connective tissue affects the
displacement of the muscle parts, primarily in the transverse direction. How-
ever, there is not a significant difference in the mean displacement of the mus-
cle in load-cases H2b and P2b with respect to H2a and P2a (see Table 7.3).
This difference is however very small. This effect is observed in all conditions
during all load-cases.

In the Max ACT condition, the largest displacement is observed in H3b
(see Figure 7.3F). In this condition, where the activation of the muscle reach
maximum of all load-cases - 100%, the largest displacement is observed in
both the iliococcygeus muscle and the connective tissue of the posterior part
of the diaphragma pelvis.

In the muscle parts, the displacement is in relation with the muscle activa-
tion. Considering the constant level of IAP it can be stated that, when the mus-
cle activation is increasing the muscle is moving upwards (Figures 7.2 to 7.5).
The global displacement is however also depending on the pressure loading
the pelvic floor. If the pressure is increasing, the displacement is decreasing
(the muscle is moving downwards thus in opposite direction to the direction of
the muscle contraction). The levator hiatus is closing with increasing activa-
tion of the muscle tissue (see Figure 7.5B, D and F). This is in agreement with
the clinical observations. The muscle is the only active component in the pel-
vic floor. Therefore, the displacement of the muscle, particularly in the anteri-
or part of the levator ani muscle plays obviously a crucial role in the support
of the organs in the pelvic floor. The opening and closing of the levator hiatus
is dependent on the activation of the muscle. When the activation is decreas-
ing, the width of the levator hiatus is increasing and vice versa.
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Stress in the Muscle fibre [MPa] Global Displacement [mm]

Act=0.23 n Act=0.23

- A

n Act=0.54

n  Act=0.7 -

E I3 L

FIGURE 7.5: Patient muscle activation and compliant connective tissue during all
three conditions (see also Table 7.2). Connective tissue ll. is used in all
displayed conditions. The stress in the muscle fibre direction in MPa is
displayed in the left column, displacement in millimetres in the right
column. Load-cases P1b (Images A and B), P2b (Images C and D) and
P3b (Images E and F) are displayed for three different levels of the
muscle activation (23% - Rest condition, 54% - Max IAP condition, and
70% - Max ACT condition). The stress in the connective tissue is zero
since it is not an active tissue. The same scale is used for all three
load-cases.
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In Chapter 4 it was concluded that there is no significant difference in the dis-
placement in relation to the IAP but there is a larger width of the levator hiatus
in the group of patients with cystocele. The width W of the levator hiatus and
the mean displacement with respect to the rest condition of the pelvic floor
muscles are determined for all load-cases and validated using the experimental
data obtained from Chapter 4. These are the only parameters obtained in vivo
using the MRI data. Experimental data were obtained only for Hla, H2a, H3a,
Pla, P2a and P3a (see Table 7.3 and Chapter 4).

The width W corresponds very good with the experimental measurements
in all load-cases (if data available) except Hla (see Table 7.3). In the Hl1a, the
width W calculated by FE model is larger than measured in Chapter 4. This
effect can be caused by the stiffness of the connective tissue of the levator hi-
atus in the FE model. The results of simulations Hla vs. H1b, H2a vs. H2b,
H3a vs. H3b, Pla vs. P1b, P2a vs. P2b and P3a vs. P3b show no significant
difference in the width of the levator hiatus associated to the quality of the con-
nective tissue (stiff vs. compliant tissue). Therefore, the stiffness of the con-
nective tissue has not a significant effect on the width of the levator hiatus. It
only has a small influence on the displacement of the connective tissue of the
levator hiatus. The IAP loading the pelvic floor and the weight of the internal
organs play a role in this case. Stiffness of the connective tissue plays a minor
role in the support of the organs in the pelvic floor.

The mean displacement of the pelvic floor muscles is summarised in
Table 7.3 and compared with the data from Chapter 4. Experimental data were
obtained only for H2a, H3a, P2a, P3a, P2b and P3b (see Table 7.3 and Chapter
4). The displacement in all load-cases is in a good agreement with the experi-
mental measurements. In the Hla, H1b, Pla and P1b, the mean displacement
is calculated with respect to the fully relaxed muscle, which lost the tone (ca-
daver geometry). This condition is not determined in experimental data (Chap-
ter 4) and cannot be validated.

7.4.2 CLINICAL QUESTIONS

The main goal of this study is to understand the development of the genital
prolapse and to answer the questions arose from previous studies (e.g. Chapter
4):

Question 1) What is the effect on the width of the levator hiatus if the muscle
is insufficiently activated?

Answer: Revising the results of the simulations, we can directly compare
the load-cases Hla vs. Pla, H2a vs. P2a and H3a vs. P3a, where the muscle is
activated either as a healthy or patient (decreased muscle activation, and/or
muscle atrophy). The width of the levator hiatus in P1a, P2a and P3a is always
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larger than in comparable condition Hla, H2a and H3a. The opening and clos-
ing of the levator hiatus depends primarily on the activation of the muscle and
the pressure loading the pelvic floor. When the activation is decreasing, the
width of the levator hiatus is increasing and vice versa. In max IAP condition
if the pressure is increasing (e.g. during coughing, sneezing) the width of the
levator hiatus is increasing as well. The behaviour of the levator hiatus (open-
ing and closing) depends particularly on the anterior part of the levator ani
muscle. The muscle is the only active component in the pelvic floor. There-
fore, the muscle activation, particularly in the anterior part of the levator ani
muscle plays obviously a crucial role in the support of the organs in the pelvic
floor. Any lack of the organ support can lead to the development of pelvic
floor diseases particularly to the genital prolapse. This leads to the conclusion,
that decreasing muscle activation leads to the increasing width of the levator
hiatus, which is associated with genital prolapse.

Question 2) What is the effect on width of the levator hiatus if the connective
tissue in the levator hiatus is more compliant than normal?

Answer: To answer this question, the results of following simulations are
discussed: Hla vs. H1b, H2a vs. H2b, H3a vs. H3b, Pla vs. P1b, P2a vs. P2b
and P3a vs. P3b. The results show no significant difference in the width of the
levator hiatus associated to the quality of the connective tissue (stiff vs. com-
pliant tissue). Therefore, the stiffness of the connective tissue has a minor ef-
fect on the width of the levator hiatus. It only has a small influence on the
displacement of the connective tissue of the levator hiatus. It also slightly af-
fects the displacement of the pelvic floor muscle. The IAP loading the pelvic
floor and the weight of the internal organs play a role in this case. Stiffness of
the connective tissue plays a minor role in the support of the organs in the pel-
vic floor. It can be concluded, that the quality of the connective tissue of the
levator hiatus has not a significant effect on the width of hiatus, which is asso-
ciated with genital prolapse.

And finally clinical questions arise:
Question 3) Is muscle training effective if there is a problem in connective tis-

sue of the levator hiatus?

Answer: In Question 2 it was concluded, that the quality of the connective
tissue of the levator hiatus has not a significant effect on the width of hiatus,
therefore has not a significant effect on the development of genital prolapse. If
there is a problem in connective tissue of the levator hiatus, only the muscle
provides the support of the pelvic floor organs. The muscle training can im-
prove the condition of the muscle tissue. It can be concluded, that the muscle
training is efficient since the muscle plays a crucial role in pelvic organ sup-
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port. This conclusion is based on the results from following load-cases: H1b
vs. P1b, H2b vs. P2b, and H3b vs. P3b.

Question 4) On what spot in the diaphragma pelvis the surgeon has to focus
on during reconstructive surgery if:

a)The muscle activation is insufficient (the muscle is not able to generate
enough force) and the connective tissue has a normal compliancy;

b) The muscle activation is normal (muscle is able to generate enough
force) but the connective tissue of the levator hiatus is more compliant?

