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Abstract
It is assumed changes occur to the biomechanics and viscoelastic responses of the pelvic floor muscles
during pregnancy, however there is limited evidence of this. The primary goal of this thesis was to
investigate the muscle properties of the pelvic floor muscles during pre-pregnancy, at two time points
during pregnancy, and in the early post-partum period. As both instrumentation and clinical palpation
measures were used at each stage of the study, a novel device was developed to quantify the
subjective muscle stiffness measurements that are typically used in clinical practice. A further
exploratory study was undertaken to confirm the positioning of the elastometer in vivo using magnetic
resonance imaging. The findings from these studies demonstrated that temporal changes do occur
during pregnancy, and in the first six months post-partum. Active force was significantly reduced from
second trimester through to the post-partum period, while levator ani muscle stiffness was reduced
only in those who had vaginal deliveries. This was supported by the ultrasound findings of increased
levator hiatal area, and the associated increased symptoms of pelvic organ prolapse post-partum in
women who gave birth vaginally. The elastometer was confirmed to be positioned correctly against the
levator ani muscle, lending credence to the biomechanical measurements accurately. Quantification of
clinical palpation for muscle stiffness showed poor consistency in the use of a seven-point palpation
scale for subjective muscle stiffness, with a low probability of the clinician assigning the same stiffness
values to the same scale category. In conclusion, the studies in this thesis contribute novel findings
regarding the temporal changes to the biomechanical muscle properties of the pelvic floor, as well as
challenging the current practice of physiotherapists’ use of digital palpation to assess muscle stiffness.
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Chapter One: Introduction

1. Chapter One: Introduction
1.1

Motivation

During pregnancy, a woman experiences significant physical changes as the placenta implants and
the fetus matures. Hormonal variations and physiological adjustments require her body to undergo
anatomical modifications in a systematic manner in order to enable fetal growth and to prepare her
body for the delivery of a baby. While some of these changes are well documented, such as
increased blood volume and postural adjustments [1], changes to the muscle properties of the pelvic
floor muscles (PFM) have not been as well researched. It is assumed that there is reduced muscle
stiffness of the levator ani muscle (LAM) immediately prior to delivery in order to facilitate fetal
descent in the vaginal canal. However, there is limited research on changes to muscle stiffness, or
muscle force, during pregnancy, and on any relationship it may have on delivery mode, or symptoms
of pelvic floor dysfunction.

The challenges of vaginal deliveries and their relationship to pelvic floor trauma and pelvic floor
dysfunction such as incontinence, pelvic organ prolapse and sexual dysfunction are well documented
[2-4]. However, there is less evidence on how to avoid pelvic floor damage during vaginal delivery,
and any possible relationship between damage sustained, and the muscle properties of the pelvic
floor. As a significant number of women experience pelvic floor dysfunction post-partum [5, 6], it is
essential to research any factor that may have an impact on vaginal delivery. The consequences of
PFM damage can lead to mental and physical dysfunction, have significant economic costs to
affected women and society, and can lower their ability to take part in activities of daily living, both in
the working environment and in their home life [7].
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1.2

Overview of the thesis

The primary goal of this thesis was to investigate the muscle properties of the PFM during prepregnancy, at two time points during pregnancy (18 to 24 weeks; 35 to 38 weeks), and at 13 to 28
weeks post-partum. Both instrumentation (objective measurements) and clinical palpation (subjective
measurements) were taken at each time point. Digital palpation measurements of muscle stiffness
were used in this research, reflecting clinical practices typically used for diagnosis, and this project
had a further goal: quantifying these subjective measurements in order to assess their consistency of
use.

The specific objectives were:
1) To quantify muscle stiffness measurements acquired via palpation using a novel “palpation
instrument” designed specifically for this purpose
2) To confirm the placement of a novel instrument, the elastometer, designed to measure
muscle stiffness and force in vivo, against the levator ani muscle of the pelvic floor using
magnetic resonance imaging
3) To investigate any possible changes to the PFM properties (muscle stiffness and muscle
force) over pregnancy and up to six months post-partum, using instrumentation and clinical
measurements (digital palpation)
4) To examine relationships between muscle properties, delivery outcomes, and symptoms of
pelvic floor dysfunction

1.3

Investigations within this thesis

This thesis details three interrelated studies, run concurrently. Chapter Two is a review of the current
literature related to the anatomy of the female pelvic region, pregnancy and childbirth, and pelvic floor
2
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dysfunction. It includes a review of muscle properties and the current methods of measuring these
properties with instrumentation and clinical palpation measurements.

Chapter Three: ‘Assessing physiotherapists’ ability to define a palpation scale for muscle stiffness’.
This chapter assesses physiotherapists’ ability to quantify a seven-point subjective palpation scale for
muscle stiffness against a novel device (the “palpation instrument” developed at the Auckland
Bioengineering Institute) that can objectively measure force and displacement, and thus calculate
stiffness.

Chapter Four: ‘Elastometer placement in relationship to the levator ani muscle’. This chapter details
the placement of the elastometer (developed at the Auckland Bioengineering Institute) in relationship
to the LAM. Appropriate device placement was confirmed using magnetic resonance imaging (MRI).

Chapter Five: ‘Investigation of pelvic floor muscle properties from pre-pregnancy through to postpartum’. This chapter explores the changes that occurred to the muscle properties during the
pregnancy and in the post-partum period. Symptoms of pelvic floor dysfunction were monitored at
each time point, and any relationship to the instrumental measurements examined. Delivery
outcomes and the symptoms of pelvic floor dysfunction were examined for any associations with
muscle stiffness or muscle force.

Chapter Six summarises the findings from this thesis, discusses the limitations of the research, and
suggests future priority areas for research which may contribute to improving a woman’s experience
of her pregnancy and delivery.
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1.4

Thesis contributions

1) Digital palpation measurements of muscle stiffness by clinicians were shown to be
inconsistent and indicated that there was a low probability of the seven-point palpation scale
being used reliably. This calls into question the current global practice of assessing muscle
stiffness via digital palpation, and the use of palpation to influence ongoing patient
management.
2) The elastometer was confirmed to be positioned against the LAM in vivo, giving support to the
claim that the elastometer measurements reflect the LAM muscle stiffness and force.
3) Temporal changes to the muscle properties of the LAM do occur during pregnancy and in the
immediate post-partum period, with active force significantly reducing at each time point in
which measurements were taken. Muscle stiffness did not change over the same period.
However, post-partum LAM stiffness was significantly reduced, and levator hiatus
measurements increased in those women who had a vaginal delivery as compared to
caesarean deliveries. Symptoms of urinary incontinence, pelvic organ prolapse, and sexual
dysfunction increased during the pregnancy and post-partum period. However only bladder
scores improved post-partum, with women reporting significantly worse prolapse symptoms
and sexual dysfunction after delivery.

4) The following peer-reviewed papers were completed during the completion of this work:
a) Davidson, M. J., & Kruger, J. A. (2018). Prevalence of urinary incontinence during
pregnancy: A narrative review. Australian and New Zealand Continence Journal, 24(4),
112 -117.
b) Davidson, M. J., Nielsen, P. M. F., Taberner, A. J., & Kruger, J. A. (2019). Is it time to
rethink using digital palpation for assessment of muscle stiffness? Neurourology and
Urodynamics, 0(0) 10.1002/nau.24192
4
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c) Davidson, M. J., Nielsen, P. M. F., Taberner, A. J., & Kruger, J. A. (2019). Levator ani
muscle stiffness and active force changes during pregnancy and post-partum (in review)
5) Presentation of the research within this thesis were completed at the following conferences.
a. International Continence Society Conference 2019
b. World Confederation for Physical Therapy Congress 2019
c. Pelvic, Women’s and Men’s Health Special Interest Group Conference 2019
d. Physiotherapy New Zealand Conference 2018
e. Spring Symposium Physiotherapy New Zealand 2018
f.

Continence Foundation of Australia Conference 2018

g. New Zealand Continence Foundation Female Health Symposium 2018
6) The following awards, grants and scholarships were awarded during the completion of this
work.
a. University of Auckland Bioengineering Institute ABI Research Forum Podium
Presentation Award 2017
b. University of Auckland Leadership Scholarship 2018
c. University of Auckland Doctoral Scholarship 2016 to 2019
d. Physiotherapy New Zealand, Pelvic, Women’s and Men’s Health Special Interest
Group Grant 2019
e. New Zealand Continence Foundation Grant 2019
f.

Centre of Advanced Magnetic Resonance Imaging Grant 2018

g. Maurice & Phyllis Paykel Trust Project Grant 2017
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2. Chapter Two: Literature Review
This chapter reviews the anatomy of the female pelvic region, including the bony, fascial and muscle
structures in the area. Muscle architecture, physiology and properties are explored. The changes that
a woman’s body undergoes during pregnancy, the different stages of labour, and the delivery itself are
discussed to provide an overview of this process. The next section identifies what damage can occur
to the pelvic floor structures, and what possible tools can be used to identify women at risk for pelvic
floor trauma from vaginal delivery. A brief summary of different types of pelvic floor dysfunction follows,
outlining the long- and short-term consequences of pelvic trauma from vaginal deliveries. The final part
of the chapter discusses both clinical and bioinstrumentation measurement techniques used to assess
the muscle properties of stiffness, force, and geometrics of the region in vivo.

2.1

Anatomy of the Female Pelvis

As the anatomy of the pelvis plays an important part in how a woman carries her fetus, how she labours,
and the delivery of the baby, a summary of the anatomy of the female pelvis is outlined below.

2.1.1 Bony Pelvis

The pelvic cavity encapsulates the bony structures of the pelvic ring, musculoskeletal connective
tissues, the viscera, and any fetus within it. In addition to protecting the viscera and developing fetus,
the bowl-shaped bony pelvis provides attachment points for the muscles involved in locomotion, and
for the ligaments which provide joint and organ support throughout normal daily living activities,
including during pregnancy, as changes occur to accommodate the fetus. The bony pelvis is formed
when the two innominate bones (formed from the fusion of the ilium, ischium, and pubis bones),
articulate anteriorly to form the symphysis pubis joint, and posteriorly with the sacrum to form the two
sacroiliac joints. The coccyx articulates directly with the inferior surface of the sacrum at the
6
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sacrococcygeal joint. While there are a variety of different pelvic shapes (gynaecoid, android,
anthropoid and platypelloid), the gynaecoid is the most common, with the round pelvic brim facilitating
the passage of the fetus though the pelvis [1, 8]. See Figure 2.1 for an image of the bony pelvis.

Figure 2:1: Bony pelvis with ligamentous attachments. Copyright permission from Elsevier for reproduction of image.
Reference: Drake, R. L. (2015). Gray's atlas of anatomy (Second edition): Philadelphia, PA: Churchill Livingstone. 2015.

The bony pelvis is divided by the pelvic brim into the greater (‘false’) pelvis, and the lesser (‘true’) pelvis.
The greater pelvis is above the pelvic brim and is bordered by the sacrum posteriorly and iliac fossa
laterally, with its main role related to abdominal cavity functions. The lesser pelvis is below the pelvic
brim and has both an inlet and outlet. The pelvic inlet (see Figure 2.2) opens superiorly to the abdominal
cavity, is wider transversely (average 13.5 cm) than in the anteroposterior direction (average 11 cm)
and lies at an angle of between 35˚ and 50˚ up from the horizontal. In comparison, the pelvic outlet
(see Figure 2.3) is widest in the anteroposterior direction (average 13.5 cm) and narrowest in the
transverse diameter (average 11 cm). These bony restrictions form a central pelvic canal that follows
7
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a ventrally concave curve (called the ‘curve of Carus’), facilitating the path the fetus takes during vaginal
delivery [1, 9]. The pelvic outlet is closed inferiorly by the PFM, and is formed from the sacrotuberous
ligaments, ischiopubic rami, ischial tuberosities, and the caudal part of the sacrum [8, 10]. The pelvic
outlet must undergo considerable movement, stretch and enlargement during vaginal delivery to allow
the fetus to be born.

Figure 2:2: Pelvic inlet. Copyright permission from Elsevier for reproduction of image. Reference: Drake, R. L. (2015). Gray's
atlas of anatomy (Second edition): Philadelphia, PA: Churchill Livingstone. 2015.
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Figure 2:3: Pelvic outlet. Copyright permission from Elsevier for reproduction of image. Reference: Drake, R. L. (2015). Gray's
atlas of anatomy (Second edition): Philadelphia, PA: Churchill Livingstone. 2015.

The pubic symphysis joint is formed where the superior rami of the pubic bones meet. The pubic bones
are separated by a thin cartilaginous disc and are held together in the midline by the surrounding
ligaments (anterior, posterior, superior, and inferior). Minimal rotation, displacement, and abduction
occurs at the joint during the normal activities of daily living [8, 10, 11]. However, this joint and
associated pubic bones can undergo substantial trauma during vaginal delivery, with bone marrow
oedema, subcortical fractures, and separation of the pubic symphysis joint potentially occurring during
vaginal delivery [12, 13].

The sacroiliac joints are formed between the sacrum (usually at the S1 to S3 segments) and the ilium.
The sacrum sits in a wedge-shaped formation between the two ilia, with irregular, L-shaped surfaces
covered in large ligaments. The largest ligament is the interosseous, which provides multidirectional
stability. This is supported by the overlying dorsal sacroiliac ligament and the ventral ligament (a
9
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thickening of the joint capsule). The iliolumbar, sacrotuberous and sacrospinous ligaments serve as
accessories to promote pelvic stability [8]. As the prime stabilizer of the pelvic ring, movements at the
joint are limited by the attaching ligaments and bone geometry, however sagittal plane rotation and
translation do occur at the joint with walking [11, 14]. During locomotion, these ligaments can resist the
considerable forces associated with walking, running, climbing stairs etc. However, due to hormonal
changes that occur during pregnancy, these ligaments may become more compliant in the later stages
of pregnancy, resulting in increased joint laxity, with associated pelvic girdle pain during movement
[15].

The final joint of interest in the pelvic region is the sacrococcygeal joint. It has an intervertebral disc
and is stabilized by the anterior, posterior, and lateral sacrococcygeal ligaments. Movement at this joint
is usually very limited, and it commonly fuses after the age of forty [16]. However during delivery,
subluxation, dislocation, or fractures can occur to this joint due to the force of the baby’s head pushing
backwards against the coccyx, especially if forceps are involved [13].

2.1.2 Connective Tissues of the Pelvis

The connective tissue of the pelvis provides support for any developing fetus, the viscera and the
muscles and is composed mainly of an extracellular matrix (ECM) of collagen and elastic fibres. The
collagen fibres consist of a triple-helix configuration of three alpha polypeptide chains of amino acids,
bound together by hydrogen bonds. Many different collagen types, and morphologic forms exist in the
body. In the ECM of the pelvic floor, collagen types I, II and V have been found to be more abundant
[17]. The main function of collagen in the ECM is to provide tensile strength and structure. The second
component of the ECM is the elastic fibres. These are composed of cross-linked tropoelastin protein,
forming an elastin core, surrounded by a microfibrillar scaffold. The main functions of the elastic fibres
within the ECM is to provide resistance and recoil [17].
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Due to the complexity of pelvic morphology, there are disagreements over whether ‘ligaments’ are
actually present in the pelvic region, or if these apparent ‘ligaments’ are just ‘thickening’ of the fascia
(a viscoelastic, collagenous, connective tissue matrix) [18]. There are also disagreements over the
roles of the different fascial areas in the pelvis [18]. Although there are ongoing debates in the literature
regarding the connective tissues of the pelvis and the structures it may form, there appears to be
general agreement on the following:

Two fasciae closely involved in providing internal pelvic support are the endopelvic fascia (also referred
to as the pelvic floor connective tissue), and the tendinous arch of the LAM (also referred to as the
arcus tendineus or ‘white line’). The endopelvic fascia covers the cranial surface of the pelvic muscles
and organs and attaches laterally to the tendinous arch fascia. The visceral pelvic fascia surrounds
each pelvic organ, while the parietal pelvic fascia lines the internal surfaces of the PFM. Both are
continuous where the organs penetrate the PFM, thickening to form the tendinous arch of the pelvic
fascia. These tendinous arches attach laterally from the pubic rami and tendinous arch of the LAM and
connect medially with the pubovesical ligament. The pubovesical ligament (which runs from the pubic
rami to the neck of the bladder), uterosacral ligament (running from vaginal fornix to the endopelvic
fascia at the level of the sacrum), and the loosely organised connective tissue between the pelvic
organs, provide support within the pelvic cavity. The tendinous arch of the LAM is located bilaterally,
with attachments ventrally to the pubic rami, and dorsally to the ischial spines, before blending with
endopelvic fascia and medially with the LAM. Acting like a strong wire bridge, it provides attachments
along its length, with the ventral area more ‘rope-like’ than the dorsal area, which is ‘fan-like’ [8, 10, 1821]. Animal studies have shown that during pregnancy, the ligaments and fascia lengthen to
accommodate the growing uterus [22, 23].

To describe the supporting functions of the connective tissues in the pelvis, it is common practice to
divide the pelvic cavity into anterior and posterior compartments, with each compartment further
divided in a cranial/caudal direction, with level 1 being most cranial and level 3 being most caudal. See
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Figure 2.4 for support structures of the pelvic organs. The anterior compartment connective tissue
includes: at level 1, the mesenteric-like cardinal and uterosacral ligaments (which resist caudal
movement); at level 2, the endopelvic fascia connecting the fascial and levator arches (providing lateral
support); and at level 3, connective fibres running directly into the pubovaginal portion of the
pubovisceral muscle, perineal membrane/urogenital diaphragm, and perineal body. These anterior
compartment tissues are commonly affected when LAM avulsion occurs during vaginal delivery. The
posterior compartment connective tissue support includes: at level 1, the uterosacral and cardinal
ligament complex (which resists ventral movement); at level 2, the posterior fascial arch, connecting to
the endopelvic fascia (which prevents ventral movement); at level 3, the fusion of fibres directly into
the perineal membrane, perineal body, and pubovaginal portion of the pubovisceral muscle [24]. It is
the posterior compartment at level 3 that is affected when perineal tears or episiotomy occur during
vaginal delivery.
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Figure 2:4: Attachments of the cervix and vagina to the pelvic walls demonstrating regions of support (top image). Levels of
vaginal support (bottom image). Copyright permission from Springer Nature for reproduction of images. Reference: Delancey,
J.O.L., & Shobeiri, S.A. (2010). State of the art pelvic floor anatomy. In G. A. Santoro, A. P. Wieczorek & C. I. Bartram (Eds.),
Pelvic Floor Disorders (pp. 3-15). Milano: Springer Milan.