Answer 4a: Revising the results of load-cases P1a, P2a and P3a, where the
muscle activation is lower than in healthy subjects (H1a, H2a and H3a) and the
strong connective tissue is utilised, we can state, that the decreased muscle ac-
tivation leads to the increasing width of the levator hiatus, which is associated
with the development of genital prolapse. Muscle activation is a major factor
responsible for the enlargement of the levator hiatus. Therefore, the surgeon
has to focus on the levator hiatus width, which should be reduced in order to
minimize the development of the genital prolapse. If the muscle cannot main-
tain the pelvic organ support, the surgical intervention is necessary. The or-
gans inside the pelvic floor should be kept in place by use of a surgical
procedure. The way to resolve this problem is a use of the mesh prosthesis,
which can improve the support of the pelvic floor organs. Recent prostheses
used for genital prolapse repair are very stiff and provide very poor results,
since the whole pelvic floor is a dynamic system. Design of new biomaterial
prostheses for surgical repair of the genital prolapse can be based on predic-
tions of the FE model. The shape, design and proper placing in the pelvic floor
should be optimised using the computer model.

Answer 4b: Revising the results of load-cases H1b, H2b and H3b, where
the muscle activation is normal (corresponding to activation recorded in
healthy subjects) but the compliant connective tissue of the levator hiatus is
utilised, we can state, that the quality of the connective tissue of the levator hi-
atus has not a significant effect on the width of hiatus, therefore has not a sig-
nificant effect on the development of genital prolapse. The surgeon has to
focus on the levator ani muscle, in order to improve the muscle function. The
muscle is responsible for support of the pelvic floor organs. A good quality of
the muscle minimizes dispositions to the development of the genital prolapse.
The muscle training can improve the quality and function of the muscle tissue.
In the future, the effect of training should be evaluated as a part of the devel-
opment of an optimal handling of patients with pelvic floor complaints and
diseases.
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7.5 CONCLUSION

Decreasing muscle activation leads to the increasing width of the levator hia-
tus, which is associated with the development of genital prolapse.

The compliance of the connective tissue of the levator hiatus has not a sig-
nificant effect on the width of hiatus, therefore has not a significant effect on
the development of genital prolapse.

The muscle strengthening is efficient since the muscle plays a crucial role
in pelvic organ support.

Muscle activation is a major factor responsible for the enlargement of the
levator hiatus. Therefore, the surgeon has to focus on the levator hiatus width,
which should be reduced by use of mesh prosthesis in order to minimize the
development of the genital prolapse. Design of a new biomaterial mesh pros-
theses for surgical repair of the genital prolapse can be based on predictions of
the FE model.

A good quality of the muscle minimizes dispositions to the development of
the genital prolapse even if there is a problem related to the compliant connec-
tive tissue of levator hiatus. The muscle training can improve the quality and
function of the muscle tissue.
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8.1 GOAL AND THE APPROACH OF THE THESIS

The presented study was motivated by the two main goals described in the first
chapter. The first research goal of the thesis was to understand the complex bi-
omechanical behaviour of the pelvic floor muscles. The second goal was to
study the mechanism of the pelvic organ prolapse (genital prolapse). In the
previous chapters separate elements contributing to these goals were discussed
and separate conclusions were presented. In this General discussion and final
conclusions chapter, the two main goals will be discussed with respect to the
validity of the mathematical model based on the finite-element (FE) theory
used for studying the biomechanical behaviour of the pelvic floor, the mecha-
nism of the pelvic organ prolapse, the fundamental principle of the behaviour
of the pelvic floor muscles and the validity of the experimental data.

The FE model is presented in Chapters 6 and 7. The experimental data con-
cerning the pelvic floor morphology (Chapter 2), muscle properties (Chapter
3) and loading data (Chapters 4 and 5) are necessary as well as boundary con-
dition as an input for FE analysis (Chapters 6 and 7). The displacement and the
forces in diaphragma pelvis are calculated in Chapters 6 and 7. By means of
this model, the biomechanical behaviour of the pelvic floor, the understanding
of the development of the genital prolapse and the fundamental clinical ques-
tions, which arose from previous studies, are discussed.

The model is able to simulate several pathological conditions such as
changes in loading, activation of the levator ani muscle and the development
of the pelvic organ prolapse. Results of the analyses were validated using from
magnetic resonance imaging (MRI) and electromyography (EMG) data ob-
tained from experimental measurements performed on healthy volunteers as
well as on patients (Chapters 4 and 5). The strength of the FE model is the po-
tential to predict the effect of surgical interventions and give insight into the
function of pelvic floor muscles.

8.2 FINAL INSPECTION OF THE GOALS

The pelvic floor in humans is a very complex muscular structure. It is largely
responsible for supporting both pelvic and abdominal organs and acts syner-
gistically with the striated muscle of the anterior abdominal wall to generate
the intra-abdominal pressure (IAP). It is hypothesized that if the levator ani is
pathologically weakened or temporarily inactivated, or the connective tissue
of the pelvic floor is not able to maintain support of the organs, a genital pro-
lapse can occur. Genital prolapse is a major cause of morbidity in women.
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Although the major attention is on the pelvic floor compartment and the pelvic
floor pathology, the behaviour of the diaphragma pelvis was not yet under-
stood. The major problem is the complexity of the pelvic floor caused by the
complex 3D shape of the pelvic floor, the relation between active muscle tis-
sue and connective tissue, the complex loading by the IAP and organs acting
perpendicularly to the muscle fibres etc. It was expected that the pelvic floor
muscles have a fundamental influence in disorders like genital prolapse.

The main loading of the pelvic floor muscles is due to AP and the weight
of the internal organs. Muscles in joint systems (e.g. in the upper or lower ex-
tremities) are activated to exert forces at the bones in line with their muscle
line of action. In contrast, the pelvic floor muscles are loaded perpendicular to
the muscle line of action by the IAP. A simple representation of the muscle ac-
tion by a (one-dimensional) muscle line of action is not appropriate, but a more
sophisticated approach using a FE model of the muscle is necessary. In a FE
model the relationship between the loading and muscle forces in three dimen-
sions can be represented. The model is able to predict the position of the pelvic
floor depending on the load (e.g. IAP) and activation of the muscles and to an-
swer clinical questions resulting from previous studies during the research
work on this study.

The model is able to give us the insight to the fundamental behaviour of the
diaphragma pelvis (pelvic floor muscles and connective tissue). The factors
(compliant muscle and connective tissue) contributing to the development of
the genital prolapse were described in Chapter 7, based on the simulations of
the several load-cases arose from observation from the experimental measure-
ments performed on healthy volunteers and patients. The results from FE sim-
ulations were validated using the MRI and EMG data of healthy subjects
obtained during three conditions (rest, max IAP and max activation (ACT) of
the pelvic floor muscles) described in Chapters 4 and 5.

During the development of the computer model, several lacks of the neces-
sary model parameters came out. Particularly, the complete geometry of the
pelvic floor was not exactly determined (i.e. direction of the muscle fibres,
muscle fibre length etc.), the material parameters of the muscle (foremost pas-
sive as well as active material properties) were unknown. The loading of the
diaphragma pelvis during several specified conditions (i.e. rest, performing
maximal IAP and performing maximal activation) in both supine and erect po-
sition and the effect of loading of the pelvic floor by the weight of the internal
organs were unknown, or not exactly determined. The loading of the diaphrag-
ma pelvis is used as an input for the model. The displacement and stress dis-
tribution of the pelvic diaphragma is the output of the model. Determining all
these parameters are described in the particular studies (Chapters 2 to 5).
These were mostly designed to uncover missing data and knowledge with the
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main focus on the input and validation of the FE model. However, they sepa-
rately describe, with their limitations, the particular topic as mentioned above.

The main conclusions are separately described in every single chapter and
summarised in Section 8.3 on page 154. The limitations are discussed in Sec-
tion 8.4 on page 158 and the future directions are discussed in Section 8.5 on
page 165.

8.3 CONCLUSIONS

Discussing the results of this thesis it is concluded, that:
*Decreasing muscle activation leads to the increasing width of the levator
hiatus, which is associated with the development of genital prolapse.

*The compliance of the connective tissue of the levator hiatus has not a
significant effect on the width of hiatus, therefore has not a significant
effect on the development of genital prolapse.

*The muscle strengthening is efficient since the muscle plays a crucial role
in pelvic organ support.

*Muscle activation is a major factor responsible for the enlargement of the
levator hiatus. Therefore, the surgeon has to focus on the levator hiatus
width, which should be reduced by use of mesh prosthesis in order to
minimize the development of genital prolapse. Design of a new biomate-
rial mesh prostheses for surgical repair of the genital prolapse can be
based on predictions of the FE model.

*A good quality of the muscle minimizes dispositions to the development
of genital prolapse even if there is a problem related to the compliant
connective tissue of levator hiatus. The muscle training can improve the
quality and function of the muscle tissue.

*Increased muscle activation resulted in an upward motion (dome shape)
of the pelvic floor. Increased IAP (e.g. due to simultaneous activation of
the abdominal and pelvic floor muscles) resulted in a downward motion
of the pelvic floor (basin shape).

*The results of the FE simulations are in a good agreement with the exper-
imental measurements for healthy subjects as well as for patients.

*The muscle tissue as the only active component in the pelvic floor plays a
major role in the support of the organs in the pelvic floor.
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*The model can be used for further studying of the function of the pelvic
floor and for understanding the substance of disease such as genital pro-
lapse.

8.3.1 CONCLUSIONS: GOAL BY GOAL

The goal of Chapter 2 ("Measuring morphological parameters of the pelvic
floor for FE modelling purposes") was to obtain a complete data set needed for
studying the complex biomechanical behaviour of the pelvic floor muscles us-
ing a computer model based on the FE theory.

It is concluded, that:

*The produced data set is not only important for biomechanical modelling
of the pelvic floor muscles and to investigate the effectiveness of the
reconstructive surgery, but it also describes the geometry of muscle fibres
that is useful for functional analysis of the pelvic floor in general.

*In the cadaver study data were obtained about the muscle fiber direction
and optimal fiber length. These data are indispensable for developing a
FE model, but can not be obtained in an MRI study.

*By the use of many reference landmarks (e.g. spina iliaca anterior supe-
rior, symphysis pubica, promontorium, os coccygeus etc.) all these mor-
phological data concerning fibre directions and optimal fibre length can
be morphed onto the geometrical data based on segmentation from MRI
scans.

The goal of Chapter 3 (" A constitutive model for the passive elastic behaviour
of human pelvic floor muscles") was to derive passive material parameters of
the pelvic floor muscles.
It is concluded, that:
*The produced data set describes the passive elastic material properties of
the pelvic diaphragm. The constitutive model based on these data is nec-
essary for building a mathematical model based on FE theory.

*Material properties of the muscle in the fibre direction are greatly
affected by rigor mortis. Therefore, passive muscle properties can only be
determined in transverse direction. The passive material properties in the
muscle fibre direction can be derived from transverse direction data.
Active muscle properties must be derived using a muscle model relating
activation and muscle length.

*The presented elastic constants in a Mooney-Rivlin Third Order Defor-
mation Model, describing the non-linear passive elastic behaviour of the
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pelvic floor muscles, represent a good fit of the experimental data. A bi-
axial material model is necessary for a thin layer like the pelvic floor.

The goal of Chapter 4 ("Pelvic floor muscle displacement in relation to the
level of the intra-abdominal pressure and muscle activation) was to analyse the
behaviour of the pelvic floor in patients and healthy volunteers.

It is concluded. that:

*The presented results demonstrate: 1) significantly lower muscle activa-
tion (EMG activity) in the patient group; 2) no difference in the mean dis-
placement in relation to the level of IAP; 3) No significant difference was
found in the level of the IAP between both groups. 4) Larger width W of
the levator hiatus in group of patients with cystocele but no difference in
the depth D of the levator hiatus.

*The level of IAP is also determined by the abdominal muscles, and is
equal for patients and healthy subjects. The increased width of the levator
hiatus might be the result of the reduced muscle activation, or of more
compliant connective tissue.

*Performing MRI scanning in the rest and during holding the maximal
level of the IAP provides the best information about the position and the
displacement of the pelvic floor muscles. The combination of EMG, IAP
and the width W of levator hiatus in these two conditions can be used for
diagnostic purposes.

The goal of Chapter 5 ("Loading effect of the weight of the internal organs on
the pelvic floor in erect and supine positions") was to investigate the effect of
the loading of the pelvic floor due to the weight of the internal organs in the
erect and supine positions.
It is concluded. that:
*A highly significant effect in the position of the diaphragma pelvis was
found between the erect and supine position. It is obviously caused due to
the weight of internal organs.

*Present clinical MRI evaluation of the pelvic floor muscles performed on
patients in the supine position cannot provide the correct information
about the functional behaviour of the pelvic floor, since it is not loaded.

*Performing MRI scanning in supine position during holding the maximal
level of the IAP provides diagnostic information about the position and
the displacement of the pelvic floor muscles.
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The goal of Chapter 6 ("A finite element model of human pelvic floor mus-
cles") was to understand the biomechanical behaviour of the pelvic floor mus-
cles.

It is concluded that:

*The relation between input variables: loading (by IAP etc.) and muscle
activation and output variables: displacement of the pelvic floor muscles
was iteratively determined by FE model. This relation describes the bio-
mechanical behaviour of the pelvic floor.

*The results of the FE simulations (Width of the levator hiatus and dis-
placement of the muscle) are in good agreement with experimentally
determined values on healthy subjects in parenthesis: Width [mm] in rest:
39.4 (34 + 3.6), max IAP: 47.6 (47 = 7.5) and max ACT: 42.4 (41.9 =
6.1); the displacement [mm] in rest: 3.28 (not determined), max IAP: 2.8
(3.2 +£0.4) and max ACT: 2.32 (2.8 £ 0.5).

*The model can be used for further studying of the function of the pelvic
floor and for understanding the substance of disease such as genital pro-
lapse.

The goal of Chapter 7 ("Biomechanical analysis of the pelvic floor muscula-
ture") was to understand the development of the genital prolapse and to answer
the questions resulting from previous studies.
It is concluded that:
*Decreasing muscle activation leads to the increasing width of the levator
hiatus, which is associated with the development of genital prolapse.

*The compliance of the connective tissue of the levator hiatus has not a
significant effect on the width of hiatus, therefore has not a significant
effect on the development of genital prolapse.

*The muscle strengthening is efficient since the muscle plays a crucial role
in pelvic organ support.

*Muscle activation is a major factor responsible for the enlargement of the
levator hiatus. Therefore, the surgeon has to focus on the levator hiatus
width, which should be reduced by use of mesh prosthesis in order to
minimize the development of the genital prolapse. Design of a new bio-
material mesh prostheses for surgical repair of the genital prolapse can be
based on predictions of the FE model.

*A good quality of the muscle minimizes dispositions to the development
of the genital prolapse even if there is a problem related to the compliant
connective tissue of levator hiatus. The muscle training can improve the
quality and function of the muscle tissue.
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8.4 LIMITATIONS

8.4.1 PELVIC FLOOR MORPHOLOGY

When a FE model is developed for a living patient or healthy subject, the only
way to obtain morphological parameters is using MRI scans. However, impor-
tant parameters like the optimum muscle length and fibre orientation cannot
be obtained from MRI scans, and must be imported from a cadaver study.
Therefore, it is important to enable a link between the present cadaver study
and MRI studies. The bony landmarks enable the construction of a local co-
ordinate system of the pelvis. MRI data were described with respect to this lo-
cal co-ordinate system, as well as the geometrical and muscle data in this ca-
daver study. The similarity between the data sets was good.