2.1.3 Muscles of the Pelvis

Within the pelvic cavity there are two types of muscles, smooth and striated. The striated muscles
within the pelvic cavity can be divided into two functional groups: muscles supporting locomotion of the
lower limbs (piriformis and obturator internus), and muscles supporting the pelvic cavity contents
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(‘pelvic floor muscles’) [25]. The term ‘pelvic floor muscles’ refers to the muscular layers located at the
pelvic outlet, that support the pelvic cavity [8]. These striated muscles and the surrounding connective
tissues support the pelvic organs, resist increases in abdominal pressure, assist with the closing
mechanisms of the bowel and bladder sphincters [26], and facilitate fetal descent through the pelvis
during delivery [1]. In the past, claims were made that strong pelvic floor muscles would lengthen the
second stage of labour and obstruct delivery, but these have no basis in observable fact, and recent
research supports rejecting such claims [27, 28].

Although there are inconsistencies and disagreements in the literature regarding the composition of
the PFM, most literature typically divides them into two layers. The deep layer includes the coccygeus
and LAM (comprised of the pubovisceral [also called pubococcygeus], puborectalis, and iliococcygeus
muscles). The superficial layer includes the superficial transverse perineal, ischiocavernosus, and
bulbospongiosus muscles [8, 10, 24-26].

The coccygeus muscle is posterior and cranial to the LAM, originating from the ischial spine and
sacrospinous ligament, inserting into the coccyx and fifth sacral vertebra. Due to its insertion into the
lateral aspect of the coccyx, it flexes, abducts, and elevates the coccyx during contraction [8].

The LAM has three major divisions: pubovisceral, puborectalis, and iliococcygeus. Within the
pubovisceral band are three further subdivisions: puboperineal, pubovaginal, and puboanal. All
subdivisions of the pubovisceral band originate at the inferior pubic rami (the common location for
avulsion), however insertion locations are slightly different: puboperineal into the perineal body;
pubovaginal into the vaginal wall at the level of the mid-urethra; puboanal into the intersphincteric
groove between internal and external anal sphincter and anal skin. The puborectal division of the LAM
originates at the pubis near the perineal membrane and joins its matching opposite in a sling-like
fashion behind the rectum. The iliococcygeal division of the LAM originates at the tendinous arch of
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the pelvic fascia at the level of the obturator canal, lateral to the pubovisceral muscle. It spans the
pelvic cavity from the tendinous arch of the LAM to the midline iliococcygeal raphe. It joins the paired
muscle from the other side to form a sheet in a ‘sling’ or ‘funnel’ shape as it inserts into the dorsal
surface of the sacrum and coccyx [24]. See Figure 2.5 and 2.6 for images of the PFM.

Figure 2:5: Schematic view of the levator ani muscles from oblique caudal direction (left image) and from cranial direction
(right image). ATLA: arcus tendineus levator ani; EAS: external anal sphincter; PAM: puboanal muscle; PB: perineal body;
PPM: puboperineal muscle; ICM: iliococcygeal muscle; PRM: puborectalis muscle; SAC: sacral promontory; PVM:
pubovaginalis muscle. Copyright permission from Springer Nature for reproduction of images. Reference: Delancey, J.O.L.,
& Shobeiri, S.A. (2010). State of the art pelvic floor anatomy. In G. A. Santoro, A. P. Wieczorek & C. I. Bartram (Eds.), Pelvic
Floor Disorders (pp. 3-15). Milano: Springer Milan
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Figure 2:6: View of pelvic floor muscles from caudal direction. Copyright permission from Elsevier for reproduction of image.
Reference: Drake, R. L. (2015). Gray's atlas of anatomy (Second edition): Philadelphia, PA: Churchill Livingstone. 2015.

The superficial layer of the pelvic floor is composed of the superficial transverse perineal,
ischiocavernosus, and bulbospongiosus muscles, with each side crossing at the mid-line at the perineal
body [8, 20, 29]. While described in classical anatomical books as part of the perineum (rather than as
part of the PFM) [8], they are considered functionally part of the PFM since both layers work together
[18, 25, 30]. The superficial layer of the PFM provides support of the distal vagina, bladder, and bowel
sphincters. However, as this layer is considerably smaller than the deep layer of the PFM, the support
provided to the internal organs is of smaller magnitude. The superficial transverse perineal muscle
attaches to the ischial tuberosity laterally, and blends with the perineal body medially. The
ischiocavernosus muscle attaches laterally to the spine of ischium and fascia, and to the anterior region
of the pubic and ischial rami. The bulbospongiosus muscle attaches anteriorly to the pubic rami and
clitoris tissue, and blends medially into the perineal body [8, 10]. During vaginal delivery, episiotomies
are performed and perineal tears occur through these superficial layers of the PFM, usually through
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the superficial transverse and bulbospongiosus muscles junction at the perineal body on the right side
[1]. See Figure 2.7 for an image of the perineal muscles.

Figure 2:7: Perineal muscles of the pelvic floor. Copyright permission from Elsevier for reproduction of image. Reference:
Drake, R. L. (2015). Gray's atlas of anatomy (Second edition): Philadelphia, PA: Churchill Livingstone. 201

The urogenital triangle is located in the anterior portion of the perineal area. The anteromedial border
of the LAM forms an opening (urogenital hiatus) which the urethra and vagina transverse through [8,
19, 20]. Laterally, the perineal membrane is a dense membrane that has fibrous sheets attaching to
the lateral walls of the vagina, the perineal body, and to the ischiopubic ramus. Ventrally, it has
embedded within it the urethral sphincter mechanism, made up of the of the compressor urethrae
muscle, ureterovaginal sphincter muscle, and the smooth muscle sphincter [8, 11].

In the middle portion of the perineal area, the perineal body extends from the rectal neck to the posterior
fourchette and consists of fibromuscular tissue, with the mean length and width of 2 cm, and ranges in
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thickness from 0.7 cm to 1.2 cm [29]. A shorter perineal body length increases the chance of anal
sphincter tearing during vaginal delivery [31].

The posterior portion of the perineum houses the anal triangle, containing the anal canal and its
sphincters. The striated muscles of the external anal sphincter encircle the anal canal, with the most
cranial fibres blending with the puborectalis muscle. The anterior fibres blend with the superficial
transverse perineal muscles, and perineal body, while the posterior fibres blend with the anococcygeal
ligament. The internal anal sphincter extends between the dentate line and anal verge, and is a
thickening of the circular smooth muscle [8, 10, 11]. Perineal tearing during vaginal delivery can extend
to both anal sphincters and cause long term pelvic dysfunction related to faecal continence [32].

When striated muscles contract, they shorten in length, applying force to the bone ends, which results
in joint movement [33]. The only joint movement that occurs with PFM contraction is at the
sacrococcygeal joint, with the tip of the coccyx moving anteriorly between 3 mm to 8 mm during
contraction [34]. The limited joint movement means that the shortening of the muscles during PFM
contraction instead results in a cranial-ventral movement of the pelvic floor as a unit [34, 35]. Due to
the muscle shapes and points of attachment, the subdivisions of the LAM have different mechanical
actions. The pubovisceral muscle has cranial ‘lifting’ action, while both the puborectal and pubovisceral
muscles pull horizontally to provide a ventral ‘closing’ action for the levator hiatus [24]. This cranialventral movement (mean 10.8 mm, SD 6.0 mm, parity 2 years) has been measured using MRI [34].
Further evidence of perineal lift during PFM contraction has been shown by measuring the cranial
movement of a vaginal probe while the subjects were lying supine (mean 6 mm for continent women,
5 mm for incontinent women, parity 2.5 years) [35]. The positive correlation between muscle force and
perineal lift (r = 0.864, p = 0.031) was very good, indicating that a cranial movement occurred with PFM
contraction [36].
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The vascular supply to the PFM is via branches of the inferior gluteal, inferior vesical, and pudendal
arteries [8]. During pregnancy, vascular supply to the pelvic region can increase volume by 50 % [1].
Innervation of the PFM comes from branches of the ventral roots of the sacral plexus (S3 to S5), with
the inferior rectal and perineal branches of the pudendal nerve (S2 to S4) contributing to
pubococcygeus in approximately 50 % to 60 % of women [11], and with the motor neurons of the pelvic
floor working in co-ordination to ensure closure of the sphincters [37]. During vaginal delivery, damage
to these nerve branches can occur, resulting in both sensory and motor deficits [38].

While the connective tissue, smooth muscles, and PFM work functionally together to support the pelvic
organs and provide closing pressure, the LAM is considered the most important muscle of the pelvic
floor [30, 39]. The PFM maintain a constant level of tonic muscular activity, which increases during
times of increased loading (such as coughing, lifting, or raising from sitting to standing) [40]. To allow
normal micturition and defecation, the PFM must relax to allow passage of urine and stools [41].
Considering that the same nerve supply innervates both layers of the PFM, and that the PFM work
functionally as a unit, it is plausible that the layers work together simultaneously. Yet there is limited
evidence supporting this. Surface electromyography (sEMG) and fine wire electromyography studies
confirm that the two muscle layers activate, but do not determine if the activation is concurrent or
sequential [42-44].
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2.2

Muscle Properties

2.2.1 Muscle Architecture

The human muscular system consists of three different muscle types: smooth muscle (the non-striated,
involuntary muscles); cardiac muscle (the muscles of the heart); and skeletal muscle (the striated,
voluntary muscles which attach to the skeleton via tendons and fascia attachments). Smooth muscle
cells are found predominantly in layers in the hollow organs of the pelvic cavity (such as the uterus and
bladder), the internal urethral sphincter, the internal anal sphincter, the medial portion of puborectalis
muscle [45], and in components of the endopelvic fascia. Smooth muscle uninucleated cells contain
actin filaments, anchored into place by dense bodies surrounded by myosin in a lattice-like pattern,
with a surrounding ECM containing collagen, elastic fibres, and ground matrix. Like striated muscle,
the cross-bridge formation by the actin and myosin filaments generates active force, however it is under
automatic, not voluntary, control. This enables isometric, isotonic, or wave-like contractions to occur,
either rapidly or slowly, such as during labour or micturition [46].

As the PFM are primarily composed of striated muscles, the focus of this section is on describing the
muscle architecture of this type of muscle in detail. Striated muscles have an organisational size
hierarchy moving from large to small: whole muscles, bundles of muscle fibres, myofibrils, and
sarcomere. In anatomical texts, the muscle name refers to the whole muscle. See Figure 2.8 for an
image of striated muscle architecture. The structural unit of the muscle is the muscle fibre. It is a long
cell (ranging in length from 10 mm to 300 mm and in diameter from 10 µm to 100 µm) with a flattened
nuclei directly beneath the cell membrane [33, 47]. It is composed of myofibrils contained within a
plasma membrane (sarcolemma). Each muscle fibre is encased by a loose connective tissue
(endomysium) and the fibres are organised into bundles of various sizes (fascicles), which are then
encased in a dense connective sheath (perimysium). The muscle fibre is composed of several
fascicles, surrounded by a fascia of fibrous connective tissue (epimysium). Both the perimysium and
epimysium collagen fibres are continuous with the tendons of the muscle (which have no active
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contractile properties) [33, 47]. The endomysium is composed primarily of Type IV collagen (with
smaller amounts of Type V and Type IV), while Type I and III collagen is the major component of the
epimysium and perimysium (with Type III as a minor component) [48].

Figure 2:8: Muscle architecture image. Copyright permission given by Oxford University Press on behalf of the American
Society of Animal Science. Reference: Cover Image from the Journal of Animal Science, Volume 92, Issue 1, January 2014.

The myofibrils are approximately 1 µm in diameter, lie in parallel with each other, and align continuously
throughout the muscle fibre. A transverse banding pattern (striation) is caused by the individual
myofibrils lined up end to end and each repeat of the pattern is called a sarcomere – this sarcomere is
the functional unit of the muscle. Within the sarcomere are filaments: thin with a 5 nm diameter (primary
composed of actin proteins), thick with a 15 nm diameter (composed of myosin protein), elastic
(composed of titin protein) and inelastic (composed of nebulin protein). The double-helix protein actin
is interspersed with troponin globular molecules, attached to tropomyosin long polypeptide chain
proteins located in the grooves of the helices of the actin protein. The parallel-positioned actin protein
filaments project medially from the ‘Z’ line, linking adjacent sarcomeres. The thick myosin protein
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filament is composed of individual globular/’head’- like molecules, projecting from a long narrow shaft.
These globular molecules project laterally in pairs, at 180˚ to each other, and at intervals of 14.3 nm.
Due to each pair being rotated 120˚ from its closest pair, a spiral pattern forms along the myosin
filament. Along with the spiral pattern, on one half of the filament, the globular ‘heads’ face in one
direction, and in the second half they face in the opposite direction. At the area of change of head
direction is a ‘head-free zone’ (the ‘H’ Zone). The myosin filaments are composed of approximately
180 myosin molecules, are positioned in parallel, and lined up with the ‘M’ line at the mid-way point of
the filament, with their orderly position creating a visually dark ‘A’ band. Integrated into either end of
the myosin filament is the titin protein, extending to the ‘Z’ line. Spanning from the ‘Z’ line to the actin
filaments is the nebulin protein filament. The sarcolemma membranes connect via vinculin- and
dystrophin-rich costameres with the sarcometric Z lines – these represent part of the extramyofibrillar
cytoskeleton. Lying parallel to the myofibrils are the tubules of the sarcoplasmic reticulum, fusing
together at the level of ‘A’ and ‘I’ bands and forming terminal cisternae that surround the myofibril [33,
47].

2.2.2 Muscle Contraction

When the nervous system stimulates the motor unit of the muscle, movement of the target muscle
occurs; when activation ceases, the muscle relaxes. The generated force is transmitted along the motor
units in series, causing a muscle contraction: the state of the muscle during the cycle of chemical
changes that occur with the action potential. When the action potential has passed, the resulting
chemical changes lead to the relaxation of the muscle contraction [49]. Muscle contractions can be
categorised according to what occurs to the length of the muscle while the contraction is occurring.
Concentric contractions occur when the muscle actively shortens during an activation of the
musculotendinous complex; this is what commonly occurs during PFM contraction. Eccentric
contractions occur when the muscle lengthens during activation. Isometric contractions occur when the
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muscle is held at a fixed length while contracting, for example during PFM contraction around a vaginal
probe placed in vivo.

The mechanisms of how a muscle contraction occurs on a molecular level is controversial. The Sliding
Filiament Theory or Crossbridge Theory was first described in 1953 to explain how muscles contract
[50, 51] and 1954 [52, 53]. The theory describes in detail how the muscle contraction occurs (the
excitation-contraction coupling event). The release of the energy during this process allows movement
at the actin-myosin cross-bridges, producing an ‘oar’-like movement, sliding the protein filaments past
each other, causing the sarcomere to shorten, and hence shortening the muscle (in concentric
contraction), with force production proportional to the amount of overlap between filaments [33, 47,
49]. However, there are problems with this two-filament sarcomere theory (questions have been asked
regarding the accommodation of residual force enhancement, time-dependent properties, and inherent
instabilities of the system) and debate continues [54]. Modifications to the Crossbridge Theory include
adding titin filaments as a molecular spring (the three-filament sarcomere theory). Titin allows
elongation of sarcomeres when stretched (within the limits of titin’s passive resistance), acts as a
balancing force between different length sarcomeres, and contributes to active and passive force
production [55].

Understanding how muscles contract in vivo is also under debate, as assumptions regarding
calculating the force-length, force-velocity and history-dependent properties of muscles have all been
questioned [54]. Further challenges are presented by voluntary, inconsistent contractions of the
participant, with co-morbidities such as pain, tissue trauma, and hormones adding to the complexity of
conceptualising the processes. In the pelvic floor, there arise further complications for assessing
muscle contractions: the minimal joint movement (only very small coccyx movements occur), the
angles of the fibre alignments, and the vaginal tissue thickness, making muscle displacement and the
active force of the muscles difficult to assess.
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The number of muscle fibres, the type of muscle fibre, and the motor units in each specific muscle vary
depending on the location of the muscle involved and the functional requirements of that muscle [49],
as well as the age of the participant [56]. A commonly-used fibre classification scheme, based on
histochemical analysis, identifies two main types of muscle fibres within muscles. Type I fibres are
identified as slow-twitch (characterised as fatigue resistant). Type II fibres are identified as fast-twitch
(characterised as being able to develop force fast and at high levels) [57]. The PFM are skeletal
muscles, similar in composition to other muscles of the body [58]. They have both Type I and Type II
fibres in varying proportions, depending on the sampling location in the PFM [57-59], with 10 % to 39 %
being Type II fibres [58, 60]. This composition allows sphincter control for both postural activities such
as standing, and activities that require a quick response, such as coughing or sneezing. Dimpfl, Jaeger
[60] found that younger women (under 40 years of age) had Type 1 fibres with greater diameters than
older women, whereas Gilpin, Gosling [58] and Claflin, Larkin [59] found the opposite; these differences
may be due to the different cohorts studied, and the different biopsy locations within the PFM. A lower
percentage of Type II fibres and a greater diameter of Type I fibres were found in participants with
pelvic floor dysfunction (pelvic organ prolapse and stress urinary incontinence) [58]. Dimpfl, Jaeger
[60] found vaginal delivery to be an important factor leading to histomorphological changes to the PFM
of myopathic origin, such as centrally-located nuclei, variations in fibre diameter, and fibrosis. These
histomorphological changes may assist in explaining the increased pelvic floor dysfunction that occurs
with increased parity.

2.2.3 Muscle Force

Force can be divided into three different categories when examining force responses in muscles.
Passive force is the inherent force that the muscle imparts in its relaxed state. This inherent force is
due to the elastic properties of the connective tissues. Active force is the difference between the
passive force and the total force: it is the amount of force generated during an active, voluntary
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contraction of the muscle. The total force is the complete force the muscles can generate, inclusive of
both the passive and active force.

The force produced by the muscle, measured in newtons (N), depends on multiple factors including
voluntary muscle control, molecular interactions, the number of muscle motor units involved, the
frequency of firing of the motor units, the velocity involved, muscle fibre orientation and type, the size
of the muscle fibre, the size of the muscle, muscle location, temperature, muscle fatigue, historydependent properties of the muscle, and the change in length of the muscle [33, 47, 49, 54, 61].

Immediately after the arrival of the neural stimulus at the motor unit, there is a period where the muscle
does not develop force; this is referred to as the latent period. After this latency, the muscle develops
increased force as a function of time, described as the force-time relationship. Generally, the longer
the time, the greater the force generation, up to the point of maximum force capacity for that muscle
[33]. The history-dependent properties of muscles and the force-velocity relationship also play a role
in force generation. In a shortening muscle (concentric contraction), the velocity is inversely related to
the loading of the muscle, i.e., as the load on the muscle increases, the velocity of muscle length
change reduces. This is reversed in eccentric contraction: as the load increases on the muscle, the
velocity of muscle length change increases [33]. Adding to the complexity of determining muscle
mechanics and how they relate to everyday function in the body, maximum levels of muscle activation
do not scale linearly to sub-maximal levels of activation [54].