In this thesis, the measurements were performed on only one cadaver spec-
imen, which is relevant for purposes of FE modelling. A previous anatomical
study (De Blok, 1982) showed that there is no significant inter-individual and
intra-individual difference in pelvic floor morphology. However, additional
cadaver studies focusing on pelvic floor morphology and also material prop-
erties are needed to demonstrate if the present data set is sufficient for a 'ge-
neric' model. Otherwise, new data acquisition methods must be developed to
obtain e.g. optimum length and fibre orientation in vivo, in order to build pa-
tient-specific models.

The experimental measurement of the pelvic floor structures was per-
formed in a specimen fixed by injection embalming. These specimens are
known to exhibit distorted spatial relationships (Richter, 1966) and these top-
ographic relationships do not correspond to the data available from living
women. After embalming, the m. levator ani, as well as the sphincter muscles
(e.g. m. sphincter ani externus and m. sphincter ani internus) lose their tone
(Figure 8.1A and B). All internal organs and structures move downwards, be-
cause they lack support by the pelvic diaphragma. In the biomechanical model
based on the FE theory, the muscle position can be reconstructed by imposing
the appropriate muscle tone.

The real geometry and architecture of the most muscles and connective tis-
sues are highly complex. However, the muscles studied in this thesis were
modelled only as flat shells with constant thickness. This represents a simpli-
fication of the real situation as the model in its present form make only limited
use of the third dimension, despite the use of 3D elements. More realistic 3D
geometry of the pelvic floor muscles is needed in order to improve the rele-
vance of modelling the muscle function in vivo. Nevertheless, the results of
the present FE model are in a good qualitative agreement with the experimen-
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tal measurements suggesting that the principles of muscle modelling were tak-
en into account adequately.

Cadaver Living subject )

4’6

FIGURE 8.1: The 3D reconstruction of the pelvic bone (PB) and m. levator ani
complex using experimental data from the MRI, for a cadaver (A and
B) and the rest position of a healthy subject (C and D). It can be seen
that in the cadaver geometry the loss of muscle tone results in a basin
shape, whereas in the subject even a slight muscle tone results in a
dome shape in the rest position. The cadaver geometry - basin shape
(specimen from Chapter 2) on the left side: A - frontal view, B - top
view. The living subject - the dome shape (subject No.: 1 from Chapter
4) on the right side. C - frontal view, D - top view.

8.4.2 MATERIAL PROPERTIES OF THE MUSCLE

Continuum models based on FE theory are applied to study the mechanical be-
haviour and function of skeletal muscle. Biomechanical analysis of soft tissue
requires quantification of their 3D material properties, i.e. stress-strain behav-
iour. This necessitates accurate determination of stresses and strains under
multiaxial loading, since uniaxial data do not uniquely characterize 3D prop-
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erties. However, multiaxial stress-strain data do not exist for the muscle tissue.
The reasons for this include the complex geometry and composite nature of
such tissue.

Our study was performed on three fresh cadaver specimens. This material
is very difficult to obtain. The goal of this study was not to describe population
specific properties of the pelvic floor muscle but to get a first estimate of the
parameter values and the feasibility of the material model. Therefore, we con-
sidered, that for developing a constitutive model of these muscles three spec-
imens should be sufficient. In the future work, more specimens should be
tested and the inter-individual comparison will also be provided. The other
limitation relates to the tissue testing itself. The specimens should be very
fresh in order to minimize the effect of the rigor-mortis process, which can af-
fect the mechanical properties (Chapter 3). The tissue testing should be per-
formed at the body temperature rather than at the room temperature as
performed in this thesis. For such testing, a more sophisticated laboratory
equipment and set-up is needed than was at our disposal during the measure-
ments. Avoiding all these limitations can lead to a more accurate data set. In
addition, a large amount of specimens could describe population specific prop-
erties, which was not the goal of present thesis.

In this thesis, the Mooney-Rivlin Third Order Deformation (TOD) consti-
tutive model was used for modelling the passive material parameters of the
muscle and connective tissue. The benefit of such model is the ability to de-
scribe passive non-linear elastic material properties of the soft tissue. The dis-
advantage is its natural incompressibility and isotropy. The limitation due to
isotropy was solved using a composite material with one orthotropic active
muscle layer incorporated into two passive isotropic layers representing pas-
sive muscle properties (Chapter 6).

8.4.3 LLOADING OF THE PELVIC FLOOR

The main loading of the pelvic floor muscles is by the IAP and the weight of
the internal organs (Chapters 4 and 5). In Chapter 5 it was concluded that the
mean displacement of the pelvic floor is in relation with the IAP, which
presents about two thirds of the loading, and with the weight of organs, which
presents about one third of the load to the pelvic floor in erect position during
maximal IAP. Only two thirds of the measured [AP is loading the pelvic floor
in supine position, since the weight of the organs is not loading the pelvic
floor. Unfortunately, the IAP could not be determined during these measure-
ments, since we had no access to an optical catheter pressure sensor, which can
be used within the MRI scanner and can quantitatively approve this conclu-
sion.
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The IAP was measured inside the rectum. If the intestine wall between abdo-
men and rectum is not tensed, the pressure in the rectum is equal to the IAP.
The sensor was inserted well beyond the anal sphincters.

Muscles in joint systems (e.g. in the upper or lower extremities) are activat-
ed to exert forces at the bones in line with their muscle line of action. In con-
trast, the pelvic floor muscles are loaded perpendicular to the muscle line of
action by the IAP. Therefore, IAP was modelled as a hydrostatical pressure
loading the muscle elements perpendicular to the fibre direction. During the
experimental measurements, the IAP was determined using an intra-rectal
catheter placed in the rectum (approximately 4 cm). Before insertion, the pres-
sure was set to zero, in order to calibrate the level of the IAP in relation to the
atmospheric pressure. During rest, an AP of 2.9 + 1.3 kPa was recorded by
the sensor. Since there was no muscle activity, the recorded IAP is presumably
due to the internal organs pressing on the sensor in the rectum. However, in
the supine position the organs are not loading the pelvic floor, which can be
seen on MRI by the dome shape of the pelvic floor. Hence, it was concluded
that in all supine IAP measurements, the weight of the organs should be sub-
tracted from the recorded IAP, in order to derive the correct loading of the pel-
vic floor musculature.

In the experiments we could not record IAP and EMG in the MRI machine.
Therefore we were limited to three experimental conditions, which we as-
sumed to be repeatable inside and outside the MRI: Rest, maximal IAP and
maximal activation without the IAP (by releasing the abdominal muscles). In
the max IAP condition, one third of the load was estimated to be from the
weight of the internal organs. In real-life supine conditions, the weight of the
organs is likely to be the main loading source. However, extreme conditions
like coughing were demonstrated to result in maximal IAP (Chapter 4).

8.4.4 EMG MEASUREMENTS

A two-channel perineal surface EMG was measured using a modular urody-
namics system. The dual electrodes composed of two circular electrodes
placed on one supporting fabric strip were used. These electrodes were placed
lengthwise in ventral-dorsal direction approximately 1 cm anterior to the anus.
Electrodes are placed on both left and right side of the perineum. The limita-
tion of this type of measurements is a relatively large distance between the
electrode and the muscle tissue. This space is usually filled with skin, subcu-
taneous fat and other connective tissues, which can vary between subject and
cannot be exactly determined. It may affect the EMG measurements.

Since the space for placing electrodes is very limited, the local description
of the activation of a particular muscle parts is impossible. The only way to
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solve this problem is a usage of needle electrodes. However, the placing of
such electrodes into the muscle (thickness of about 3 mm) is very difficult and
must be evaluated for example by ultrasound. Finally, the usage of needles
during the experiment is an invasive method, which is not favourable for sub-
jects (volunteers).