2.2.4 Muscle Stiffness

Muscle stiffness is the rigidity of the muscle; it is the extent to which the muscle resists deformation in
response to an applied force. Both the viscoelastic properties of the connective tissue, and the
contractile components of the muscle, contribute to the muscle’s stiffness [47].
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The stiffness of a material can be assessed in several different ways. Firstly, Young’s Modulus formula
can be used to quantify the bulk elastic properties of a material and is commonly used for
homogeneous and isotropic materials such as steel or concrete. As skeletal muscles are anisotropic
and heterogenous, the use of the Young’s Modulus formula to calculate muscle stiffness is not
indicated. Instead an alternative formula is used, Hooke’s Law. This formula is used to quantify one
dimensional stiffness (N/m), which is the change in force (N) per unit change in displacement (m).
Although this is a simple formula for calculating stiffness in pelvic floor skeletal muscles, due to the
complexity of the region this calculation was the most appropriate to use. In the pelvic region, the
geometry, lack of large joints moving within the pelvis, and the complexities of the tissues involved
(vaginal wall, connective tissues, and PFM) mean that some assumptions are made during the
calculations of muscle stiffness using this formula. Force and displacement values can be obtained
using a compression force applied to the pelvic tissues to stretch out the walls of the vagina and the
underlying muscles (LAM). An assumption is made that the stiffness values obtained using the force
and displacement values of the combined behaviour represents the LAM stiffness, as the other pelvic
tissues (vaginal walls, fascia, ligaments) have higher compliance, and make negligible contribution to
stiffness. These assumptions are based on animal research due to the lack of human tissue studies in
pregnant women [62].

A method for calculating stiffness clinically is using perturbation (the application of a force to effect
change in a system). By perturbing a loaded structure, and measuring the oscillatory response of the
tissues, stiffness and damping can be calculated [33]. This method of perturbation is used by the
MyotonPro to measure the viscoelastic properties in superficial skeletal muscles [63]. In sports science,
it has been used to assess if changes in muscle stiffness affect injury rates, with muscle stiffness shown
to be reduced following manual therapy (i.e., massage, stretching) interventions in the gastrocnemius
muscles [64]. The measurement of musculotendinous stiffness - the intrinsic muscle resistance to
changes in muscle length - is often used to measure the effects of perturbation over multi-joint systems
(using jumping protocols for the entire limb). Using these protocols, muscle stiffness, ligament stiffness
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and muscle co-activation all contribute to the measured displacement and calculations of stiffness [65].
Stiffness in this situation is calculated as the ratio between peak force and the change in length of the
muscle-tendon unit. In female netball players, musculotendinous stiffness has been shown to be
affected by the changes in hormone levels during the menstrual cycle, with a reduction in stiffness
occurring during ovulation [66]. In male football players, hamstring injuries were more likely to occur in
players with reduced muscle stiffness [67].

Digital palpation also uses a perturbation method to assess subjective muscle stiffness. A slow and
steady force for 1 to 2 seconds is applied on a relaxed muscle to displace the muscle. The haptic
feedback received is used by the clinician to decide on the stiffness of the muscle, based on the force
applied, the displacement obtained, and the ‘feel’ of the muscle. However, there is no standard
measurement scale in use, and there is a lack of agreed-upon and adhered-to terminology for the
subjective measure of muscle stiffness in clinical literature. The terms used to describe muscle stiffness
are used interchangeably throughout the literature and include the terms ‘tone’, ‘activity’, and ‘tension’
[68-70]. Appendix 2.1 has a summary table outlining the current terminology used in clinical literature
to describe muscle properties related to stiffness. In this thesis, the term ‘subjective stiffness’ is being
used to describe how the clinician perceives the muscle property of stiffness while assessing with
digital palpation.

There are limited objective data on the in vivo muscle stiffness of the LAM in non-pregnant women
(either nulliparous or multiparous) [71], primigravida women [72, 73], and post-partum women [73].
These studies used novel devices (a dynamometer and an elastometer respectively) to measure the
intra-vaginal muscle stiffness of the LAM. However, because these devices measure in different
directions (antero-posterior diameter and transverse diameter respectively), and use different
measurement protocols (15 mm to 30 mm aperture and 30 mm to 50 mm aperture respectively), it is
not possible to draw conclusions on what may be considered ‘normal’ muscle stiffness values for the
LAM. Measuring the LAM in vivo requires assumptions to be made: that the LAM has higher stiffness
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than the surrounding tissues and that the stiffness obtained with testing is of the muscle fibres.
However, as the muscle remains intact during testing, the stiffness measurements obtained are of the
muscle-tendon unit, with the overlying and adjoining tissues of the vaginal walls, fascia, neurovascular
structures all contributing to the final values. Morin, Gravel [71] reported a mean passive elastic
stiffness of 360 N/m ± 340 N/m (at 25 mm aperture), 490 N/m ± 250 N/m (at mean aperture, not stated
in mm) and 680 N/m ± 320 N/m at maximum aperture (variable per participant in mm). Kruger, Budgett
[73] reported an average stiffness of 325 N/m ± 140 N/m in antenatal women, and 436 N/m ± 198 N/m
in post-partum women, both measured at a 50 mm aperture. They also found that, if ethnicity was
considered, their Polynesian cohort had significantly lower LAM stiffness than their Caucasian cohort
(291 N/m ± 98 N/m versus 344 N/m ± 160 N/m). Muscle stiffness values of the perineal muscles have
been measured in nulliparous women using a MyotonPro, with values ranging from 118 N/m to
155 N/m reported (n = 75 in total, mean age 30 years), with differences between cohorts (with and
without vulvodynia) and between sides (vulvodynia cohort only) [74]. No measurements of perineal
muscle stiffness have been reported in pregnant women.

Although different methods are employed to calculate stiffness, the fundamental aim of the
measurements is to measure muscle deformation as a response to force. While each method may
emphasize different features of muscle mechanics, they all contribute to the understanding of how
muscles respond passively to force. By exploring the response of the PFM to the stresses applied
during pregnancy and labour, we will gain a deeper understanding of the mechanical changes that
occur during this important part of a woman’s life cycle. This may influence our understanding of
delivery outcomes and longer-term pelvic floor dysfunction.

2.2.5 Muscle Viscoelasticity

Biological tissues demonstrate viscoelastic properties, exhibiting both elastic and viscous
characteristics when undergoing deformation. Elastic materials strain when stressed and return to their
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original state once the stress is removed, while viscous materials resist shear flow, and strain in a linear
manner with time when a stress is applied. Viscoelastic materials (such as the skeletal muscles of the
pelvic floor) have elements of both, exhibiting time-dependent strain [47].

Features of viscoelasticity include the phenomena of creep, stress relaxation and hysteresis. Materials
that continue to deform after suddenly being stressed, while the stress is maintained at a constant level
after the initial application, are demonstrating creep. When the material is suddenly strained, and the
strain is maintained at a constant level after the initial application, the resulting stresses induced in the
material decrease with time, demonstrating the stress relaxation phenomena [47]. Determining the
PFM viscoelastic properties in laboratory situations is difficult, with large variations in the viscoelastic
responses occurring depending on the location of samples taken within the same muscle, and between
different participants [75]. The differences in fibre composition, fibre direction, and the anisotropic
nature of the muscles are a major limitation of uniaxial or bilateral testing in these muscles [17, 76, 77].

While these tissue tests are difficult to perform on non-pregnant women, pregnancy adds a further
ethical dilemma. Due to this, animal studies are used to inform assumptions around tissue behaviour
changes that occur with pregnancy [23, 62, 78]. During labour and delivery, the PFM and vaginal
tissues undergo different rates of stress application from the fetal head positioned cranially. The stress
is applied from the uterine contractions, as well from the raised intraabdominal forces produced by the
woman’s pushing of the fetal head in a caudal direction. The amount of force generated by the
contractions and the woman’s bearing down, as well as the length and speed of the second stage of
labour, will influence the viscoelastic responses of the tissues involved. This, in turn, may affect the
delivery outcomes related to tissue trauma in the pelvic region. Hysteresis is demonstrated when cyclic
loading is applied to a material: the stress-strain relationship shows differences in the loading versus
the unloading process [47]. This characteristic will be affected by the speed of uterine contractions and
the woman’s bearing down during delivery. The speed at which the deformation is imposed on the
muscles is termed the strain rate and is typically measured in units of percentage per second. The
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strain rate will alter the viscoelastic response of the muscle, with a higher strain rate resulting in a stiffer
response [17, 47]. The combination of these viscoelastic features will be relevant during labour and
delivery as it may affect maternal delivery outcomes and long-term pelvic floor dysfunction related to
pelvic trauma.
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2.3

Pregnancy

2.3.1 Physiological and Anatomical Changes

Physiological and anatomical changes occur throughout pregnancy, mediated by raised maternal
hormones. Uterine growth occurs initially by hyperplasia (stimulated by raised oestrogen), resulting in
enlargement of the uterus, strengthening of the uterine walls, increased elasticity of those walls, and
fibrous tissue deposits proliferating in the uterine lining. As the pregnancy progresses, hypertrophy of
the uterine cells and stimulation via mechanical pressure (caused by the growing fetus) results in
further enlargement. The pelvic region develops larger-sized blood vessels and lymphatics, which,
combined with an increase in total blood volume (up to 50 %), results in an increase in vascularity and
oedema in the pelvic area [1]. Maternal posture changes to accommodate the growing fetus size and
position, and, combined with ongoing hormonal changes, this results in connective tissues undergoing
alterations and structural modifications, which affects the mechanical support for the pelvic organs.
The softening and increased compressibility of the tissues in the pelvic area results in reduced stiffness
of the supporting structures and increased vaginal distensibility [17]. There is a ventral shift of the
woman’s centre of gravity, increased lumbar lordosis, and enlargement of the buttocks and upper thigh
regions [1]. Changes in pelvic floor geometry gradually progresses as gestation advances, with the
enlargement of the levator hiatus and changes to the position and mobility of the bladder neck [79-81].

2.3.2 Changes in Hormonal Levels during Pregnancy

Hormone fluctuations of relaxin, oestrogen and progesterone may cause changes to muscle
mechanics and affect the viscoelastic responses throughout the different stages of pregnancy.

Relaxin is a polypeptide hormone released from the human corpus luteum, deciduea, and the basal
plate of the placenta during pregnancy. In the first trimester (1 to 13 weeks) and second trimester
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(14 to 26 weeks), the serum levels of relaxin are high; this reduces to significantly lower levels in the
third trimester (27 to 40 weeks) until the onset of labour [82]. During labour, the levels of relaxin spike
upwards again to facilitate cervical ripening and delivery, reducing to almost pre-pregnancy levels
within 72 hours of delivery of the baby and placenta, with lactation having no effect on this rapid decline
of relaxin levels post-delivery [82]. It is proposed that, in pregnant women, relaxin facilitates myometrial
stromal remodelling (to allow growth of the uterus), inhibits myometrial contractility of the uterus, and
facilitates cervical ripening [82]. At a cellular level, relaxin has been shown to promote the growth and
differentiation of myogenic cells, reduce fibrotic activity, and decrease collagen production [83]. In
studies of pregnant rats, it has been postulated that the reduction in collagen concentration and fibril
size, the random orientation of collagen fibril bundles, and the increase in hyaluronic acid
concentrations in the cervix tissues, may facilitate greater compliance of the cervix during delivery [84].
This may also occur in human cervix tissues.

In some human studies, the raised relaxin levels during pregnancy have been positively associated
with pelvic pain, suggesting that relaxin may have a role in changing the state of the pelvic ligaments
or muscles during pregnancy (by making them more compliant), and consequently generating pain
[85]. However, further studies have failed to find a positive correlation between high relaxin levels, and
joint laxity [86-88], or pelvic pain [88]. The effect of relaxin on muscle stiffness is unknown. However,
as skeletal muscle fibres are composed of collagen and myogenic cells, it can be assumed that relaxin
could influence muscle stiffness. Possible effects could be an increase in the number of myogenic
cells, reduced collagen fibres, and reduced contractility, with muscle stiffness changing throughout the
pregnancy depending on the relaxin level.

In contrast to the relaxin serum levels, oestrogen and progesterone hormone levels all increase
significantly as gestation progresses [86]. Oestrogen levels show a gradual two-fold increase between
20 to 36 weeks, with a further two-fold increase in the final four weeks, peaking at 40 weeks.
Progesterone levels show a three-fold increase over the pregnancy, with the peak occurring at
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36 weeks [89]. Oestrogen and progesterone receptors are present in the connective tissue and muscle
cells of the LAM [90-92], the uterosacral ligament complex [93], as well as in other skeletal muscles.
Higher oestrogen levels (i.e. during ovulation or pregnancy), increase the compliance of the connective
tissues of the musculotendinous unit in leg muscles [94, 95]. The assumption may be made that the
increasing oestrogen level will result in reduced muscle stiffness in the LAM as the pregnancy
advances, with maximum compliance occurring at 40 weeks.

2.4

Labour and Delivery

2.4.1 Stages of labour

Vaginal delivery involves complex interactions between the body of the mother and the fetus at different
stages of the labour. The first stage is defined from the onset of effective uterine contractions to full
cervical dilatation [1, 4, 17].

The second stage involves the passage of the fetus through the birth canal by a series of movements
and changes in attitude. These movements are influenced by the geometry of the bony pelvis, the fetal
skull, and the pelvic muscles. The fetal head is ovoid in shape, with the longest diameter (9.5 cm) in
the anteroposterior direction. Initially positioned in a transverse orientation in the pelvic inlet, the fetus
undergoes head flexion (to present the smallest diameter), then a 90° rotation to reposition itself in the
pelvic outlet in an anteroposterior orientation (usually with the occipital area against the symphysis
pubis) [1]. The LAM shape and the resistance of the muscles are thought to assist in the rotation of the
fetus into this position. Contractions of the uterus and voluntary bearing-down by the mother apply an
expulsive force onto the head of the fetus estimated to be up to 120 N [4]. This force results in
deformation of the LAM during contraction, with the gutter shape and muscle orientation of the LAM
assisting in the rotation of the fetal head. Once rotation is completed and the orientation is optimal, the
occiput lodges under the symphysis pubis and the face and the chin are born by extension over the
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perineum. The shoulders rotate to fit into the anteroposterior pelvic outlet, the head externally rotates,
and the shoulders are delivered followed by the fetal body [96]. During this process, the diameter of
the vagina stretches to over eight times its normal size and at this point is most vulnerable to damage
occurring [4]. The third stage of labour involves the delivery of the placenta and is usually the shortest
stage.

If complications occur during vaginal delivery, delivery may be assisted by either Ventouse or forceps
if the cause of those complications allows. A Ventouse applies an additional traction force of up to
115 N (usually with up to six pull attempts per delivery) [97], while during forceps-assisted delivery, an
additional direct traction force of up to 200 N can be applied, with a high-rotational forceps delivery
also adding rotation to the traction force [4]. Caesarean section delivery is needed in cases of failed
Ventouse or forceps assisted delivery, acute fetal distress, failure to progress, medical emergency
(fetus or maternal), or cephalopelvic disproportion.

The ability of the muscles to deform during the second stage of labour is inversely proportional to the
muscles’ inherent stiffness: the stiffer the muscle is, the less likely it is to deform. The degree to which
the muscles can deform without muscle damage varies depending on the muscle state during
deformation. Studies on skeletal muscle (not including the LAM) have shown that during active muscle
contraction, 30 % strain results in a significant force deficit in the muscle. In passive muscles, the strain
required to obtain force deficits and muscle fibre tearing is 50 % [98]. The magnitude of the tearing was
best predicted by the amount of force applied to distend the muscle, with increased force resulting in
higher levels of damage to the muscle. As the ability of the muscles to deform during childbirth is likely
to influence the degree of pelvic floor trauma that occurs, it is necessary to gain objective data on the
mechanical properties of these muscles in pregnant women.

2.4.2 Birthing Trauma
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Each year, millions of women give birth throughout the world, with the majority (66 % to 84 %) occurring
via vaginal delivery [99]. Most of these vaginal deliveries result in healthy babies and minimal significant
pelvic damage to women . However, pregnancy and childbirth can have associated risks, including
PFM damage and pelvic dysfunction resulting from the stress and strains that occur to the pelvic tissues
during a delivery. Tissues such as muscles, ligaments, and fascia can adapt over time to the
mechanical demands placed on them and have the unique ability to heal in response to damage.
However, their ability to return to pre-pregnancy status depends on many factors including how much
they were stretched, the length of time over which the strain took place, the forces that were applied,
and in what direction both the force and the strain occurred.

2.4.2.1 Perineal Trauma

Birthing trauma to the perineal area can occur in the perineal muscles, perineal body, and/or the
external anal sphincter. Episiotomies (surgical incisions of the perineum and posterior vaginal wall)
and/or tears (ranging from first to fourth degree) occur in 68 % of women during vaginal delivery [100].
Third and fourth degree tears have been associated with LAM avulsions (odds ratio 3.78 [CI 1.77–
8.06], p < 0.001 on univariate and 3.44 [CI 1.47–8.03], p = 0.004 on multivariate analysis), as have
vaginal sidewall tears (odds ratio 4.43 [CI 1.9–10.35], p = 0.001 on univariate and 3.35 [CI 1.30–8.61],
p = 0.012 on multivariate analysis) [101].
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2.4.2.2 Levator Ani Avulsion Trauma

Of the PFM, the LAM is the most commonly damaged muscle during first vaginal delivery, with 10 %
to 35 % of women affected [102]. Although slight variations occur in LAM morphology in women of
40 weeks’ gestation [103], the LAM damage is due to the extreme deformation that occurs during
delivery: the LAM distends between 62 % to 276 % (mean strain ratio of 1.5 [range 0.62 to 2.76; SD
0.39]) [104]. Individual fibres of the LAM, especially the medial and anterior portions, have been
calculated as extending 1.6 to 3.8 times their resting length [104]. Tearing of the muscle from the pubic
bone is commonly called a LAM avulsion injury, with the defects more commonly seen in the
pubovisceral portion than the iliococcygeal portion of the muscle (18 % versus 2 %) [105], occurring
more often on the right side than the left (71 % versus 29 % [106]; 65 % versus 35 % [101]), and with
unilateral defects occurring more commonly than bilateral defects (97 % versus 3 % [107]; 63 % versus
37 % [101]). LAM avulsions have not been identified in nulliparous or pregnant women, therefore it is
assumed that birthing trauma is the primary cause of the avulsions [4, 103, 105, 108].

Birthing trauma to the LAM substantially increases the likelihood of the development of pelvic floor
disorders such as pelvic organ prolapse (POP), urinary incontinence (UI), faecal incontinence (FI), and
pelvic pain [92, 105, 109-111]. Fascial support for the vagina can be reduced as a result of LAM defects
(either unilateral or bilateral), which results in the vagina adapting its shape and position to be closer
to the obturator internus muscle [105]. It can also result in the loss of the anterior symphyseal concavity
[112]. Bilateral avulsion can result in the bladder neck descending at rest and cause increased mobility
[113]. The LAM’s ability to develop force is affected due to the reduced cross-sectional area of the
defective side, with Chen, Hsu [114] finding an overall volume reduction of 14 % (p = 0.004) in the
defective pubic portion of the LAM.
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2.4.3 Identification of Women at Risk of Birthing Trauma

As a preventive measure, all pre-natal care should implement a process for identifying the women at
greatest risk for pelvic floor trauma during vaginal delivery. Individualised risk prediction profiles would
assist women and their primary caregivers to make informed decisions regarding the mode of delivery
and/or treatment post-partum. While some algorithms are trying to identify women who may have
obtained a LAM avulsion during delivery, others are trying to identify women prior to delivery who are
at high risk of developing pelvic trauma from a vaginal delivery. None of these decision pathways are
currently used widely in clinical settings.

van Delft, Thakar [108] have proposed a risk algorithm and nomogram for identifying women with LAM
avulsions post-partum, using the identified risk factors of the length of the second stage of labour [107,
115], forceps assisted delivery [3, 115, 116], and obstetric anal sphincter injuries [3, 101, 117].
However, this process is only useful post-partum in determining care, it does not assist in predicting
who will tear prior to delivery. Additionally, this decision pathway could only explain 20 % of major LAM
defects.

Data collected in two longitudinal studies - the Swedish Pregnancy, Obesity and Pelvic Floor Study
(SWEPOP) [118] and the ProLong study group [119, 120] is being currently analysed by the Cleveland
Clinic Group [121] to develop a risk-prediction tool based on the risk factors highlighted in the two
longitudinal cohort studies. The ProLong study collected data via questionnaires from a large cohort of
woman (n = 3763) and objective prolapse measurements (using the POP-Q system [122]) in a subset
(n = 762). The focus of the study was to determine the prevalence of UI and FI at six- and twelve-years
post-partum, as well as identifying POP symptoms and signs at twelve years post-partum. Risk factors
which have been identified as potentially increasing the incidence of incontinence post-partum were
age and BMI of the mother at time of first delivery, parity, and mode of delivery. Only exclusive
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caesarean section deliveries (for all pregnancies) resulted in a lower prevalence of UI at twelve years
(53 % all modes of delivery versus 40 % exclusive caesarean section) [119]. There were no
associations between the POP symptoms and signs at twelve years, however increased age, and
increased number of pregnancies, correlated with an increased risk of developing signs of POP [120].
While the ProLong study had some objective measures (POP-Q), the SWEPOP group relied
exclusively on postal questionnaires to assess symptoms of POP in a large cohort of women (n =
5199). The SWEPOP Group concluded that infant birthweight (≥ 4000 g), mother’s height (≤ 160 cm)
and BMI (≥25) were risk factors for developing symptoms of POP [118]. The limitations of both the
ProLong and SWEPOP studies are that both lacked objective measurements of the PFM and both
relied on symptoms reported via questionnaires.

Using the identified risk factors produced by these longitudinal studies, a numerical ‘risk score’
questionnaire (UR-CHOICE) has been proposed, using the physical features of both the woman and
the fetus as part of the scoring criteria [123-125]. The risk score questionnaire, to be used at around
37 weeks’ gestation, is intended to reassure most women that vaginal delivery is possible.
Alternatively, if a high-risk score is recorded, it could assist with counselling women in possible
strategies to prevent pelvic floor trauma during delivery. This numerical score uses statistical
relationships between known clinical risk factors (assigned values), including UI history, ethnicity, age,
height, BMI, family history of pelvic floor disorders, the number of children desired by the woman, and
estimated fetal weight [115]. Bihler, Tunn [126] reported 69 % of participants in their study (n = 2593)
would be interested in taking part in a risk stratification questionnaire (such as UR-CHOICE) to assist
in their decision making regarding personal preference of mode of delivery.

While questionnaires may assist in risk identification, to predict the risk of pelvic floor trauma more
accurately we need to understand the mechanistic links between the risk factors. This is more than just
determining correlations between risk factors identified by large epidemiological studies. By
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understanding the mechanisms that contribute to the risk factors, a more robust prediction tool could
be developed, which could assist in reducing pelvic floor dysfunction.

2.5

Pelvic Floor Dysfunction

During vaginal delivery, damage may occur to PFM fibres, neurological elements (nerve stretching or
compression), ligamentous structures, and/or connective tissues of the pelvic tissues. As a result of
this trauma, pelvic floor dysfunction such as UI, FI, and POP can develop.

2.5.1 Urinary Incontinence

Urinary incontinence is the complaint of involuntary loss of urine [127]. It can be further subdivided into
8 sub-categories, with most complaints falling under the sub-categories of stress, urgency, and mixed
UI [7]. Stress urinary incontinence is defined as the ‘complaint of involuntary loss of urine on physical
exertion, sneezing, or coughing’ [127], and is the most common UI sub-category associated with
vaginal deliveries [7].

The reasons why UI develops after vaginal delivery are complex and multifactorial. Any of the following
may be involved: poor neuromuscular control caused by myopathic or neuropathic abnormalities;
muscle coordination dyssynergia; fascial damage; muscular damage including LAM avulsions, partial
tearing of LAM or perineal area, compression damage or reduced force generation due to weakness
[38, 40].
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2.5.2 Faecal Incontinence

Faecal incontinence is the complaint of involuntary loss of faeces (solid, gas, and/or liquid) [127]. It is
positively associated with LAM avulsions [117], and clinically-recognized third- or fourth-degree
external anal sphincter tears [110, 117]. The damage to the anal sphincter complex results in the
inability to securely close the sphincter, resulting in the leakage of bowel contents.

2.5.3 Pelvic Organ Prolapse

Pelvic organ prolapse is defined as the descent of one or more of the vaginal walls (anterior and/or
posterior) and/or the apex of the vagina [127], with measurement of the degree of prolapse completed
using the Pelvic Organ Prolapse Quantification system (POP-Q) [122, 128]. The development of POP
is positively correlated with vaginal delivery [129], LAM avulsion [117, 130], and forceps delivery [113,
130].

2.6

Measurement of Muscle Properties

2.6.1 Subjective Measurement

Clinicians commonly use digital palpation with the pad of the index finger of their dominant hand to
separately assess muscle ‘strength’ (active force) and muscle ‘tone’ (subjective stiffness) [131].
According to the standard clinical procedure of dividing the vaginal area into sections of a clock, where
twelve o’clock is positioned at the clitoral site and six o’clock at the fourchette site (assuming a sagittal
plane orientation), the LAM is usually measured, both for active force and subjective stiffness (at
separate times), at approximately 3 o’clock and 9 o’clock, 35 mm inside the vagina [35, 132].
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The active force of the LAM is measured using either the Modified Oxford Scale (MOS) (six-point scale:
0 = nil, 1 = flicker, 2 = weak, 3 = moderate, 4 = good, 5 = strong) [35], or the International Continence
Society (ICS) Scale (four-point scale: absent, weak, normal, strong) [7]. Both scales have mixed
reviews on their validity and repeatability [7, 36, 133, 134], however they are used globally by clinicians
as a low cost, useable method for assessing patients. The active force of the perineal muscles is not
measured on a scale, however the existence of muscle contraction can be confirmed by palpating
externally, with contraction confirmed as an enlargement and firmer sensation under the palpating
finger [74].

Subjective stiffness of the LAM and perineal muscles is assessed in the relaxed state. However, there
are currently no validated scales to describe subjective stiffness, relying only on the opinion, and skill
levels, of the clinicians applying them [135-138]. Despite this, it is standard clinical practice globally to
use palpation to assess muscle subjective stiffness, and to base the ongoing clinical management of
the patient on these measurements.

Different subjective stiffness scales have been proposed in the medical literature. Using a cohort of
women with multiple sclerosis, De Ridder, Vermeulen [139] developed a three-point scale for testing
the subjective stiffness of the LAM. The active force, endurance, and the subject’s ability to relax the
LAM were assessed, with significant correlations found between LAM spasticity and neurological
impairment (r = 0.65 to 0.79), and between LAM spasticity and urodynamics (r = 0.61 to 0.72).
However, limitations of this palpation scale include the use of an upper motor neuron-affected cohort
with neurogenic muscles and using the participants’ ability to ‘relax the muscle’ to describe the
subjective stiffness.

A further three-point PFM subjective stiffness scale was developed by Devreese, Staes [140] for
assessing both the superficial and deep PFM. Their results showed an agreement of 98 % between
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two assessors using the scale, with the majority of both cohorts having ‘hypotonic’ PFM (i.e. low
subjective stiffness). However, there were several limitations to this study. Although two cohorts were
identified in the study (continent and incontinent), the only difference between the two cohorts was the
cut-off level of UI. Both groups were made up of older women (mean age 50 years), with a parity of
2.5, and with 70 % reporting menopausal symptoms at the time of assessment. Subjective stiffness
was assessed during muscle contraction, the force of palpation was not standardised, and the levator
hiatus, the vaginal introitus size, and the PFM bulk all affected the assessment of subjective stiffness.

A five-point palpation subjective stiffness scale was developed by Oyama, Rejba [141] to investigate
the effectiveness of modified Thiele massage (intravaginal massage and trigger point release of the
LAM) in a small (n = 21) cohort of women with interstitial cystitis and ‘high muscle stiffness’. They
concluded that there were significant improvements in the women’s subjective stiffness with the
treatment intervention (i.e., the muscle became more compliant). However, their ‘stiffness scale’
actually measured subjective pain on palpation (scale 0 = no pressure or pain, through to 4 = severe
pain), and was assessed during active muscle contraction.

Reissing, Brown [142] developed a seven-point subjective stiffness scale that was based on eight
displacement movements of the PFM; this scale tested superficially (perineal muscles at 3, 6 and 9
o’clock) and deeply (LAM at 3, 6, and 9 o’clock; iliococcygeus muscle at 5 and 7 o’clock). The scale
ranged from -3 (very compliant) to +3 (very stiff), with 0 equalling ‘normal’ muscle stiffness. However,
no descriptions were provided to indicate how the assessors quantified the stiffness. The un-validated
scale was developed for use in a vulvodynia cohort (n = 29), with the authors reporting that 90 % of
vulvodynia participants were identified by both assessors as having pelvic floor pathology (kappa
statistic of 0.824, p < 0.001) compared to only 7 % in the control group. Kappa agreement between the
two assessors using the scale ranged from 0.230 (p < 0.05) to 0.498 (p < 0.01) for superficial muscles,
and from 0.319 (p < 0.05) to 0.514 (p < 0.01) (for the deep muscles), indicating fair to moderate
agreement. A similar seven-point scale for subjective stiffness (-3 to +3) was used to determine the
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effectiveness of physical therapy treatment for women with provoked vestibulodynia. They found
significant differences found between pre- and post-treatment assessments using this palpation scale
[43]. However, there was no significant difference between pre- and post-treatment in the objective
measures taken using sEMG, with a significant limitation of the study being the use of only one therapist
for both the assessment and the treatments, leading to potential bias. Thibault-Gagnon et al [143] used
the seven-point scale developed by Reissing et al [142] to compare subjective measures of muscle
stiffness to transperineal ultrasound images of levator hiatal areas. They found weak to fair negative
correlations and concluded that subjective palpation measures do not capture the same aspects of
muscle properties as do objective measures.

A more complex LAM subjective stiffness scale (ranging from six to twenty-one points) was developed
by Dietz and Shek [144]. Dietz’s scale was initially based on six-points (0 = muscle not palpable; up to
5 = hiatus very narrow, no displacement possible, ‘woody’ feel, pain/‘vaginismus’). They then added
half grades to both sides to expand the scale. They reported a moderate agreement for subjective
stiffness repeatability, with the 21-point scale (using half-grades on both sides) reaching a weighted
kappa of 0.55 (CI 0.44 to 0.66) while the six-point scale (no half-grades, averaged using both sides)
only reached 0.42 (CI 0.33 to 0.51). There are several limitations to these scales, including that the
scale was developed using only symptomatic POP participants and the linking of levator hiatus size
with subjective stiffness.

Finally, Kavvadias, Pelikan [145] reported poor ICC values (-0.36 to 0.03) for inter-rater and test-retest
repeatability for their subjective stiffness scale in asymptomatic, nulliparous women (n = 17). The
limitations of this study include no details on how they evaluated the stiffness and no description of the
scale used to rate the stiffness.
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For areas outside of the pelvic floor, the Modified Ashworth Scale (a six-point scale for assessing the
resistance of the limb during passive soft-tissue stretching of muscles over joints) can be used, typically
to assess spasticity of the extremities in patients affected by neurological conditions [146]. This scale
appears to have an inter- and intra-repeatability of fair to good (for two assessors), however this
reduced when multiple assessors were involved.
Clinicians also use palpation to determine if LAM avulsions are present. Kearney, Miller [147] measured
the accuracy of digital palpation between two examiners in 29 women post-partum. This study
assessed the presence or absence of muscle bulk at rest and contraction of the LAM at the 9 o’clock
and 3 o’clock positions, as compared to the same in nulliparous women. They reported a positive
agreement of 73 % (the presence of a defect), a negative agreement of 83 % (the absence of a defect),
and an expected agreement by chance of 52 %. They also compared palpation of a further 24 women
with MRI. In this second comparison, they reported a positive agreement of 27 % (the presence of a
defect), a negative agreement of 86 % (the absence of a defect), and an expected agreement by
chance of 63 %. These results suggest that there is a gross underestimation of the prevalence of LAM
avulsion if using palpation alone.

Using digital palpation and 3D/4D ultrasound to determine morphological abnormalities of the LAM,
Dietz, Hyland [148] found poor agreement (Cohen’s kappa = 0.098) between the measuring
techniques. The aim of this study was to detect detachment of the anterior and inferomedial fibres of
the LAM from the inferior pubic ramus, and/or a gap between the pubic rami and anorectum in the
continuity of the muscle. Identified issues with the digital palpation process included: no standardised
palpation training or protocols; difficulty in determining partial tears associated with thinning of the LAM;
using a comparison between sides to determine if one side had a defect (since this technique was
ineffective if bilateral defects were present); and difficulty in detecting any defects in participants with
low subjective stiffness and low active force.
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A further study by Dietz in 2008 found moderate agreement (Cohen’s kappa = 0.411) between the
digital palpation undertaken by trained subspecialist urogynaecologists and 3D/4D ultrasound [149]. In
the 2008 study, 107 women were assessed after presentation at a tertiary urogynaecological unit
(mean age 55 years, median parity 2). The updated protocol defined avulsion injury as ‘a detachment
of the LAM from its insertion in the inferior pubic ramus, which could be felt by the examiner as a gap
in the muscle’. During digital palpation, the following difficulties were identified: the assessor required
intensive training; participants that displayed low LAM subjective stiffness and active force were difficult
to assess; and assessors had difficulty detecting partial tears. The same digital palpation protocols
were used by Dietz, Moegni [102] in a retrospective study involving 259 women (mean age 56 years,
93 % parous, conditions: SUI 71 %, detrusor over-activity 25 %, voiding dysfunction 29 %, and POP
59 %). They found fair to moderate agreement (Cohen’s kappa range 0.35 to 0.56). However, there
were weaknesses in this study, including the retrospective nature of the study and the use of a single
highly-skilled assessor not blinded to symptoms and signs of the participant.

A further study using Dietz’s protocol (avulsion defined as a palpable gap at the insertion point of the
LAM) in conjunction with a new parameter (the width between insertion sites) was used in a cohort of
women presenting for treatment of UI (n = 68, mean age 69 years, median parity 1) [150]. This study
found moderate agreement between the palpation of the gap (Cohen’s kappa = 0.408) and the width
between insertion sites (Cohen’s kappa = 0.569). The new parameter introduced in this study appeared
to increase the detection rates of avulsion using digital palpation. However, it must be used in
conjunction with Dietz’s parameter of a ‘palpable gap at insertion’ in order to reach moderate
agreement levels in the detection of LAM avulsion.
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2.6.2 Objective Measurements

2.6.2.1 Instrumented Speculums

Different instrumented vaginal speculums have been designed to measure muscle stiffness, and in
some devices, active force. The elastometer measures the in vivo muscle stiffness of the LAM in order
to assess a woman’s risk of trauma from vaginal birth deliveries [151]. Using computer-controlled
stepped phases of opening (30 mm to 50 mm aperture, in a transverse direction), this hand-held
automated instrumented speculum measures force at varying lengths of displacement over a short
cycle: ten step-phases, sampling rate of 100 Hz, with three-second rest periods between each step.
Three cycles of measurement data were collected over a total of three minutes, where cycle one is
considered a pre-conditioning and familiarisation cycle for the participant and is not used in data
analysis. Cycle two and three showed negligible differences between the two cycles. Averaged force
and displacement values were gained from the final one second, per step-phase, in the 40 mm to
50 mm aperture range, with stiffness calculated using the linear portion of the force displacement curve.
The validity of the device for measuring stiffness was demonstrated against a spring-loaded Instron
mechanical tester, with results indicating consistent agreement between the devices (R2 = 1.000). It
has shown very good intra-repeatability (ICC 0.98, 95 % CI 0.96 to 0.99), and inter-repeatability (ICC
0.93, 95 % CI 0.77 to 0.98) [72]. Opening in the transverse direction allows maximum aperture opening
(up to 50 mm) with no discomfort to the women, an important consideration when researching possible
contributors to delivery outcomes [73]. Although the majority of the LAM fibres are orientated in an
anterior-posterior direction resulting in mid-sagittal force generation, it does have contributions from
more laterally orientated fibres inserting into the tendinous arch [24], with each subdivision angled
differently from the horizontal (ranging from -43˚ to 41˚) [152]. Therefore, elastometry measurements
of muscle stiffness and occlusion force generation in the coronal plane will capture muscle properties
from this funnel shaped muscle.