Surface EMG was found to be one of the best ways to measure activity of
the levator ani muscle (Voorham-van der Zalm et al., 2004). The use of vaginal
or rectal electrodes is not accurate enough since these electrodes measure
sphincter activity and the activity of structures other than the levator ani mus-
cle (Voorham-van der Zalm et al., 2004). The EMG data in microvolts were
used for further analysis, since it is not possible to normalise the EMG signal
e.g. with respect to maximal EMG and maximal force within this study. No
proper maximal EMG could be obtained as reference, and there is not any ab-
solute reference in the muscle strength. Max level of IAP cannot be used to de-
termine the muscle activity and force.

8.4.5 MRI MEASUREMENTS

Several T1 and T2-weighted gradient-echo or fast spin-echo MRI sequences
were performed in order to obtain the position of the pelvic floor muscles. The
measurements were performed using various MRI scanners with magnetic
field strength from 0.7 up to 1.5T. The special FONAR the Indomitable Stand-
Up™ MRI scanner at the Positional MRI Centre, Woodend Hospital, Aber-
deen, Scotland was used for scanning in both erect and supine position of the
subject. The major limitation of the MRI measurements is a poor resolution
(time factor) of the scans, especially during fast MRI sessions, when the ses-
sion time is limited. In these sessions, only about seven slices were recorded
within the time of 20s, which is insufficient for reconstruction of the local co-
ordinate system.

Coronal slices are chosen since all muscle parts of the pelvic floor dia-
phragma are easily recognizable in this section, which is necessary for seg-
mentation of the muscles. Pelvic floor organs are much better recognizable in
sagittal sections, but these slices cannot be used for muscle segmentation. Vis-
ualizing the pelvic floor organs can more accurately indicate the severity of the
prolapse. Obtaining both coronal and sagittal sections during one session will
be beneficial for exact reconstruction of the pelvic floor and the organs.

3D reconstruction based on semi-automated gradient-oriented single line
segmentation of the MRI scans was performed. Segmentation of a thin layer
muscle tissue such as m. levator ani and m. coccygeus is very difficult and no
automatic segmentation tool is available. An inner surface border of muscle is
chosen since the diaphragma pelvis is a flat structure and the inner surface of
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the muscle is quite well recognisable. Certain level of skill is needed for seg-
menting such tissue.

Each subject was carefully instructed on how to perform all the experimen-
tal conditions. The subjects practised these conditions prior the measurements.
However, the performance of these conditions cannot be measured, since only
the position of the pelvic floor muscle was determined and not muscle activa-
tion and IAP. The only way to evaluate these effects is to measure the EMG
activity of the muscle and IAP simultaneously with the MRI (Chapter 4).
However, we were not able to measure EMG within an MRI scanner because
of the strong magnetic field affecting all electronic and metallic devices. IAP
can be accurately measured using optical pressure sensors connected by opti-
cal cables with the measuring device, which must be positioned outside the
MRI scanner. Unfortunately, we did not have such a device during this exper-
1ment.

8.4.6 FINITE ELEMENT MODELLING

In order to understand a complex system, it is often useful to extract most of
its essential features and use them to create a simplified representation like a
model of the system. Simplifications have to be made in accordance with the
goal of the modelling and the related limitations should be accounted for while
interpreting the results. Such a model allows one to observe more closely the
behaviour of the system and to make predictions regarding its performance un-
der altered input conditions and different system parameters. Modelling is
widely used in biomechanics (Prendergast, 1997). The attractiveness of mod-
elling is that many research questions can be tested (heuristic purpose of a
model) and the number of human experimental subjects can be limited. The
great virtue of models is the heuristic purpose, besides predicting specific as-
pects of complex function. Another big advantage of a model is a freedom of
the researcher to make the model as simple or as complex as his questions re-
quire or as detailed as the outcome require.

The FE modelling of the muscle mechanics has been successfully used (e.g.
Huyghe et al., 1991; Vankan et al., 1998; Gielen, 1998; van der Linden, 1998;
Yucesoy et al., 2002; Oomens et al., 2003). The advantage of the FE approach
is the consideration of the muscle tissue as a continuum that accounts for ma-
terial and geometrical non-linearity and its capability of studying mechanics
of skeletal muscle under various conditions.

The FE model developed in this thesis was designed specifically to study
the fundamental biomechanical behaviour of the pelvic floor muscles. The
quasi-static model consists of the pelvic floor muscles and connective tissue
of the diaphragma pelvis. This simplification is sufficient to satisfy the main
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goals of this study. The other structures such as organs inside the pelvic floor
and connections of these organs to the muscles are not included. The hydro-
static pressure represents the weight of the internal organs and the IAP. The
pelvic region is very complicated structure, where the support of the organs is
maintained in three levels (i.e. hanging apparatus of the uterus etc.) as de-
scribed by DeLancey (1992). The pelvic floor muscle is the only active struc-
ture in this region responsible for supporting the organs. Therefore, if the
muscle is not active, the other structures (mostly passive collagen, connective
and fat tissues) cannot fully support the internal organs and resist to the higher
levels of IAP. For the future studies, however, a more sophisticated model in-
cluding internal organs is necessary. Dynamics effect should be included as
well.

8.4.7 VALIDATION

Validation of any model is one of the most important issues. For this reason,
the experimental measurements were performed in order to gather so far miss-
ing data. The data from these measurements (Chapters 2 to 5) were used for
both input and validation of the FE model. We have determined the EMG ac-
tivity of the muscle, IAP loading the pelvic floor and the displacement of the
muscle using the MRI scanner (Chapter 4 and 5). Since we were not able to
measure EMG and IAP within the MRI scanner the experiment (described in
Chapter 4) was split into two parts. In the first part, the EMG and IAP were
recorded simultaneously. MRI recordings were performed in the second part
in the same conditions. An optical catheter pressure sensor could in the future
record the IAP in the MRI machine, and verify that the IAP is equal in the two
sessions. However, we did not have this device available during our study.
Other limitations result from measuring only three repeatable conditions (rest,
max AP and max ACT see Chapters 4 and 5). The relatively long duration of
these conditions (approximately 20s) can affect the precision of the measure-
ments and quality of image acquisition. This can be solved using an optical
pressure sensor and very fast MRI sequences (high quality MRI scanner with
the high static magnetic field strength).

In the FE model the displacement of the pelvic floor muscles and the width
of the levator hiatus were calculated. These results were validated with the
MRI data obtained from experimental measurements on healthy subjects. The
mean symmetric Hausdorff distance between the surfaces is used for quanti-
fying the difference between all three conditions (rest, max IAP, max ACT)
during MRI measurements. Using the mean distance value can suppress local
effects, however, it is a reproducible method for calculating the difference be-
tween two corresponding surfaces. A relatively high standard deviation for av-
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erage displacement was found in all three conditions. This is presumably
caused due to the inter-individual differences. For diagnostic purposes, rest
and max [AP conditions seem to be the most proper, since they can give us all
necessary information about the position and displacement of the muscle.
Width of the levator hiatus and displacement of the muscle are in a good agree-
ment with experimentally determined values on healthy subjects in parenthe-
sis: Width [mm)] in rest: 39.4 (34 £ 3.6), max IAP: 47.6 (47 = 7.5) and max
ACT: 42.4 (41.9 £ 6.1); the displacement [mm] in rest: 3.28 (not determined),
max [AP: 2.8 (3.2 £0.4) and max ACT: 2.32 (2.8 £0.5).

8.5 FUTURE DIRECTIONS

The main goal of a future project will be to obtain more knowledge concerning
pelvic floor functional behaviour and the mechanisms of diseases in the pelvic
floor in order to improve diagnostic and therapeutic tools and techniques. The
aim is to investigate the dynamic biomechanical behaviour of the pelvic floor
and to develop a new mesh prosthesis for surgical repair of the pelvic organ
prolapse (genital prolapse). Novel surgical and conservative approaches based
on detailed knowledge concerning several dysfunctional diseases of the pelvic
floor will be developed using a computer model based on the FE theory and
dynamic model incorporating muscle dynamics and reflexes.