46

Chapter Two Literature Review
The dynamometric speculum uses similar methods as the elastometer [153]. Initially developed to
assess muscle active force, its two arms (one fixed, one mobile) open manually in an anterior-posterior
direction (up to 40 mm aperture), and measure voltage through strain gauges, with voltage converted
into units of force for analysis. The device showed good reliability for measuring active force at 10 mm
aperture, with a coefficient of 0.88 in a cohort of SUI woman [154]. The speed of contraction and
endurance reliability was also found to be good (coefficient 0.79 to 0.92) in a follow-up study [155].
Morin, Gravel [71] used the dynamometer to measure muscle stiffness of the LAM in a small cohort of
asymptomatic woman (n = 13). The findings indicated increasing values of muscle stiffness with
increased aperture, with highest stiffness values occurring at the maximal opening size (40 mm). A
further study by Morin et al [156] using a modified dynamometer in an anterior-posterior direction (with
reduced dynamometer arm diameters and sEMG electrodes attached) demonstrated significant
differences between two cohorts (provoked vestibulodynia; control), with maximum aperture tolerated
(18 mm symptomatic; 25 mm control) and with muscle stiffness (360 N/m symptomatic; 310 N/m
control). The maximum aperture size tolerated was limited in both cohorts due to the onset of pain
caused by the anterior dynamometer arm impacting onto the pubic bone. A recently developed
automated dynamometer with integrated concurrent electromyography recordings has been validated
for load measurements and speed control systems, however it has yet to be used in clinical trials [157].

In an asymptomatic cohort (n = 20), Verelst and Leivseth [158] used a manual device in the transverse
direction with two arms (one of which deformed during LAM contraction). Active force was recorded on
two separate days, at five different diameters (steps between 30 mm to 50 mm), with a 60 second
delay between the change in aperture, and the recording of force data. Findings indicated that force
changes were more accurately recorded between apertures of 40 mm to 50 mm.

Constantinou, Omata [159] measured LAM active force in a small cohort of asymptomatic women
(n = 9) using a prototype vaginal probe. The probe had two force and displacement sensors on spring
arms, in an anterior-posterior orientation. The depth of the probe and the placement of sensors was
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achieved by manually balancing the arms as they opened inside the vagina, with the aim of positioning
the sensors against the LAM. Measurements of active force and displacement were taken during
voluntary contraction and cough-induced reflex contractions. Results indicated that increased force (of
a longer duration) occurred with voluntary contractions versus reflex contractions.

Saleme, Rocha [160] developed a multidirectional force device designed to fit the geometry of the
vagina, measuring both mid-sagittal and transverse planes in either lying or standing. The position of
the probe arms was confirmed against the LAM in one participant on MRI. However, this device had
several limitations: the high level of training required to position and stabilize it during measurement
collection; the loss of data if the participant moved; and the ability of the participants to generate active
force was limited by the discomfort of the probe in situ.

Romero-Cullerés, Peña-Pitarch [161] compared the MOS and a prototype dynamometer with an
inductive displacement sensor placed on one arm. Results suggested the dynamometer is reliable and
valid in measuring muscle active force (mean 2.3 N), with a step-wise increase in active force occurring
with increases in the subjective grading of muscle strength. However, as the measurements were
completed only in post-menopausal women (mean age 56 years), with UI, with 60 % of participants
scoring under 2 on the MOS, the results cannot be generalised to other cohorts.

Navarro Brazález et al [134] tested the intra- and inter-rater repeatability of a commercially available
instrumented plastic dynamometer for measuring active force against manometry, sEMG, and
subjective palpation. While intra- and inter-rater repeatability was high for dynamometry analysed using
Lin’s Concordance Correlation Coefficient (intra-rater = 0.96, inter-rater = 0.93), for palpation it was
moderate for intra-rater (Cohen’s kappa coefficient k = 0.78) and low for inter-rater (k = 0.27). This
dynamometer measured in vivo active force in its closed position of 24 mm, with the peak force
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automatically detected by the device software. In this study, the mean value of three MCV was used
for analysis.

Bérubé et al [162] developed a computer operated hand-held dynamometer with a fixed anterior arm
and a mobile posterior arm to measure both active force (at 25 mm and 35 mm) and muscle stiffness
(at 40 mm). Their results showed good to excellent reliability for force measurements, with speed of
dynamometer opening effecting stiffness results. However, unlike Kruger et al [72], muscle stiffness
was calculated during the dynamometer opening period and in an anterior-posterior direction, making
comparison of muscle stiffness values between this dynamometer and the elastometer difficult.

Instrumental speculum measurements need to be completed in a controlled environment with
standardised protocols to reduce potential confounders such as increases in intra-abdominal pressure,
co-contraction of the PFM during relaxation, or production of pain symptoms.

2.6.2.2 Myoton

Myoton devices have been used in the research community since 1964 [163] to measure different
muscle properties, including dynamic stiffness, defined as the resistance to deformation [164]. The
criterion validity for the myoton has been determined using force output, sEMG, and alternative myoton
devices. Bizzini and Mannion [63] correlated changes in force output with the linear increase in
stiffness. Marusiak, Jaskólska [165], and Leonard, Brown [166] used increasing muscle stiffness and
increased muscle activation levels to confirm a positive correlation between the two. Jarocka, Marusiak
[167] used the Myotonometer® (Neurogenic Technologies®, Inc., USA) to compare results with the
Myoton-3™ (Myoton AS, Estonia) finding a positive correlation between results.
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The MyotonPro (Myoton AS, Estonia) [164] is the most recently-updated model of a myoton, using
perturbation to measure muscle stiffness. Correct placement of the small probe on the skin,
perpendicular to the muscle being measured, results in a device-set pre-determined pressure of 0.18 N
being applied to ensure skin contact is maintained during probe impulse firing. The device then
activates a mechanical impulse (0.40 N force, lasting 15 ms) to perturbate the muscle. The inbuilt
accelerometer records the returning oscillations of the muscle, calculating numerical values of force
and displacement, with further analysis completed offline.

The myoton devices have been shown to be consistently repeatable (ICC 0.70 to 0.99) in different
cohorts (asymptomatic and symptomatic), in different age groups (mean ages ranging from 21 to
71 years), in both males and females, and in measuring different muscle groups (including the tongue,
cervical, upper trapezius, lumbar, forearm, thigh, superficial perineal, and calf) [63, 74, 166-173]. It has
shown good-to-very good intra- and inter-repeatability in women with and without vulvodynia when
measuring the perineal muscles [174]. While these studies used various models of this device (as they
were further refined by the company), the fundamental concepts and measurement techniques have
remained consistent throughout the models’ development.

2.6.2.3 Ultrasound

Literature suggests that real-time ultrasound may be a reliable means of measuring muscle stiffness
in superficial and deep muscles, using a shear wave elastography technique called supersonic shear
imaging (SSI) [175, 176]. Using a focused pushing beam to generate a remote vibration in the muscle,
a transient shear wave is produced. Echographic sequences are captured of the shear wave
propagation, retrieving the displacement field as a function of time. Maps of the elastic modulus are
obtained at 1 Hz with a spatial resolution of 1 mm by 1 mm. The shear elastic modulus is calculated
(averaged using 10 samples), based on the assumption that the muscle behaves in a linear fashion
[177-179].
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Results on the repeatability of SSI appear variable. Lacourpaille, Hug [177] found good-to-excellent
intra- and inter-rater repeatability (ICCs ranging from 0.81 to 0.95 [intra-rater] and 0.42 to 0.94 [interrater]) in superficial resting muscles using SSI. However, MacDonald, Wan [180] reported poor-toexcellent repeatability (ICCs ranging from -0.3 to 0.91 [intra-rater], 0.05 to 0.97 [inter-rater]) in
measuring resting, and contracted trunk muscles. MacDonald, Wan [180] found that the thickness of
the superficial fat layer, the deepness of the muscle, and variability in the participants’ ability to contract
muscles on command and perform the activation tasks, affected data collection. Other studies have
also reported high variability in measurements, depending on muscle length, contraction type, fibre
direction, and direction of measurement [176, 177, 179].

Davis, Morin [181] used 3D transperineal ultrasound to determine LAM stiffness in a cohort of males
suffering from chronic pelvic pain. Using the acuteness of the anorectal angle to determine muscle
stiffness of the LAM, they concluded the pain cohort had significantly higher LAM stiffness (at rest and
during contraction). Morin, Bergeron [182] also used 3D transperineal ultrasound to measure the
anorectal angle, levator hiatus area, and levator plate angle during rest and contraction in women with
and without provoked vestibulodynia (n = 100). They concluded that the symptomatic cohort had
increased stiffness, and reduced active force in the LAM. However, there are limitations to using
ultrasound measurements alone to determine muscle stiffness. Ultrasound does not provide details of
the muscle stress, or force, only of the location of the measurement and time. The requirements for the
quantification of muscle stiffness (force as a function of displacement, or stress as a function of strain)
are therefore not met [33].

Ultrasound is also used to assess the fetus in pregnancy, and the status and location of muscles and
organs in the pelvic region, at any stage of a woman’s life. 3D transabdominal ultrasound is commonly
used during pregnancy to assess for structural anomalies in a fetus, to estimate the date of delivery,
and to chart antenatal fetal growth [96]. Transabdominal and transperineal ultrasound may also be
used during a woman’s labour to determine the fetus descent, head direction, head diameter, and
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Ventouse cup placement if required [9]. Ultrasound produces inaudible, high-frequency sound waves,
which travel from the transducer into the body tissues; as these sound waves encounter different tissue
types, fluid areas, and empty spaces in different depths in the body, the sound waves reflect back to
the transducer and are relayed to the machine for calculation. Using the time and speed of each echo’s
return, the machine calculates and forms images on the machine’s screen for viewing and analysis
[183]. The standard requirements for 3D imaging include a B-mode capable 2D ultrasound system with
a cineloop function and curved array transducer (frequency between 3.5 MHz to 6 MHz) with an
acquisition angle of 70° [184]. However, advances in technology now have 4 MHz to 8 MHz electronic
curved arrays with mechanical sector technology and acquisition angles of 85°, which enable full
visualization of the LAM [111, 115]. Data are stored on the hard drive of the machine and transferred
offline for analysis using 3D/4D software.

Ultrasound image capture may be acquired at rest, during maximum PFM contraction, or during
Valsalva [185]. The ability to obtain tomographic (multislice) imaging allows the entire LAM to be
visualised in the axial plane, enabling measurement of the diameter and area of the levator hiatus at
the point of its smallest anteroposterior hiatal dimension, as well as confirmation of the LAM attachment
to the inferior pubic rami [186, 187]. The optimum method for confirming avulsion is to use the three
central slices (the slice at the plane of minimal dimension, and the two above) with
> 2.5 cm gap (urethra to attachment of the LAM) confirming avulsion (either bilateral or unilateral) [186].
Obtaining biometric measurements of the LAM in nulliparous women using 3D transperineal ultrasound
has shown that this measurement technique is reliable (LAM diameter in sagittal plane ICC 0.82; LAM
diameter in coronal plane ICC 0.70; LAM hiatal area ICC 0.74) [188]. Of note, although this study cohort
was homogeneous (n = 38, nulliparous, Caucasian, showing no prolapse symptoms, mean age 20
years, mean BMI 23), a wide variety of measurements were obtained for the levator hiatus area,
ranging from 6.3 cm2 to 18.1 cm2 (mean 11.2 cm2).
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2.6.2.4 Magnetic Resonance Imaging

Magnetic resonance imaging of the pelvic region has been used for many years to describe anatomy,
pelvic dysfunction, and disease states. Magnetic resonance (MR) is based on examining the
interactions between an applied magnetic field and the resulting nuclear spin angular momentum
produced by atoms of the body. Biological systems contain elements composed of atoms, which
consist of protons, neutrons and electrons. The protons and neutrons are positively and neutrally
charged respectively, and located in the nucleus of the atom, while the electrons are negatively charged
and located in the orbital area surrounding the nucleus. The spin of each nucleus has an intrinsic
angular momentum, which is determined by the atomic number and atomic weight of the nucleus. This
nuclear spin produces a constant magnitude of magnetic moment, oriented parallel to the axis of the
rotation. The isotope hydrogen, which is present in water and fat in biological tissues, has a half-integral
value for nuclear spin, and hence responds to externally-applied magnetic fields. Because fat and
water have different molecular environments and associated magnetic fields, they produce a local field
difference (chemical shielding) which results in magnetic field variations that can be detected on the
final images produced by the MRI machine [189].

The magnetic field produced by the MR machine has both a magnitude that is proportional to the
current produced, and a direction that is perpendicular to the direction of the force. The unit of magnetic
strength is the Tesla (T), and it is now common to see both the 1.5 T and 3 T machines available for
imaging. Changing the peak amplitude, its frequency, and the direction of the applied magnetic fields
will alter the orientation of the rotational axis of the rotating nucleus of the atom (precessing) at a rate
proportional to the strength of the magnetic field. To allow this precessing to appear stationary,
magnetic resonance uses a rotating frame of reference, or coordinate system, allowing rotation about
one axis (z) while the other two axes (x and y) vary with time [189].
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During the MRI process, the magnetic fields are manipulated to alter the proton’s response. An
application of short, narrow, excitation pulses of radiofrequency energy (called resonant frequency)
results in the protons aligning themselves with the pulse and absorbing some of this energy at that
frequency, proportional to the magnetic field (called resonant absorption). Once this pulse is
completed, the protons re-emit the energy at the same frequency and realign themselves to their
original orientation (called relaxation). The time taken to re-emit the energy is divided into either T1
and T2 and occurs simultaneously. T1 is also known as the spin-lattice relaxation time, or longitudinal
relaxation time and is the time required for the z component of the magnetization to return to 63 % of
its original value following an excitation pulse [189]. The return of magnetization follows an exponential
growth process, with T1 being the time constant describing the rate of growth. T2 is also known as the
spin-spin relaxation time, or transverse relaxation time. It is the time required for the transverse
magnetization to decay to 37 % of its original value [189]. T2 images allow good soft tissue contrast in
the pelvic region [189, 190].

Differing biological tissues produce different resonance frequencies and relaxation times. The resonant
frequencies of water and fat are separated by approximately 3.5 ppm, which corresponds to absolute
frequency differences of 220 Hz for a 1.5 T machine, or 450 Hz for a 3 T machine. This difference in
resonance frequency ensures the fat and water protons cycle in and out of phase with each other.
When a receiver (a body array coil) is placed perpendicular to the transverse plane, a voltage is induced
from those frequencies, called the free induction decay. This signal is converted to allow a digitized
presentation of user-selected sample time and data points. The optimum signal-to-noise ratio is
selected by a filtering process to ensure the images produced are of the quality required. Differentiation
of the structures and material properties being scanned by the MRI is made possible due to the different
resonance frequencies and relaxation times produced by the biological tissues [189].

Imaging can be performed in any of the three anatomical planes, or the plane can be customised to
focus on one area, such as when visualising vaginal probes aligned along the natural contours of the
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vagina. True fast imaging with steady state precession (TrueFISP) is an acquisition technique that
takes multiple thin slices at a rapid rate. Static 2D images taken in sequence can also be stacked along
one axis to produce a 3D image. Dynamic 3D imaging is also possible with 3D acquisition in all three
planes at the same coordinates, with movie-like ‘cine’ loops allowing images to be displayed over time.
The use of 3D imaging is useful to determine how the pelvic floor responds dynamically to activities
such as PFM contraction, Valsalva, coughing, defecation, and micturition.

2.7

Summary

This chapter has focused on the current literature related to the anatomy of the pelvic region, and
explored muscle properties including muscle architecture, stiffness, and force. The effects of
pregnancy and labour on a woman’s pelvic region were also reviewed. Different objective and
subjective muscle measurement techniques were discussed as related to the pelvic region, including
the elastometer, myoton, MRI, ultrasound, and digital palpation, all of which have been used in the
studies presented in this thesis.

The following chapter explores the measurement of subjective muscle stiffness using digital palpation
and introduces a novel device designed to assist in the assessment and the training of clinicians.
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3. Chapter Three: Assessing physiotherapists’ ability to define a
palpation scale for subjective muscle stiffness
Aspects of this study have been published in Neurourology and Urodynamics [191]. Permission has
been given by the publisher to report the work in this thesis.

3.1

Introduction

As discussed in Chapter Two, digital palpation is used globally by physiotherapists to subjectively
assess muscle strength and stiffness, with subsequent clinical management of the patient based on
these assessments. Subjective evaluation of muscle stiffness using palpation during pregnancy and
post-partum is a component of the assessments reported in Chapter Five. Further quantification of this
subjective assessment of muscle stiffness was required; therefore, a stand-alone study was developed
to evaluate the use of digital palpation.

Muscle strength is defined as the voluntary active contractile force of the muscle, while muscle stiffness
is defined as the extent to which the muscle resists deformation in response to an applied force [49].
This resistance to deformation is often described by clinicians as stiffness, tightness, activity, tension,
or tone. Methods for subjectively assessing muscle strength have been the subject of multiple studies,
in which their reliability has been assessed [36, 192, 193]. However, methods for assessing subjective
muscle stiffness have not received as much attention. There are no validated quantitative palpation
scales for either the PFM, or other skeletal muscles, with assessment relying on the opinion and skill
levels of the clinicians [7, 68, 138, 194, 195]. Despite this, various scales have been proposed for the
PFM, but all have issues with ambiguous scale descriptions, poor reliability and validity, and thus are
not widely used [142, 144]. For areas outside of the pelvic floor, the Modified Ashworth Scale is a
measure of whole limb subjective stiffness (a six-point scale for assessing the resistance of the limb

56

Chapter Three: Defining a Palpation Scale
during passive soft-tissue stretching of muscles over joints), to assess spasticity of the extremities in
patients affected by neurological conditions such as cerebral palsy [146].

The overall aim of this study is to assess physiotherapists’ ability to assign to a seven-point palpation
scale the stiffness values presented by a novel device, the ‘palpation instrument’. The secondary aims
were to see how consistently the scale was used, the probabilities of each category of the scale being
applied to similar stiffness values, and if duration of clinical experience or area of clinical focus
influenced the use of the scale. A final aim was to assess the researcher’s ability to use the scale.

In order to achieve these aims, a novel device needed to be developed that could replicate the stiffness
that physiotherapists feel when palpating small muscles of the body, while reporting measurements of
force and displacement.

It was hypothesised that there would be significant agreement between physiotherapists on the
stiffness values assigned to each level of the seven-point scale, that experienced physiotherapists
would have less variance in the use of the scale than newer graduates, and that there would be a high
degree of consistency in use of the scale.

3.2

Methods

3.2.1 Participants
Qualified physiotherapists who palpated a minimum of 30 minutes per week were invited to participate.
A sample size of 70 was considered large enough to test the hypotheses. Recruitment was via
advertisements, newsletters, emails, and direct contact to private practices and hospital physiotherapy
clinics over a period of nine months (see Appendix 3.1 for advertisement). Participants were excluded
if they did not have a conversational level of English. Their gender, years of clinical experience, and
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area of clinical focus (whether they identified themselves as a ‘musculoskeletal physiotherapist’ or a
‘pelvic floor physiotherapist’) were collected. Each participant was assigned an anonymised code under
which all data collected was stored (both in hard copy and electronically, as per data management
protocols). Data were only accessible to researchers directly involved in the study.

All participants were given a participant information sheet (see Appendix 3.2) and provided written
informed consent (see Appendix 3.3). The study received approval from the University of Auckland
Human Participants Ethics Committee on 23 November 2017 for three years, reference number
020490 (see Appendix 3.4).

3.2.2 Instrument Development

To replicate the haptic feedback during a PFM assessment, silicone and gel castings which
represented the subjective stiffness levels matching the seven-point palpation scale descriptors were
constructed. Flexible silicone rubber (Ecoflex™ 00-10), and silicone foam (Soma Foama® 15)
(Smooth-on Inc, Pennsylvania, USA) were combined in different concentrations and thicknesses, with
varying success in replicating the ‘0’ to ‘+3’ range of the seven-point palpation scale. However, the ‘3’ to ‘–1’ ranges were unable to be replicated using the silicone because it could not be made
sufficiently compliant; instead this range was replicated via latex tubes filled with varying concentrations
of ultrasound gel and water (Aquasonic ® 100) (Parker Laboratories Inc, New Jersey, USA). See Figure
3.1 for image of casts.
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Figure 3:1: Gel tubes and silicon casts placed in order from left to right, representing -3 to +3 palpation scale.

Initial trials with 15 physiotherapists found approximately 90 % agreement on matching the seven-point
palpation scale with the silicone castings/gel tubes. However, objective measurements of force,
displacement, and stiffness could not be measured using this method. A further limitation was the visual
clues given by the castings and gels, allowing some physiotherapists to make their decisions based
partially on visual feedback, and not on haptic feedback alone.

Due to these limitations, an electromechanical instrument was proposed, the ‘palpation instrument’.
This novel instrument is able to controllably replicate a wide variety of stiffnesses, while reporting the
force and displacement imparted to the device by a participant. This device could thus controllably
replicate the haptic feedback that clinicians feel during palpation of small muscles of the body, such as
the pelvic floor, hand, and spinal muscles. Over several pilot trials, the instrument was calibrated to
cover the range of stiffness the volunteers agreed they felt during clinical assessment. The range
available was expanded at both ends beyond the volunteers’ recommendations, to ensure the
instrument’s range did not limit the palpation scale results. See Appendix 3.5 for the palpation
instrument Calibration Report, and Appendix 3.6 for the palpation instrument Instruction Manual.
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The instrument comprises a position-controlled voice coil motor, supported by a low-friction linear
bearing, and attached to a metal plunger. A silicone foam pad (2 mm thickness) is fixed to the plunger
end (Soma Foama® 15). The voice coil position is feedback-controlled by an adjustable analogue
control system, while motor force is inferred from motor current. In this way, the stiffness presented by
the instrument can be varied. Calibration of the instrument’s force recordings was achieved by use of
a force meter (Vernier, WDSS), and displacement measures were confirmed with a digital micrometer
(Mitutoyo). Using a rotary dial control, the spring constant (stiffness) can be continuously varied
between 1 N/m and 1050 N/m, enabling the participant to feel a range of stiffness values while
palpating the plunger end. Values of force (N), displacement (mm) and stiffness (N/m), calculated using
the force and displacement measures, can be manually read off the display panels. See Figures 3.2 to
3.4 for images of the palpation instrument.

Figure 3:2: Voice coil motor with metal plunger (no silicon foam pad attached)
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Figure 3:3: Electronic Components of palpation instrument

Figure 3:4: Palpation instrument in use
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3.2.3 Procedures
A seven-point qualitative palpation scale for subjective stiffness (Table 3.1) was created by modifying
descriptors of a scale published by Reissing, Brown [142]. This scale was chosen as it offered sevencategories of scale (the commonly used MOS for muscle strength offers six-categories). The scale
descriptors were modified by adding specific force and displacement wording to ensure that
participants understood the subjective stiffness measurement boundaries at each category of the
scale. The scale ranged from +3 (high subjective stiffness) down to -3 (low subjective stiffness), with 0
being ‘normal’. Assessments were performed while participants were seated with the instrument
positioned on a flat surface. Participants were instructed to palpate the instrument as they would a
small muscle in the body using their normal palpation technique.

Table 3:1: Seven-point digital palpation scale

3

Very firm resistance and minimal movement of the muscle to palpation

2

Firm resistance with movement of the muscle difficult to achieve with palpation

1

Increased resistance with muscle moving normally to palpation

0

Normal resistance and normal movement of the muscle to palpation

-1

Reduced resistance with muscle moving normally to palpation

-2

Minimal resistance with muscle moving more than normal to palpation

-3

No resistance and muscle not palpable

The study was conducted in two stages, with a different method for data collection used for each stage.
In stage one, participants were given a number on the scale between -3 and +3 and requested the
researcher to increase or decrease the stiffness provided by the instrument until the participant
determined that the perceived subjective stiffness matched the scale category that they were
identifying (subjective stiffness allocation to scale category). In stage two, the researcher set the
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instrument stiffness (to a randomly selected value between 1 N/m and 1050 N/m) and asked the
participant to identify the category on the seven-point scale to which the stiffness ought to be assigned
(scale category assigned to stiffness value). In both stages of the study, participants completed three
randomized trials of seven measures resulting in 21 measures per person. Measurements of
displacement, force, and stiffness were recorded with each estimate, with participants blinded to the
device controls and all measurement values.

3.2.4 Statistical Analysis
Due to the different data collection methods of the two stages (reverse response variables were
requested in each stage), direct statistical comparison between the results of the two methods was not
possible. In stage one, repeated measures ANOVAs and pairwise comparisons with adjustments as
appropriate examined interactions between all variables. Statistical assumptions of normal distribution
were assessed by Shapiro-Wilk's test of normality (p > 0.05) and met specific standards. Mauchly's
test of sphericity with Epsilon Greenhouse-Geisser correction indicated that the assumption of
sphericity was met. Statistical analysis was completed using the statistical package IBM SPSS Version
25 (IBM Corporation, Armonk, NY), where a p value of < 0.05 indicated statistical significance.

In stage two, the participants’ ability to consistently apply a stiffness value to a scale category was
analysed using a coefficient of variation for each scale category. The probability of assigning a stiffness
value to each of the scale categories was analysed by determining the cumulative frequency
distribution of the stiffness values. Microsoft Excel was used for the consistency and probability
analysis.
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3.3

Results

A total of 125 participants, predominantly female (83 %), took part in the study over a period of nine
months, with 43 participants taking part in both stages. Due to wide interest in the study and the ability
to travel with the device, sample size was extended to 84 participants in each stage to maximise
numbers in the study. 1764 data points for stiffness, force, and displacement were recorded for each
stage of the study. The duration of participants’ clinical experience ranged from three months to 56
years. Participants reported receiving their physiotherapy undergraduate training from 11 different
countries. For analytical purposes, participants were organised into five different groups to reflect their
years of clinical experience. The demographics for the participants are presented in Table 3.2.

Participant palpation technique varied according to their preferred method of palpation for small
muscles. All pelvic floor physiotherapists used the pad of their index finger of their dominant hand for
palpation, while musculoskeletal physiotherapists’ palpation techniques included using the pad of the
index finger, the pads of index and middle fingers together, or both thumbs.

64

Chapter Three: Defining a Palpation Scale
Table 3:2: Demographics of participants

Stage of Study

Years of
Clinical
Experience

Stage One: Stiffness allocation to
scale category

Stage Two: Scale category
assigned to stiffness value

(n = 84)

(n = 84)

Pelvic Floor

Musculoskeletal

Pelvic Floor

Musculoskeletal

(n = 42)

(n = 42)

(n = 42)

(n = 42)

0 to 10
years

8

21

6

13

11 to 20
years

11

9

14

9

21 to 30
years

11

7

12

11

31 to 40
years

7

2

8

6

41 to 50+
years

5

3

2

3

n = participant numbers

Stage One Results
Repeated ANOVAs to analyse stiffness interactions showed there

were statistically significant

differences in the allocation of stiffness to each of the categories of the seven-point scale, F(2.80,
232.19) = 902.44, p < 0.001 (F = F-test). However, there was large overlap between each category
with several outliers well outside the quartiles (see Figure 3.5). There was no statistically significant
two-way interactions for stiffness between the selected scale category and the type of physiotherapist
F(2.83, 232.50) = 1.31, p = 0.272, or for stiffness between the selected scale category and the
participants’ years of experience F(11.53, 227.80) = 1.23, p = 0.268; nor was there significant threeway interaction for stiffness between the selected scale category, the type of physiotherapist, and their
years of experience F(11.25, 208.14) = 0.60, p = 0.828.
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Figure 3:5: Stiffness values allocated to scale category (Stage One)

When analysing how much force was applied by the participants when they were estimating stiffness,
the force applied increased approximately linearly from category -3 to category +3 (0.6 N ± 0.7 N at 66
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3; to 3.4 N ± 1.8 N at +3). There were statistically significant differences between the force applied and
each of the seven-point scale categories, F(1.75, 144.90) = 200.02, p <0.001. However, there was
wide overlap between categories and several outliers. There were statistically significant two-way
interactions for force applied and type of physiotherapist F(1.86, 152.68) = 9.19, p < 0.001, and
between force applied and years of experience F(7.37, 145.55) = 2.59, p = 0.013. Pelvic floor
physiotherapists applied more force in lower categories of the scale compared to musculoskeletal
physiotherapists, however in higher categories the reverse occurred, with less force being applied by
pelvic floor physiotherapists. Physiotherapists with the least experience applied more force at each
scale category; this occurred progressively from least experienced to most experienced at all
categories of the scale. There was no statistically significant three-way interactions for force applied
between scale category, the type of physiotherapist, and their years of experience F(7.65, 141.50) =
0.94, p = 0.481.

Repeated ANOVAs used to analyse how much the participants displaced the plunger, during the
measurements of subjective stiffness, with results showing the plunger end was moved on average
between 4 mm and 6 mm, with increased movement of the plunger at lower ends of the scale compared
to the higher end (6.3 mm ± 1.7 mm at -3 to 3.8 mm ± 1.7 mm at +3). There was a statistically significant
difference for displacement between the scale category, F(2.63, 218.68) = 43.4, p < 0.001. Significant
main effects were found between each category only between -3 and -1 on the scale; however, above
-1 on the scale, these significant main effects only occurred when the scale was two or more categories
apart. There was a statistically significant two-way interaction for displacement between scale and type
of physiotherapist F(2.83, 232.50) = 6.71, p < 0.001, with significant main effects for each category
limited to between -3 and -1; above -1 these main effects only occurred when the scale was more than
two categories apart. Pelvic floor physiotherapists moved the probe a greater distance in the lower end
of the scale compared to musculoskeletal physiotherapists. However, at the higher end of the scale,
pelvic floor physiotherapists moved the probe a smaller distance than musculoskeletal
physiotherapists. There was no statistically significant two-way interaction for displacement between
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scale and years of experience F(10.68, 211.00) = 1.79, p = 0.059, or three-way interactions for
displacement between scale, the type of physiotherapist, and their years of experience F(11.10,
205.32) = 0.88, p = 0.565.

Stage Two Results
While direct statistical comparison between stage one and stage two results was not possible due to
the different sampling methods, similar values of stiffness, force, and displacement for each category
of the scale were reported from -3 to +3 in both stages. See Figure 3.6 for stiffness measures. From 3
to +3 on the palpation scale, there was an overall seven-fold increase in mean stiffness, a four-fold
increase in force, and a two-fold decrease in displacement.
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Figure 3:6: Scale category assigned to range of stiffness values (Stage Two)

Table 3.3 reports the mean (± 95 % CI) of stiffness, force, and displacement measures for both stages
of the study.
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Table 3:3: Stiffness, force, and displacement values for each category of the scale for stages one and two

Stage One: Stiffness allocation
to scale category

Stage Two: Scale category
assigned to stiffness values

(mean ± 95 % CI)

(mean ± 95 % CI)

Stiffness (N/m)

Stiffness (N/m)

-3

148 (136,159)

119 (106, 132)

-2

249 (234, 264)

232 (212, 252)

-1

325 (311, 338)

340 (313, 367)

0

459 (442, 475)

462 (435, 489)

1

533 (516, 551)

581 (556, 606)

2

710 (692, 728)

761 (741, 781)

3

889 (872,905)

897 (881, 913)

Force (N)

Force (N)

-3

0.9 (0.80,0.94)

0.5 (0.46, 0.65)

-2

1.3 (1.2, 1.4)

1.2 (1.04, 1.31)

-1

1.7 (1.6, 1.8)

1.4 (1.30, 1.58)

0

2.2 (2.0, 2.3)

1.9 (1.72, 2.03)

1

2.4 (2.3, 2.5)

2.3 (2.16, 2.47)

2

3.1 (2.9, 2.5)

2.8 (2.69, 3.01)

3

3.6 (3.4,3.9)

3.2 (3.0, 3.40)

Displacement (mm)

Displacement (mm)

-3

6.3 (6.1,6.6)

6.2 (5.96, 6.48)

-2

5.6 (5.4, 5.8)

5.6 (5.32, 5.86)

-1

5.3 (5.0, 5.5)

4.6 (4.37, 4.92)

0

5.0 (4.8, 5.2)

4.6 (4.35, 4.83)

1

4.8 (4.5, 5.0)

4.6 (4.35, 4.77)

2

4.6 (4.3, 4.7)

4.0 (3.80, 4.15)

3

4.3 (4.1,4.6)

3.8 (3.65, 4.04)

Scale Category

CI = Confidence interval
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In stage two, none of the participants were consistently able to assign a stiffness value to a scale
category when using the whole scale (i.e. within a 10 % margin of the stiffness values presented). Most
participants (72 %) were able to consistently use the scale within a 11 % to 30 % margin of the stiffness
values presented. However, the remainder of the participants (28 %) were consistently outside the
31 % margin of error, indicating poor consistency in use of the whole scale. When individual scale
categories were analysed, the individual participant’s ability to consistently assign a stiffness to a single
category ranged from 1 % to 92 %. There was no apparent pattern for years of experience, nor type of
physiotherapist.

The probabilities of the mean stiffness values for each scale category being assigned to that category
are presented in Table 3.4. Visual representation of Table 3.4 is presented in Appendix 3.7.
Table 3:4: Probability of the mean stiffness values (generated in stage two) being assigned to a particular scale category

Mean
Stiffness
(N/m)

Scale -3
Probability
%

Scale -2
Probability
%

Scale -1
Probability
%

Scale 0
Probability
%

Scale 1
Probability
%

Scale 2
Probability
%

Scale 3
Probability
%

119

57

23

10

5

3

1

0

232

15

32

24

16

10

3

0

340

1

20

27

26

19

7

0

462

0

5

16

30

31

16

2

581

0

0

5

22

38

29

6

761

0

0

0

5

25

46

24

897

0

0

0

1

10

45

45
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As the seven-point palpation scale was used as a subjective measuring technique in Chapter Five, the
researcher was independently assessed on their ability to use the scale. This assessment occurred
one year after development of the instrument and scale, using the protocols from both stage one and
stage two. The researcher’s results demonstrated similar patterns to the participant cohort, with low
stiffness values in the negative categories, and higher values in the positive categories using both
methods of data collection. Over a period of 36 hours, three repeated measurements using stage two
protocols were completed, with the researcher’s results showing an under-estimate of the stiffness
values in each category compared to the results of the grouped participants (see Table 3.5).

Table 3:5: Differences between researchers and participant cohort stiffness values at each category

Researchers Mean Stiffness (N/m)
Scale Category
(mean ± 95 % CI)

Difference between participants’
mean and researchers mean
(N/m)

-3

74 (23, 124)

-45

-2

127 (117, 137)

-105

-1

238 (226, 251)

-102

0

287 (244, 330)

-175

1

490 (432, 548)

-91

2

745 (629, 861)

-16

3

850 (768, 931)

-47

CI = Confidence interval
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Figure 3.7 shows the grouped participants and researchers results using stage two protocols (mean ±
SD).
1200

1000

Stiffness (N/m)

800

600

400

200

0
-3

-2

-1

0

Participant Cohort

1

2

3

Researcher

Palpation Scale
Figure 3:7: Comparison of researcher and stage two cohort results

The researcher’s application of force ranged from 0.2 N to 5.4 N, with an average force application of
2.1 N. Their displacement of the plunger increased linearly from 2.0 mm at category +3 to 8 mm at
category 3.
73

Chapter Three: Defining a Palpation Scale

3.4

Discussion

To the researcher’s knowledge, this is the first study that has attempted to quantify physiotherapists’
ability to assign stiffness values to a digital palpation scale for subjective stiffness. Although there were
significant differences between each scale category for the values of stiffness assigned, there were
large overlaps between the categories with many outliers. Lower values of stiffness were generally
assigned to the negative range of the scale categories and higher values in the positive scale
categories. However, there was large variability in the stiffness values associated with each of the
categories, between and within participants. For example, if the stiffness value was set at 462 N/m
(mean of scale category 0: representing a ‘normal’ muscle stiffness), participants assigned the stiffness
value to anywhere between category -2 to +3 on the scale.

Despite the significant two-way interactions between force applied and type of physiotherapist, and
between force applied and years of experience, force application varied widely, with some participants
applying little force (0.1 N), compared to others applying a large force (8.5 N) all within the same
category. Displacement reflected a similar pattern, with displacement ranging from 0.7 mm to 8.6 mm
Considering this study focused on physiotherapists ability to assess subjective muscle stiffness in small
muscles of the body, it is surprising that such a wide range of force and displacement was obtained
from the participants. This may have been due to limiting the participants to just the application of force
in relation to displacement. Without the visual feedback of patient responses to the application of force,
nor the visual feedback of seeing the muscle moving in relationship to the whole muscle and the
surrounding body part, participants had to solely rely on the haptic feedback of their fingers. The greater
displacement of the probe by the pelvic floor physiotherapists as compared to the musculoskeletal
physiotherapists may also have been due to their potential habit of ‘hunting’ for the muscle within the
vagina, as no visual feedback of muscle location occurs for intravaginal examinations.
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The subjective nature of palpation is widely recognised. A ‘Palpation Trainer’ to teach clinicians how to
standardize pressure application (speed and peak force application) using a three-fingered pincer grip
for palpation was developed by Anders et al [196]. The authors found a slight improvement in the
participants’ repeatability of applying pressure at the same rate and speed as the training standards.
However, it had only a temporary training effect (less than 48 hours) and it is unknown if this skill
improvement transferred to clinical situations. Neither Anders et al nor this study relied on subjective
clinical measures, or symptom changes in clinical patients, instead using objective devices to measure
different aspects of participants’ palpation skills. This methodology minimised any bias that may have
been associated with clinical in vivo conditions. Previous studies looking at repeatability of palpation
scales for muscle subjective stiffness in vivo have shown poor to moderate agreements (reported on
in Chapter Two) [144, 145], while palpation scales for muscle strength against manometers show poor
to fair repeatability (r = 0.25 (95 % CI -0.23 to 0.63, r = 0.51 (95 % CI 0.08 to 0.78) [161, 197]. A
systematic review and meta-analysis for the Modified Ashworth Scale reported repeatability of the
scale being fair to good (lower extremities inter-rater ICC = 0.686, intra-rater ICC = 0.644; upper
extremities inter-rater ICC = 0.781, intra-rater ICC 0.748) [146]. However, the repeatability levels
reduced when there were more assessors involved, primarily due to the lack of standardized protocols
and lack of training in how to use the scale correctly.