In this thesis we developed a quasi-static FE model of the pelvic floor mus-
cles based on cadaver measurements. However, the FE model is only a static
model describing the relation between muscle forces and activation, stresses
and strains. No dynamic properties and no control mechanisms are included.

8.5.1 DYNAMIC BIOMECHANICAL MODEL

For modelling the dynamic behaviour of the pelvic floor a more sophisticated
computer model must be developed. Since the pelvic diaphragm is obviously
a dynamic structure, as observed in this thesis using MRI, these dynamic ef-
fects must be described and imported into the computer model. There is no
knowledge about the dynamic behaviour of the pelvic floor so far. Computer
modelling based on accurate experimental data obtained from both cadaver
and living subject studies is a very promising approach.

The pressure difference inside and outside the abdomen will be related to
the force distribution within pelvic floor muscles. The pressure difference is
directly related to the tensile forces and to the curvature in the abdominal and
pelvic wall. The tensile forces will be higher in the muscle fibre direction than
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perpendicular to the fibre direction (transverse direction). If the tensile forces
are higher, the curvature will be smaller. Hence, the largest curvatures in the
pelvic floor (prolapse) will be noticed in the direction in which the smallest
tensile forces are present. This will give an indication of possible weak spots,
and might be noticed already on MRI scans. Tensile force in the fibre direction
can be increased by muscle activation, which will. Tensile forces perpendicu-
lar to the fibre direction or in the connective tissue cannot be changed actively,
and the curvature cannot be influenced. Knowledge of the fibre direction and
accurate MRI measurements of the pelvic floor curvature in patients with a
prolapse might give an indication if the prolapse is caused by muscle weakness
(through insufficient activation or atrophy) or by increased compliance of the
connective tissue.

Changes in IAP and the weight of internal organs e.g. through walking or
running, will result in changes of muscle force, either through intrinsic muscle
properties (muscle visco-elasticity) or through reflexive properties. Reflexes
are the result of a closed-loop feedback system, in which the stretch and force
of the muscle fibres is detected by muscle spindles and Golgi tendon organs,
respectively. This information is fed back to the Central Nervous Systems,
which will increase the muscle activation.

The function of an intact feedback system can only be measured by inject-
ing perturbations into the system, and measure the response inside the system.
At Delft University of Technology, a methodology has been developed to
measure the contribution of intrinsic and reflexive muscle properties, and es-
timate the position, velocity and force feedback gains (Van der Helm et al.,
2002). Thus far, the methodology has been applied to the human arm, wrist
and ankle, and was used to e.g. determine reflex properties in patients with
neurological disorders like Complex Regional Pain Syndrome, Parkinson's
disease and Cerebrovascular Accident (Schouten et al., 2003). External force
pertubations are exerted e.g. to the hand by a robotic manipulator. The hand
force, hand position and EMG are being measured. Using advanced closed-
loop identification algorithms (De Vlugt et al., 2003ab), transfer functions in
the frequency domain from force to position, and from position to EMG can
be determined. From these transfer functions, parameters like the muscle stift-
ness and viscosity, reflex gains (position, velocity and force) and reflex time-
delays can be accurately estimated. The Variance-Accounted-For values of
these models are typical in the order of 90%.

In the future project it should be attempted to apply the same methodology
in order to distinguish the intrinsic and reflexive properties of the pelvic floor
musculature. The subject will requested to maintain a certain IAP, and re-
ceives visual feedback about the magnitude. Force perturbations are imposed
to the abdomen, resulting in pressure fluctuations. Simultaneously, the IAP,
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pelvic floor muscle EMG and the displacement of the pelvic floor (by ultra-
sound) will be recorded. Dynamic transfer functions will be fitted to the meas-
urement data, and parameters determining the intrinsic and reflexive
properties will be estimated.

In the arm experiments it was shown that the reflexes were modulated as a
response to the frequency content of the perturbation (Van der Helm et al.,
2002) or as a response to environmental conditions (change of external mass
and viscosity). To our knowledge, no research group has ever measured the re-
flexes of the pelvic floor musculature in vivo, nor has been looking into the
modulation. It will be a challenge to find experimental conditions in which the
reflexes are modulated. In addition, it will be interesting to investigate the dif-
ferent dynamic and reflexive properties of the striated and smooth muscle fi-
bres present in the pelvic floor musculature.

A new dynamic computer model in combination with the FE model should
be developed. For such model, the basic morphological, material and reflex
(dynamic) properties of the pelvic floor are necessary. The morphological and
passive material data of the pelvic floor were already determined (Janda et al.,
2003). The new experiments will be designed in order to obtain the dynamic
biomechanical behaviour of the pelvic floor muscles. This will be necessary
for improvement of training of the pelvic floor musculature and for develop-
ment of new biomaterial prostheses.

8.5.2 NEW SURGICAL TREATMENTS

Recent prostheses used for genital prolapse repair are very stiff and provide
very poor results, since the whole pelvic floor is dynamic system. Design of
new biomaterial prostheses for surgical repair of the genital prolapse can be
based on predictions of the FE model. The passive uniaxial as well as bi-axial
material properties of the pelvic floor muscle were determined in this thesis.
This data set describes the basis hyperelastic material behaviour of these mus-
cles and will be used as an input for design of the suitable biomaterial used for
mesh prosthesis. The shape, design and proper placing in the pelvic floor will
be optimized using the computer model. The effects of the new surgical mesh
prosthesis on the displacements of the pelvic floor will be developed and test-
ed using the computer model. Ultimately, a new surgical technique might be
developed in order to place such prostheses laparoscopically in order to benefit
from the minimally invasive surgical techniques. The new instruments for
placing such prosthesis need to be designed and tested using cadaver models.