The participants’ years of clinical experience appeared to have no influence on their ability to use the
scale consistently. Experience ranged from new graduates to expert physiotherapy specialists; they
had received undergraduate and post-graduate training from a wide variety of training institutes located
in many different countries, as well as being exposed to an extensive variety of clinical conditions.
While it is a common belief that palpation skills increase with clinical practice and experience [136,
195], the results from this study and Anders et al [196] do not support this.

There was also no difference between musculoskeletal and pelvic floor physiotherapists. Pelvic floor
physiotherapists typically assess smaller internal muscles of the body, while musculoskeletal
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physiotherapists tend toward palpation of larger muscles of the extremities and trunk. However, both
groups undergo the same undergraduate training before branching into their chosen areas of interest,
and while a ‘lighter’ touch may be recommended when assessing internal areas for the comfort of the
patient, pelvic floor physiotherapists still palpate and treat larger muscles associated with the pelvic
region.

No participants had received formal training in using a scale for quantifying muscle subjective stiffness.
However, all reported ‘measuring’ muscle subjective stiffness, and using it to assist in defining patient
treatment. During undergraduate training, physiotherapists have exposure to muscle strength scales
using palpation as the assessment tool [7, 36, 198]. However, the use of palpation scales for
assessment of muscle subjective stiffness is not commonly part of the curriculum [personal
communications with university staff in five different countries]. Despite this, physiotherapists are
taught how to ‘identify and release tight’ muscles using palpation as part of their core training. This lack
of standardised training appears to be a glaring gap in undergraduate physiotherapy training globally.

The palpation instrument was successfully developed and matched the clinical haptic feedback
guidelines given by the volunteers. It is portable and only requires a standard electrical plug to be fully
functional. There are limitations with the palpation instrument, including its unitary for training being
limited to the small muscles of the body. Larger muscles require more force application and often the
use of the therapist’s whole hand to assess subjective stiffness. However, participants reported that
the plunger end of the palpation instrument did replicate the subjective stiffness they felt during clinical
assessments of small muscles, and that the wording associated with each scale category was
agreeable and understandable. A third of participants wanted to add ‘+’ categories to the scale, while
another third wanted a simpler three- to five-point scale, similar to the International Continence Society
four-point muscle strength scale [7]. Adding “+” to palpation scales is common, with Dietz et al adjusting
his scale from five-point to 21-points [144], although Frawley et al found that adding “+” did not improve
their results [133].
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Participants reported difficulty with adjusting their concept of muscle subjective stiffness, as many
reported their perception of subjective stiffness was influenced by the patient’s verbal and non-verbal
communication of pain. Pelvic floor physiotherapists who predominantly worked with ‘persistent pain’
patients had difficulty identifying lower ends of the scale, even when presented with low stiffness
values. This tendency has been identified previously, with inter-rater repeatability higher when known
pain cohorts are used in palpation studies for subjective stiffness [43, 199]. An association of muscle
subjective stiffness with pain appears to be a common belief among physiotherapists [200], with some
subjective stiffness palpation scales actually measuring pain responses, not subjective stiffness [141],
or including a possible pain response as part of their subjective stiffness scale [144].

These results may have been influenced by the ‘newness’ of using a formal scale to quantify what
participants had previously measured ad hoc. However, as the basic skill of palpating muscle is
entrenched in the physiotherapy profession, this effect should have been minimal. Since the
participants were representative of physiotherapy globally, with a wide range in years of experience
and skill areas, the results of this study are generalisable and have high external validity.

Palpation is used widely as a low-cost and readily-available method of assessing components of
muscle properties, even though there are questions regarding the validity and reliability of these
methods. Quantitative measurement of muscle stiffness using devices such as the elastometer [72],
dynamometer [71], or MyotonPro [64] would provide more reliable measurement. However, currently
these devices are limited to research, hence the reliance on palpation.

If we are to continue to use palpation for patient assessment, then there is a need for a reliable and
validated palpation scale to be developed against an objective reference standard. Standardised
training in the use of the scale could then be applied globally, promoting improved reliability and
consistency in assessment of muscle subjective stiffness and hence patient management.
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3.5

Conclusion

The palpation instrument enabled the evaluation of physiotherapists’ ability to allocate stiffness values
to the palpation scale. It was determined that stiffness values are spread from low values at -3 to high
values at +3. There was poor consistency in the use of the scale and there was a low probability of
assigning the same stiffness values to the same scale category. While it is current practice globally,
without a validated and reliable palpation scale, physiotherapists should be cautious of using palpation
as a way of measuring muscle subjective stiffness.

In Chapter Five, palpation is used alongside instrumentation to measure muscle subjective stiffness
and active force in pregnant and post-partum participants. Correlations between the palpation and
instrumentation measures are reported on in that Chapter.
.
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4. Chapter Four: Elastometer placement in relationship to the levator
ani muscle
4.1

Introduction

A major component of this thesis is to measure change in the muscle properties of the LAM during
pregnancy and post-partum. An instrumented speculum (the elastometer), previously described in
Chapter Two, was used to conduct these measurements. However, it was necessary to confirm that
the speculum was correctly placed to determine stiffness and force of the LAM. Using T2 weighted
magnetic resonance (MR) images, the spatial relationships between soft tissue and solid objects can
be measured. The aim of this observational study was to determine the position of the speculum end
of the elastometer in relation to the LAM during rest, and during voluntary contraction of the LAM, at
both 30 mm and 40 mm aperture.

4.2

Methods

4.2.1 Participants

Participants were recruited via email invitations and advertisements over a period of three months (see
Appendix 4.1 for advertisement). Exclusion criteria included: a current pregnancy; being less than six
months post-partum; having had previous pelvic surgery; the presence of metal in the pelvic area
(including intra-uterine devices with metal components, and total hip replacements); having
endometriosis, fibroids, pelvic pain, prolapses (beyond stage 2), urinary or faecal incontinence, or
active vaginal infection; and the participants’ inability to speak conversion level English. Participants’
dates of birth, ethnicity, weight, height, and birthing history were collected. Each participant was
assigned an anonymised code under which all data collected was stored (both in hard copy and
electronically, as per data management protocols). Data were only accessible to researchers directly
involved in the study.
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As this was a small observational study, a sample size of six was selected as a reasonable size,
considering the limited MR machine access and financial constraints. All participants were given a
participant information sheet (see Appendix 4.2) and provided written informed consent (see Appendix
4.3 and Appendix 4.4). The study received approval by the University of Auckland Human Participants
Ethics Committee on 6th December 2017 for three years, reference number 020414 (see Appendix
4.5).

4.2.2 Development of MR Compatible Elastometer

As the original elastometer is composed of metal and electronic components, a MR-compatible
elastometer was designed and developed by the Auckland Bioengineering Institute’s Technology
Development Engineer. To maintain consistency between devices, key dimensions of the original
elastometer, speculum tips, pivot locations and overall length guided the MR-compatible design
(Autodesk Inventor 2016, Autodesk Inc., San Rafael, CA, USA). The device components were
fabricated with a stereolithography 3D printer (Form2, Formlabs Inc., Somerville, MA, USA) using clear
photopolymer resin (FGPCL01, Formlabs Inc., Somerville, MA, USA). Displacement of the speculum
tips from 30 mm to 50 mm was achieved by a custom hydraulic actuator, using glycerol as the hydraulic
fluid. The glycerol volume, and therefore displacement at the speculum tips, was dispensed manually
with a standard 5 mL disposable syringe. Speculum displacement was measured with Vernier callipers
to correlate displacement with the dispensed volume. See Figure 4.1 for image of original and MR
compatible elastometer.
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Figure 4:1: Electromechanical elastometer (top) and MR-compatible elastometer (bottom)

4.2.3 MRI Protocol
To develop the MRI protocol, one volunteer was tested prior to commencing recruitment. Due to the
restrictions of the MR machine and pelvic receiving coil, participant positioning was modified from the
pregnancy study: hips flexed approximately 25˚ (versus 45˚); hips abducted 10˚ (versus 20˚). Previous
research has demonstrated that apertures of 30 mm and 40 mm were acceptable in a cohort of nonpregnant women [158], therefore aperture sizes and scan timing were adjusted from the pregnancy
study to ensure participant comfort. See Figures 4.2 and 4.3 for MR elastometer at different apertures.
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Figure 4:2: MR-Compatible elastometer at 30 mm aperture

Figure 4:3: MR-Compatible elastometer at 40 mm aperture
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MR images were acquired at the Centre for Advanced Magnetic Resonance Imaging (CAMRI) in the
Faculty of Medical and Health Sciences, The University of Auckland using a 3T MAGNETOM Skyra
(Siemens Healthineers Ltd, Erlangen, Germany) (Figure 4.4).

Figure 4:4: 3T Magnetom Skyra System (photo from https://www.fmhs.auckland.ac.nz/en/faculty/camri/our-centre/mriscanners.html)

Prior to imaging, all participants were asked to empty their bladder. They were positioned in bent-knee
supine position, with legs supported by pillows to ensure symmetry and relaxation during scanning.
Active contraction of the PFM was confirmed by visual confirmation of indrawing and perineal lift of the
vulvar area. An 18-channel body matrix coil was positioned over the pelvic area to enhance the imaging
quality.

The MRI scanning protocol occurred in three stages. The first stage was completed without the
elastometer. High-resolution static T2 weighted localisers were acquired (17 images; slice thickness
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6 mm; slice gap 12 mm; images acquired in sagittal, coronal, and axial planes; field of view 350 mm;
time taken: 3 minutes; matrix 256 x 186; repetition time 7.6 ms; echo time 3.7 ms; flip angle 150). This
was followed by a 3D volume, T2 image acquisition in the sagittal plane (192 images; slice thickness
1 mm; field of view 350 mm; time taken: 7 minutes; matrix 256 x 192; repetition time 1700.0 ms; echo
time 90.0 ms; flip angle 150).

The second stage of the scanning involved placement of the elastometer (at 30 mm aperture), 35 mm
into the vagina, with the insertion technique following the natural angle of the vagina to ensure
participant comfort and correct positioning. The speculum was positioned to ensure opening occurred
in the coronal orientation (i.e., laterally), with the elastometer held in position by a weighted support.
Localisers were acquired with the elastometer in position (17 images; slice thickness 6 mm; slice gap
12 mm; images acquired in sagittal, coronal, and axial planes; field of view 350 mm; time taken: 3
minutes; matrix 256 x 192; repetition time 7.6 ms; echo time 3.7 ms; flip angle 150). Dynamic images
were acquired in both axial and coronal planes using 2D TrueFISP static images to make a cine loop,
with the precise angle of orientation adjusted to align along the long axis of the elastometer speculum
(aperture 30 mm; 3D volume; T2; 2D TrueFISP; 50 images sampled within a timed 5 second period
where participants were verbally instructed to complete a maximum voluntary contraction (MVC) of the
PFM (oversampling occurred for 2 seconds either side of timed contraction to ensure full contraction
was captured); slice thickness 10 mm; axial and coronal planes; field of view 350 mm; matrix 288 x
287; repetition time 513.5 ms; echo time 2.0 ms; flip angle 150).

The third stage involved the acquisition of images at an elastometer aperture of 40 mm. Dynamic
images were acquired in both axial and coronal planes, as for previous protocols at 30 mm.
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4.2.4 Analysis
All images were viewed offsite using Syngo Fast View (Siemens Healthcare GmbH, 2016). The location
of the LAM was identified using known anatomical landmarks. Location was confirmed during the
dynamic sequence images, with contraction visually demonstrated by: changes in the shape of the
muscle; movement in the cranial direction; and a closing movement of the elastometer speculum ends
during the peak contraction at 40 mm aperture.

4.3

Results

See Table 4.1 for participants’ demographics. All participants completed full MR scanning protocols
with no reported discomfort. One participant (who was nulliparous) had poor contractile strength of
their PFM, all others could contract their PFM well.

Table 4:1: Demographics of participants

Ethnicity

Age

BMI

Birthing History

Confirmation of
elastometer being
positioned against
the LAM

European-Caucasian

36

19.5

Two elective caesarean sections

Confirmed

European-Caucasian

25

23.4

Nil

Confirmed

European-Caucasian

47

20.0

One vaginal delivery with forceps, one
caesarean section

Confirmed

European-Caucasian

26

23.5

Three vaginal deliveries

Confirmed

European-Caucasian

46

26.5

Two vaginal deliveries

Confirmed

Asian

37

25.1

One emergency and one elective
caesarean section

Confirmed

A representative sample of the MR images obtained during the study are presented below (Figures 4.6
to 4.10). For anatomical planes reference image see Figure 4.5.
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Figure 4:5: Image representing anatomical planes for
https://www.spineuniverse.com/anatomy/anatomical-planes-body

referencing

MR

image

location.

Sourced

from

Figure 4:6: A and B: Localiser Images from two different participants demonstrating position of the elastometer (blue star) in
the sagittal plane. The LAM is approximately where the red line is located on the image.
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Figure 4:7: A and B: Axial images with the elastometer at 30 mm aperture (left image) and at 40 mm aperture (right image) in
one participant. The top of the image is anterior. The red arrows indicate the approximate location of the LAM.

Figure 4:8: Angled coronal image of the elastometer at 40 mm in rest state. The red arrow indicates the approximate position
of the LAM at an oblique angle to the coronal axis. This angle is due to offsetting the plane of the image to align the MR image
to the longitudinal axis of the elastometer.
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Figure 4:9: A and B: Angled coronal image of the elastometer at 40 mm aperture during contraction of the PFM in two different
participants. The red arrow indicates the approximate position of the LAM.

Figure 4:10: A and B: Angled coronal image of the elastometer at 40 mm aperture during rest (left image) and contraction of
the PFM (right image) in one participant. The image on the right shows the protective cover over the MRI compatible
elastometer bulging higher, and the tips are slightly closer together due to the contraction of the muscle. The red arrow
indicates the approximate position of the LAM.
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At aperture 40 mm, the ends of the elastometer moved towards each other 1 mm to 4 mm during PFM
contraction depending on the participant. This did not occur at aperture 30 mm.

4.4

Discussion

The aim of this study was to confirm the position of the elastometer within the vagina and its relationship
with the LAM. The images confirm that the location of the elastometer spectrum ends are positioned
against the LAM at both apertures, and in both rest and contraction muscle states.

The localiser sagittal images enabled confirmation of the position of the ends of the elastometer probe
in relationship to the pelvic muscles, pelvic viscera, and bony landmarks. The position of the LAM can
be inferred from its attachment to the posterior surface of the pubic symphysis bone and the direction
it travels posteriorly towards the last coccygeal joint prior to wrapping around the external anal sphincter
[201]. The elastometer was clearly visible as located within this area of interest in all participants. This
supports a previous study by Saleme, Rocha [160], who reported that their multidirectional
instrumented speculum ends were also positioned within the muscular mass of the LAM.

No formal measures were completed of the LAM on the images due to the difficulty in measuring the
obliquely angled muscle in the coronal plane. This oblique angle was required as the natural shape
and direction of each participants’ vagina affected the elastometer angle. To ensure the full length of
the elastometer remained within the images, each scan required individual oblique alignment. In
coronal axis images, the LAM is usually visible as an upward-bulging curve [202], however its size and
shape can vary widely between individuals [203]. It was not possible to see any upward curves in this
study due to the oblique angle of the scan. However, as we were obtaining images during PFM rest
and PFM contraction, it is possible to see the LAM moving and the speculum ends only moving inwards.
This suggests that the force of the LAM contraction was focused on the speculum ends, not on the
arms themselves. This movement may be due to the MR-compatible elastometer material properties:
89

Chapter Four: Elastometer placement in relationship to the levator ani muscle
the clear photopolymer resin elastometer is naturally more flexible. This was able to be replicated in
the lab with finger gripping pressure of approximately 10 N. This flexibility does not occur with the metal
elastometer, with no movement of the ends of the elastometer occurring during similar testing.

Limitations of this MR study include the small number of participants, their lower BMI, and restrictions
on elastometer aperture size. However, while imaging was only completed on six participants (five of
whom were European-Caucasian), these participants ranged in age, size, and parity, indicating that
the elastometer could be positioned accurately against the LAM. The elastometer maximum aperture
was 40 mm in this study, an aperture that the participants felt stretched their vaginal tissues but was
comfortable to maintain for the duration of the scans. This size aperture for instrumented speculums
has been used in several previous studies, both in transverse and anterior-posterior orientations [71,
153, 158]. During the pregnancy study (reported in Chapter Five), the maximum aperture was 50 mm.
This increased aperture was due to the hormonal changes associated with pregnancy, allowing
increased stretch and comfort levels of the vaginal walls and surrounding tissues. Due to ethical
restrictions, pregnant women were unable to take part in this MRI study. While this MR study used a
smaller aperture size, the protocols for positioning the elastometer were very similar to the pregnancy
study, limiting any differences in elastometer placement against the LAM.

4.5

Conclusion

The elastometer appears to be placed against the LAM during both relaxation and contraction of the
PFM, at both 30 mm and 40 mm apertures.
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5. Chapter Five: Investigation of pelvic floor muscle properties from
pre-pregnancy through to post-partum
Aspects of this study have been submitted for publication and are under review.

5.1

Introduction

As discussed in Chapter Two, significant physiological changes occur during pregnancy, delivery, and
post-partum. Changes include maternal posture alterations [1], increased compressibility of the
connective tissues, increased vaginal distensibility [17], pelvic fascia lengthening, reduced ligament
stiffness [15], enlargement of the levator hiatus and increased mobility of the bladder neck [80]. During
delivery, the fetal skull, bony restrictions of the pelvis, and the PFM (specifically the LAM) work together
to facilitate descent of the fetus [1, 9], with computational models estimating stretch ratios of between
2.2 to 4.3 [204]. Due to the large stretch required of the levator ani muscles (LAM), avulsion of the
muscle from the pubic bone occurs in up to 35 % of women during vaginal delivery [102]. This can
increase the risk of developing pelvic floor dysfunction later in these women’s lives [111]. While there
are known maternal, fetal, and delivery factors that contribute to the development of these pelvic
dysfunctions, there is limited information on any contribution of temporal changes to the muscle
properties.