Conservative therapies (e.g. training, bio-feedback training, electrostimu-
lation) are widely used in clinical treatment of the patient with pelvic floor
complaints and disorders. However, the biomechanical effects of these tech-
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niques on pelvic floor have not been measured. The results of these therapies
have not been evaluated since experimental methods and models were lacking.
In the future, the effect of training will be evaluated as a part of the develop-
ment of an optimal handling of patients with pelvic floor complaints and dis-
eases in collaboration with Department of Physiotherapy (LUMC and OLVG
Hospitals). The MRI (positional MRI), IAP measurements and EMG can be
used for evaluation of the pre-operative training effectives. The novel diagnos-
tic schedule should be developed in order to optimal decision of further treat-
ment (for example planning the pelvic floor surgery if necessary).
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FIGURE 2.6: The graphical results output from the Metro tool software (Cignoni, 1998). Surface
distance-to-distance maximum error colour bar on the left side, the graphical
visualisation of the error distribution in the 3D reconstruction of the pelvic floor
muscles based on the palpator measurements on the right side. Mean surface-to-
surface distance square error is 3.9 mm (see also Table 2.3). The maximal error
of 34.9 mm is due to a missing coccygeus muscle part in the 3D reconstruction of
the pelvic floor muscles based on MRI data set.
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FIGURE 5.2: An example of the graphical results output from the MESH tool software (Aspert et
al., 2002). Surface symmetric Hausdorff distance maximum error colour bar on
the left side, the graphical visualisation of the error distribution in the 3D
reconstruction of the pelvic floor muscles based on the single line segmentation of
the MRI data on the right side. In this particular example the surface model of the
whole diaphragma pelvis is compared between the erect and supine positions.
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FIGURE 6.5: Graphical results of the FE analysis of the pelvic floor muscles. The stress in the
muscle fibre direction in MPa is displayed in the left column, displacement in
millimeters in the right column. The ‘active’ stress in the connective tissue is zero
inimage A, C and E, since it is passive tissue. The same scale is used for all three
load-cases. Three particular examples are displayed for three conditions: LC1
(rest): 29% activation, 0.01 kPa load - Images A and B; LC2 (max IAP): 87%
activation, 5.4 kPa load - Images C and D; LC3 (max ACT): 100% activation, 1.3
kPa load - Images E and F).
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FIGURE 6.6: Graphical results of the FE analysis of the pelvic floor muscles. The strain in the
muscle fibre direction is displayed in the left column, strain in the transverse fibre
direction in the right column. The same scale is used for all load-cases. The strain
in the connective tissue is displayed in principal directions (the local co-ordinate
system). Three particular examples are displayed for three conditions: LC1 (rest):
activation 29%, load 0.01 kPa - Images A and B; LC2 (max IAP): activation 87%,
load 5.4 kPa - Images C and D; LC3 (max ACT): activation 100%, load 1.3 kPa -
Images E and F).
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FIGURE 7.2: Healthy subject muscle activation and stiff connective tissue during all three
conditions (see also Table 7.2). Connective tissue I. is used in all displayed
conditions. The stress in the muscle fibre direction in MPa is displayed in the left
column, displacement in millimetres in the right column. Load-cases H1a (Images
A and B), H2a (Images C and D) and H3a (Images E and F) are displayed for
three different levels of the muscle activation (29% - Rest condition, 87% - Max
IAP condition, and 100% - Max ACT condition). The stress in the connective
tissue is zero since it is not an active tissue. The same scale is used for all three
load-cases.
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FIGURE 7.3: Healthy subject muscle activation and a compliant connective tissue during all
three conditions (see also Table 7.2). Connective tissue Il. is used in all displayed
conditions. Graphical results of the FE analysis of the pelvic floor muscles. The
stress in the muscle fibre direction in MPa is displayed in the left column,
displacement in millimetres in the right column. Load-cases H1b (Images A and
B), H2b (Images C and D) and H3b (Images E and F) are displayed for three
different levels of the muscle activation (29% - Rest condition, 87% - Max IAP
condition, and 100% - Max ACT condition). The stress in the connective tissue is
zero since it is not an active tissue. The same scale is used for all three load-
cases.
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FIGURE 7.4: Patient muscle activation and strong connective tissue during all three conditions
(see also Table 7.2). Connective tissue . is used in all displayed conditions. The
stress in the muscle fibre direction in MPa is displayed in the left column,
displacement in millimetres in the right column. Load-cases P1a (Images A and
B), P2a (Images C and D) and P3a (Images E and F) are displayed for three
different levels of the muscle activation (23% - Rest condition, 54% - Max IAP
condition, and 70% - Max ACT condition). The stress in the connective tissue is
zero since it is not an active tissue. The same scale is used for all three load-
cases.
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FIGURE 7.5: Patient muscle activation and compliant connective tissue during all three
conditions (see also Table 7.2). Connective tissue Il. is used in all displayed
conditions. The stress in the muscle fibre direction in MPa is displayed in the left
column, displacement in millimetres in the right column. Load-cases P1b (Images
A and B), P2b (Images C and D) and P3b (Images E and F) are displayed for
three different levels of the muscle activation (23% - Rest condition, 54% - Max
IAP condition, and 70% - Max ACT condition). The stress in the connective tissue
is zero since it is not an active tissue. The same scale is used for all three load-
cases.



Summary

The present thesis was motivated by two main goals. The first research goal of
the thesis was to understand the complex biomechanical behaviour of the pel-
vic floor muscles. The second goal was to study the mechanism of the pelvic
organ prolapse (genital prolapse).

The pelvic floor in humans is a very complex muscular structure. It is large-
ly responsible for supporting both pelvic and abdominal organs, and acts syn-
ergistically with the striated muscle of the anterior abdominal wall to generate
the intra-abdominal pressure (IAP). It is hypothesized that if the levator ani is
pathologically weakened or temporarily inactivated, or the connective tissue
of the pelvic floor is not able to maintain support of the organs, a genital pro-
lapse can occur. Genital prolapse is a major cause of morbidity in women.

Although the pelvic floor compartment and the pelvic floor pathology have
received major attention, the biomechanical mechanisms determining the be-
haviour of the diaphragma pelvis (pelvic floor muscles and connective tissue)
were not yet understood. The major problems are the complexity of the pelvic
floor caused by the complex 3D shape of the pelvic floor, the relation between
active muscle tissue and connective tissue, and the complex loading by the
IAP and organs acting perpendicularly to the muscle fibres. It is expected that
the pelvic floor muscles have a fundamental influence in disorders like genital
prolapse.

The main loading of the pelvic floor muscles is due to AP and the weight
of the internal organs. Muscles in joint systems (e.g. in the upper or lower ex-
tremities) are activated to exert forces at the bones in line with their muscle
line of action. In contrast, the pelvic floor muscles are loaded perpendicular to
the muscle line of action by the IAP. A simple representation of the muscle ac-
tion by a (one-dimensional) muscle line of action is not appropriate, but a more
sophisticated approach using a finite-element (FE) model of the muscle is nec-
essary. In a FE model the relationship between the loading and muscle forces
in three dimensions can be represented. The model is able to predict the posi-
tion of the pelvic floor depending on the load (e.g. IAP) and activation of the
muscles, and to answer clinical questions by simulating possible failure mech-
anisms.

The strength of the FE model is the potential to predict the effect of surgical
interventions and to give us insight into the fundamental behaviour of the dia-
phragma pelvis. The factors (e.g. compliant muscle and connective tissue)
contributing to the development of the genital prolapse are described in Chap-
ter 7, based on the simulations of the several load-cases arising from observa-
tions from the experimental measurements performed on healthy volunteers
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and patients. The results from FE simulations are validated using the magnetic
resonance imaging (MRI) and electromyography (EMG) data of healthy sub-
jects obtained during three conditions (rest, max IAP and max activation
(ACT) of the pelvic floor muscles) described in Chapters 4 and 5.

At the start of the development of the computer model, most of the neces-
sary model parameters were missing. Particularly, the complete geometry of
the pelvic floor was not exactly determined (i.e. direction of the muscle fibres,
optimum muscle fibre length etc.). Also the material parameters of the muscle
(foremost passive as well as active material properties) were unknown. The
loading of the diaphragma pelvis during several specified conditions (i.e. rest,
performing max IAP and performing max ACT) in both supine and erect po-
sition and the effect of loading of the pelvic floor by the weight of the internal
organs were unknown, or not exactly determined. The loading of the diaphrag-
ma pelvis and the muscle activation are used as input variables for the model.
The displacement and stress distribution of the pelvic diaphragma is the output
of the model. Determining all these parameters has been described in the par-
ticular studies (Chapters 2 to 5):

In Chapter 2, the morphology of the pelvic floor is determined. Geometric
parameters, as well as muscle parameters, of the pelvic floor muscles were
measured on an embalmed female cadaver. A 3D geometric data set of the pel-
vic floor, including muscle fibre directions has been obtained using a palpator
device. A 3D surface model based on the experimental data, needed for math-
ematical modelling of the pelvic floor, has been created. For all parts of the di-
aphragma pelvis, the optimal muscle fibre length has been determined by laser
diffraction measurements of the sarcomere length. In addition, other muscle
parameters such as physiological cross-sectional area and total muscle fibre
length were determined. Apart from these measurements we obtained a data
set of the pelvic floor structures based on MRI on the same cadaver specimen.

In Chapter 3, a new constitutive model for the passive elastic behaviour of
human pelvic floor muscles has been developed. Since there was a lack of in-
formation concerning material properties of the pelvic floor muscles, we per-
formed uniaxial and equibiaxial measurements. The data obtained are used to
fit parameters of the Mooney-Rivlin (MR) constitutive model, which assumes
the tissue to be isotropic and incompressible. The constants of the MR consti-
tutive model are obtainable from experimental tests, which should be conduct-
ed with similar deformation modes to those appearing in vivo.

In Chapter 4, the difference in the displacement of the pelvic floor muscles
between 10 patients and 10 healthy volunteers has been presented. The EMG
activity, the displacement, the IAP and the width of the levator hiatus were
measured. In order to obtain the pelvic floor muscles response, the EMG
measurements and the IAP measurements were performed simultaneously.

Biomechanics of the pelvic floor musculature



Displacement was recorded separately using MRI. The study demonstrate: 1)
significantly lower muscle activation (EMG activity) in the patient group; 2)
no difference in the displacement in relation to the level of IAP; 3) larger width
W of the levator hiatus in group of patients with cystocele but no difference in
the depth D of the levator hiatus. No significant difference was found in the
level of the IAP between groups. Performing MRI scanning in rest and during
holding of the maximal level of the IAP provides the best information about
the position and the displacement of the pelvic floor muscles. The combination
of EMG, IAP and the width W of levator hiatus in these two conditions can be
used for diagnostic purposes.

In Chapter 5, the effect of the loading of the pelvic floor by the weight of
the internal organs in the erect and supine positions has been investigated. The
experimental measurements were performed using FONAR, the Indomitable
Stand-Up™ MRI machine. The effect of the loading of the pelvic floor (posi-
tion, displacement and deformation of the diaphragma pelvis) was investigat-
ed in 12 female subjects (healthy volunteers) in the erect and supine positions.
A highly significant effect in the position of the diaphragma pelvis was found
between the erect and supine position. It is obviously caused due to the weight
of internal organs. Present clinical MRI evaluation of the pelvic floor muscles
performed on patients in the supine position cannot provide the correct infor-
mation about the functional behaviour of the pelvic floor, since it is not loaded.
Performing MRI scanning in supine position during holding the maximal level
of the IAP provides diagnostic information about the position and the displace-
ment of the pelvic floor muscles. Loading due to IAP and the weight of inter-
nal organs is related to the displacement and shape of the pelvic floor muscles.

In Chapter 6, the biomechanical behaviour of the pelvic floor muscles has
been analyzed. The approach is to simulate the biomechanical behaviour of the
pelvic floor muscles as a response to the loading by the IAP and muscle acti-
vation. We develop a FE model of the pelvic floor muscles based on cadaver
morphology and a constitutive model for the passive elastic behaviour of hu-
man pelvic floor muscles. Thermal shortening in the muscle fibre direction is
utilised to represent the muscle activation. One active and two passive layers
are used in a multi-layer shell element, representing the active muscle fibres
and passive tissue. This concept allows using an orthotropic active layer incor-
porated in a non-linear passive isotropic matrix formed of passive layers. The
active muscle layer is modelled as an anisotropic material layer with defined
stiffness in the muscle fibre direction. Three general conditions measured in
healthy volunteers (Load-Case (LC) 1 - rest, LC2 maximal contraction of the
pelvic floor muscles, and LC3 - holding the maximal level of IAP) are simu-
lated and validated using the experimental data. The results show that the ther-
mal shortening of the element, simulating a muscle force-length relationship,
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is a simple and effective method for modelling contractile properties of the
muscle tissue. The FE analysis of the pelvic floor muscles results in the mus-
cles' displacements in relation to the level of the IAP and muscle activation,
which are qualitatively and quantitatively in line with the MRI measurements.
The width of the levator hiatus and displacement of the muscle is in a good
agreement with experimentally determined values in parenthesis: Width [mm]
in LC1 39.4 (34 + 3.6), LC2 47.6 (47 £ 7.5) and LC3 42.4 (41.9 £ 6.1); the
displacement [mm] in LC1 3.28 (not determined), LC2 2.8 (3.2 +0.4) and LC3
2.32 (2.8 £ 0.5). It is concluded that the present model describes the muscle
forces and displacements well, validated by experimental results. The FE
model will be used to simulate the pathological behaviour of patients with a
genital prolapse, and to predict the effect of surgical interventions.

Chapter 7 continues the approach from Chapter 6. The FE model is used
to understand the development of the genital prolapse as a result of the biome-
chanical loading of the pelvic floor musculature. Twelve specific load-cases
are analysed using a biomechanical model based on FE theory. These load-
cases describe the effect of the level of the muscle activation and IAP on the
shape and displacement of the pelvic floor. The load-cases could accurately be
described by the FE model and validated using the experimental data. Width
of the levator hiatus and displacement of the muscle are in a good agreement
with experimentally determined values (healthy subject data used for valida-
tion: Hla - rest, H2a - max contraction of the pelvic floor muscles and H3a -
holding the max level of IAP) in parenthesis: Width [mm] in Hla 39.4 (34 +
3.6),H2a 47.6 (47 = 7.5) and H3a 42.4 (41.9 £ 6.1); the displacement [mm] in
Hla 3.28 (not determined), H2a 2.8 (3.2 = 0.4) and H3a 2.32 (2.8 £ 0.5). The
hypothesis was tested that genital prolapse might result from compliant con-
nective tissue; Two types of connective tissue with different stiffness are test-
ed. The results show, that the muscle tissue as the only active component in
the pelvic floor, plays a major role in the support of the organs in the pelvic
floor. When the muscle activation is increasing the upward muscle displace-
ment is increasing as well. The levator hiatus is closing with increasing acti-
vation of the muscle tissues, if the pressure is constant. It leads to the
conclusions, that: 1) Decreasing muscle activation leads to the increasing
width of the levator hiatus, which is associated with the development of genital
prolapse. 2) The compliance of the connective tissue of the levator hiatus does
not have a significant effect on the width of hiatus, therefore, does not have a
significant effect on the development of genital prolapse. 3) The muscle train-
ing is efficient since the muscle plays a crucial role in pelvic organ support. 4)
Muscle activation is a major factor responsible for the enlargement of the le-
vator hiatus. Therefore, the surgeon has to focus on the levator hiatus width,
which should be reduced by use of mesh prosthesis in order to minimize the
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development of the genital prolapse. Design of a new biomaterial mesh pros-
theses for surgical repair of the genital prolapse can be based on predictions of
the FE model.

Finally, Chapter 8 discusses results presented in this thesis, and conclu-
sions are drawn. The two main goals are discussed with respect to the validity
of the mathematical model based on the FE theory used for studying the bio-
mechanical behaviour of the pelvic floor, the mechanism of the pelvic organ
prolapse, the fundamental principle of the behaviour of the pelvic floor mus-
cles and the validity of the experimental data.

This thesis concluded, that:
*Decreasing muscle activation leads to the increasing width of the levator hia-
tus, which is associated with the development of genital prolapse.

*The compliance of the connective tissue of the levator hiatus has not a sig-
nificant effect on the width of hiatus, therefore, has not a significant effect
on the development of genital prolapse.

*A good quality of the muscle minimizes dispositions to the development of
genital prolapse, even if there is a problem related to the compliant connec-
tive tissue of levator hiatus. The muscle training can improve the quality and
function of the muscle tissue.

*Muscle activation is a major factor responsible for the enlargement of the
levator hiatus. Therefore, the surgeon should to focus on the levator hiatus
width, which should be reduced by use of mesh prosthesis in order to mini-
mize the development of genital prolapse. Design of a new biomaterial mesh
prostheses for surgical repair of the genital prolapse can be based on predic-
tions of the FE model.

*Increased muscle activation resulted in an upward motion (dome shape) of
the pelvic floor. Increased IAP (e.g. due to simultaneous activation of the
abdominal and pelvic floor muscles) resulted in a downward motion of the
pelvic floor (basin shape).

*The results of the FE simulations are in a good agreement with the experi-
mental measurements for healthy subjects as well as for patients.

*The muscle tissue as the only active component in the pelvic floor plays a
major role in the support of the organs in the pelvic floor.

*The model can be used for further studying of the function of the pelvic floor
and for understanding the substance of disease such as genital prolapse.
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