As skeletal muscles reach load failure at 50 % strain [98], it is assumed that maternal hormones
facilitate changes to the biomechanical and viscoelastic responses of the LAM during pregnancy,
however there is limited information on this. By exploring the response of the LAM to the stresses
applied during pregnancy and labour, we will gain a deeper understanding of the mechanical changes
that may occur and the possible effects on delivery outcomes and pelvic floor dysfunction.
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The overall aim of this study was to explore changes in PFM stiffness and force over four time points
(pre-pregnancy, at 18 to 24 weeks, at 35 to 38 weeks, and at 13 to 28 weeks post-partum), to explore
any correlations between measures, and to investigate any relationships they have to symptoms of
pelvic floor dysfunction and delivery outcomes.

It is hypothesised that there will be decreased stiffness and reduced active force as the pregnancy
advances, with post-partum measurements reflective of PFM changes due to the delivery. It was
expected that there will be associations between muscle stiffness and force measurements, and that
clinical measures will correlate with instrumental measures. Finally, it is hypothesised that muscle
stiffness and active force measures can be useful predictors of pelvic floor dysfunction and delivery
outcomes.

5.2

Methods

5.2.1 Participants
Participants were recruited via printed media, the study website, social media, and by direct contact
with midwives, general practitioners, and allied health professionals (see Appendix 5.1 for
advertisement). All recruitment and assessments took place over a period of 34 months.

Prior to acceptance into the study, all participants visited the study website (see Appendix 5.2) and
completed screening via an online survey (Qualtrics Software Com, Utah, USA) (see Appendix 5.3).
Inclusion criteria comprised: nulliparous women aged between 18 to 45 years of age who were planning
on becoming pregnant, or who were already pregnant with a singleton low-risk pregnancy (under 24
weeks at time of enrolment into the study). Exclusion criteria comprised: if the participant had lower
than conversational level English; the diagnosis of a high risk pregnancy (multiple fetuses, morbid
obesity [Body mass index (BMI) >37 in Polynesian women, BMI >35 in European women]; more than
92

Chapter Five: Investigation of pelvic floor muscle properties
two previous miscarriages after 16 weeks’ gestation; pre-existing or the development of some medical
conditions in the mother [specifically: pre-eclampsia, multiple sclerosis, cerebral palsy, cauda equina
syndrome, pudendal neuropathy, autoimmune disease, cancer, sickle cell anemia, tuberculosis,
herpes, AIDS, heart disease, hypertension, kidney disease, Crohn's disease, ulcerative colitis, or
diabetes]; planned elective caesarean section at the time of entry into the study; and the development
of medical conditions in the fetus [heart defect, Rh incompatibility, congenital deformity].

An a priori calculation of sample size was not possible due to the many variables that would be
examined over multiple time points. However, based on previous similar studies it was deemed that 80
participants would be sufficient to determine meaningful changes in muscle stiffness over time [73]. All
participants were given a participant information sheet and provided written informed consent (see
Appendix 5.4). Each participant was assigned an anonymised code under which all data were stored
(both in hard copy and electronic), and available only to researchers directly involved in the study.
Ethics approval was gained for this study from the Health and Disability Ethics Committee (Ethics
Reference Number: LRS/10/07/029/AM06) in September 2015, with approval for amendments to the
elastometer protocol gained in May 2016 (Ethics Reference Number: LRS/10/07/029/AM08) and
September 2016 (Ethics Reference Number: LRS/10/07/029/AM10) (see Appendix 5.5, 5.6 and 5.7).

5.2.2 Summary of Procedures
Clinical and instrumentation data was collected at four-time points: pre-pregnancy (if applicable); at 18
to 24 weeks; at 35 to 38 weeks; and between 13 to 28 weeks post-partum. Data collection was
completed by one researcher.
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5.2.2.1 Clinical Data Collected
Collected at each assessment: name; contact details; date of birth; ethnicity; self-administered
Australian Pelvic Floor Questionnaire (APFQ) [205]; height; pre-pregnancy weight; current weight;
family history of pelvic floor issues; urinary incontinence prior to pregnancy; Beighton Score for
hypermobility [206, 207] (see Appendix 5.8); updated smoking history; updated alcohol history;
knowledge of PFM; source of knowledge on PFM; general fitness activity level; tolerance to elastometer
(comfort level and aperture size in mm); perineal body length; current length of gestation or time spent
in the post-partum period (measured in weeks); and muscle measurement data (subjective active force
measure and subjective stiffness). Post-partum, the following was added: muscle measurement data
related to defects (levator ani defect detected; perineal defect detected; palpation gap at LAM insertion;
width between insertion sites of LAM) [150]; Pelvic Organ Prolapse Quantification (POP-Q) [122] (see
Appendix 5.9); baby feeding method at time of post-partum assessment; if completing PFM exercises;
menstruation status; and contraception methods.

Delivery details obtained from medical records: length of first stage of labour; length of second stage
of labour; time of delivery; labour induction method; pain relief used; presentation during delivery; land
or water delivery; women’s position at delivery; type of delivery; place of delivery; geographic location
of delivery; perineal trauma details.

Baby details obtained from medical records: estimated date of delivery; actual date of delivery;
estimated weight; actual weight; estimated head circumference; actual head circumference; length;
sex; feeding method immediately following delivery.
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5.2.2.2 Instrumentation Data
Bioinstrumentation data included: elastometer, an instrument developed at the Auckland
Bioengineering Institute for measuring LAM stiffness and force; MyotonPro (Myoton AS, Estonia)
(muscle stiffness for the perineal muscles and perineal body); and 3D and 4D ultrasound (GE
Healthcare, Auckland, New Zealand) (measurements of the LAM and hiatal areas).

5.2.2.3 Order of Data Collection
The order of data collection remained the same at each assessment: APFQ completed online one to
three days prior to assessment; subjective questions; digital palpation of perineal muscles (subjective
stiffness, and perineal defect detection post-partum); digital palpation of LAM (subjective stiffness;
active force; post-partum: gap at LAM insertion; width between LAM insertion sites; LAM defect);
MyotonPro measurement of perineal muscles and the perineal body (muscle stiffness); elastometer
measurement LAM (muscle stiffness and muscle force); and post-partum assessment: POP-Q;
ultrasound (2D sagittal images, 3D volume images).

5.2.2.4 Position of participant
Participants voided their bladder immediately prior to positioning on the examination bed in bent-knee,
semi-supine position (bed-end raised to 30 degrees, two pillows under shoulders and head), feet
placed flat symmetrically shoulder-width apart.

5.2.2.5 Participant Instructions
Standardised instructions on how to do an MVC of the PFM and how to relax the PFM were given to
all participants (see Appendix 5.10). Participants position, overall relaxation status, and breathing
pattern were observed to ensure breath holding, abdominal muscle contraction, or pelvic floor
contraction during the relaxation phase of each step-phase did not confound the measurements.
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5.2.3 Digital Palpation
The standard clinical procedure of dividing the vaginal area into the sections of a clock to orientate the
clinician’s palpation was used to determine locations of measurements: twelve o’clock is positioned at
the clitoral site; six o’clock at the fourchette site (assuming a sagittal plane orientation). Muscle stiffness
palpation location: Perineal at 3 and 9 o’clock positions at the introitus level; LAM at 3 and 9 o’clock
positions approximately 35 mm inside the vagina [142]. Muscle active force palpation location: 3 and
9 o’clock positions, 35 mm inside the vagina [132].

Subjective stiffness palpation technique: pad of the index finger of the dominant hand palpated the
relaxed muscle after one MVC, with force applied twice to displace the muscle approximately 5 mm to
10 mm. Stiffness was recorded from the second force application, using the seven-point palpation
scale detailed in Chapter Three.

Subjective active force palpation technique: After visual confirmation of correct MVC, palpation
occurred during one MVC, held for the duration of two to four seconds, with measurement based on
MOS [36] (see Table 5.1).

Table 5:1: Modified oxford scale for strength

0

Nil

1

Flicker

2

Weak

3

Moderate, slight lift of the examiner’s finger, no resistance

4

Good, sufficient to elevate the examiner’s finger against light resistance

5

Strong, sufficient to elevate the examiner’s finger against strong resistance
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Post-partum the following palpation techniques were added: ‘palpation gap at LAM insertion’ (continuity
of the LAM at attachment into pubic bone); ‘width between LAM insertion sites’ (distance between the
attachment sites of the LAM) [150].

5.2.4 Elastometry
Two versions of the elastometer (Version V2 (see Figure 5.1) and Version V3A (see Figure 5.2)) were
used interchangeably in the study for reasons of access and mechanical repair. The only difference
between the two models related to ease of attaching the speculum ends (magnetics on V2, slide
mechanism on V3A), and user interface (LabVIEW 2011 on V2 and LabVIEW 2013 on V3A). Both
elastometers were validated against each other and calibrated after any repairs needed.

Figure 5:1: Elastometer V2 (pictured inside protective transport case)
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Figure 5:2: Elastometer V3A with computer attached

Speculum ends were enclosed in two layers of protective covers (each individual speculum arm was
covered in a male condom, with both arms enclosed by a larger female condom) (see Figure 5.3). Full
disinfection and cleaning of the elastometer was performed between use with each participant.
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Figure 5:3: Elastometer with protective covers in position

The elastometer speculum (pre-set at 30 mm aperture) was positioned 35 mm into the vagina (opening
in coronal direction), with insertion following the natural angle of the vagina. The sequential stepphases of opening were controlled by a linear DC servo motor providing a constant speed of opening.
The relationship between the aperture and motor position is non-linear, so speed of the opening of the
tips varies slightly during each step-phase. The load cell linear range is 12 N, with a R2 linear fit typically
0.9999. A hand piece communicates with a laptop computer running a customised LabVIEW interface.
One cycle was defined as commencement of opening the elastometer from 30 mm to closing of the
instrument after it had reached the maximum aperture (either 40 mm or 50 mm). Table 5.2 outlines a
single cycle of measurement, and the apertures used (which were determined by pregnancy status).
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Table 5:2: Step-phases of elastometer openings

Cohort

Aperture Opening

Cycle of Measurement

Pre-pregnant

30 mm to 40 mm aperture

Five step-phases equal one cycle

Pregnant

30 mm to 50 mm aperture

Ten step-phases equal one cycle

Post-partum

30 mm to 50 mm aperture

Ten step-phases equal one cycle

The sequence of the measurements taken in each step-phase is outlined in Table 5.3, with one stepphase outlined. Pre-pregnant measurements were limited to between 30 mm and 40 mm to ensure
participant comfort.

Table 5:3: One step-phase sequence of measurements

Elastometer
Setting

Opening of elastometer to set aperture
(total time taken each step phase is nine seconds)

Participant

Adjustment of
vaginal tissues as
opening of
elastometer occurs
over one second,
participant remains
relaxed

Muscle
Measurement

Nil

Relaxation for
three seconds

MVC of PFM for
three seconds
(timed with
automated beep
from elastometer)

Relaxation for
three seconds

Passive force

Active force

Passive force
and muscle
stiffness

Force and displacement data sampling occurred at a rate of 100 Hz. Prior to data collection, a
calibration run of the measurement cycle was performed with the elastometer protective covers in
place. Following this, two cycles of measurement data were collected per participant, with cycle one
considered a pre-conditioning and familiarization cycle [151, 208]. Cycle two was used for the analysis
of muscle stiffness and force calculations.
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Muscle stiffness (the extent to which the muscle resists deformation in response to an increment in
applied force) was calculated using the steepness of the force-displacement curve measured on the
most linear portion of the curve, between apertures 30 mm to 40 mm (for pre-pregnant participants),
or 40 mm to 50 mm (for pregnant and post-partum participants). Averaged force and displacement
measures were used from the final one second of relaxation time (within that one second, the last 10
data points were averaged), per step-phase, in the appropriate aperture range to form the forcedisplacement curve. See Figure 5.4 for a sample of the force-displacement curve.

Figure 5:4: Force-displacement curve

To determine changes in force at each muscle length, three force values were calculated from the raw
data obtained from the elastometer at each aperture between 30 mm to 50 mm. These were ‘total
force’ (the complete force the muscles can generate, inclusive of active and passive); ‘passive force’
(the inherent force of the muscle in its relaxed state); and ‘active force’ (the difference between the
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passive and total force, the force generated during active, voluntary contraction). The program used to
process all muscle force data used Python programming language, version 3.6.3 (Python Software
Foundation, Anaconda Inc., Austin, USA). See Figure 5.5 for an image of the force trace of one
elastometer cycle.

Figure 5:5: Force trace of one cycle from an elastometer. The yellow circle is highlighting one representative section of
elastometer trace, shown in detail in Figure 5.6 below.
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Figure 5:6: One section of elastometer trace with force ‘1#’ to ‘4#’ values super-imposed (represented by yellow circle in Figure
5.5)

The total force, or maximum peak force (the complete force the muscles can generate, inclusive of
active and passive), was calculated by fitting a 2nd order polynomial to the nine samples defining the
highest sample at each aperture: the maximum value and four samples on either side (represented by
‘3#’ in Figure 5.6) were used for the fit. The 2nd order polynomial function was found to be the best fit
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for most of the peaks (y = ax2+bx+c). The Microsoft Excel LINEST formula returned values for a, b,
and c. The time that peak force (x) occurred was calculated by finding the turning point of the polynomial
by setting its first derivative to zero (2ax + b = 0; x = b/2a). The peak force was then returned by
evaluating the polynomial at this value of x.

Passive force (the inherent force of the muscle in its relaxed state) was calculated by fitting a linear
trendline (represented by the red dashed line in Figure 5.6) to the three lowest samples pre-MVC
(represented by ‘1#’ in Figure 5.6) and the three lowest samples post-MVC (represented by ‘2#’ in Figure
5.6). The linear trendline formula used was: y=mx+b. The Microsoft Excel formulae returned values for
m and b (m = SLOPE(y,x); and b = INTERCEPT(y,x)). The time that peak force occurred (x) was
determined from the equations above (x = b/2a) and used as the value at which the linear trendline
was evaluated, returning an estimate of the passive force.

Active force (the force generated during active, voluntary contraction) was calculated as the difference
between the total force and the passive force (represented by the green line at ‘4#’ in Figure 5.6).
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5.2.5 Myotomy

The MyotonPro (Myoton AS, Estonia) [164] was used for all instrumentation measures of perineal
stiffness (Figure 5.7).

Figure 5:7: MyotonPro with 100 mm probe attached

The perineal muscle area the researcher elected to measure was located by visual observation and
palpation of the largest area of muscle on either side of the perineal body [174]. A perineal body
measurement (centre of body) was added into the study for the final 34 participants after it was decided
that this could be an area of interest for this study.

The probe (the testing end of the device) was placed perpendicular to the skin surface directly above
the perineal location, with a device-set force of 0.18 N applied in order to maintain skin contact and to
slightly compress the subcutaneous tissues. A brief force lasting 15 ms was applied by the device at
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0.40 N, resulting in total applied force of 0.58 N to perturbate the muscle. The resulting damped
oscillations of the muscle were recorded by an accelerometer within the MyotonPro, and numerical
values of muscle stiffness were calculated.

Standardized protocols for the device [164, 174] were used. Five measures were taken in each location
over a period of approximately five seconds, with the average of these measures used for analysis.
Muscles were kept in a relaxed state during the measurement. Results were recorded and stored on
the MyotonPro for off-line data analysis. Single patient-use probes of 100 mm length and 3 mm width
were used). Full disinfection and cleaning of the MyotonPro was performed between each participant.
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5.2.6 Ultrasound

All post-partum assessments included transperineal ultrasound imaging using the GE Voluson i
Portable Ultrasound System (GE Healthcare, Auckland, New Zealand) (see Figure 5.8).

Figure 5:8: GE Volusion i portable ultrasound

A 4 MHz to 8 MHz electronic curved array volume transducer (acquisition angle of 85°, covered in
protective membrane) was positioned over the perineum in the mid-sagittal line. Previously published
protocols were used [102], with 2D image capture of rest and maximum Valsalva used for the analysis
of bladder neck descent. The cineloop function was used to capture MVC and maximum Valsalva (both
repeated three times) [185]. Hiatal dimensions (area, anterior-posterior and transverse measurements)
were measured from 4D image capture of the levator hiatus at rest, MVC and Valsalva [186].
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Tomographic imaging (TUI) was used to determine the presence of LAM avulsion, with measures of
greater than 2.5 mm on all three central images confirming avulsion [186]. Data was analysed using
proprietary GE 4D View software (Version 18) (GE Healthcare Austria GmbH and Co OG, Tiefenbach,
Austria).

5.2.7 Statistical Analysis

Repeated measures ANOVAs and pairwise comparisons with adjustments as appropriate were used
to explore changes over the time points. Multivariate logistic and linear regressions determined any
relationships between variables. Correlation coefficients were completed using both Pearson productmoment correlation coefficient and Spearman Rank Correlation as appropriate. Student t-tests were
completed for comparisons of means. A level of significance of p < 0.05 was chosen a priori for all
analyses. Statistical analysis was conducted using the statistical package IBM SPSS Version 25 (IBM
Corporation, Armonk, NY) and Microsoft Excel 365.

5.3

Results

5.3.1 Demographics

One hundred and nine women applied to take part in the study, of whom 59 aged 21 to 43 years were
accepted. Seven out of 15 participants who enrolled pre-pregnancy were successful in achieving
pregnancy, with three participants completing all four assessments. Due to the small size of this cohort,
limited statistical analysis was completed on the pre-pregnancy cohort. Seven participants withdrew
from the study due to development of high-risk pregnancies or post-partum complications. Due to a
variety of factors (equipment malfunction, access to participants, early labour, and low fetal position),

108

Chapter Five: Investigation of pelvic floor muscle properties
there were limited numbers of complete datasets. Figure 5.9 shows the participant numbers in each of
the repeated ANOVA analyses.

Figure 5:9: Participant numbers in repeated measures

General demographics and clinical characteristics are presented in Table 5.4. All participants were
self-referred and led active, outdoor lifestyles with daily fitness activities undertaken to some level
throughout the pregnancy. Urinary incontinence pre-pregnancy was reported at 11 %. A family history
of pelvic floor dysfunction was reported by 10 %. Mean Beighton Score was 2 (range from 0 to 9). None
of the participants smoked or drank alcohol during their pregnancies. Only 35 % of participants had
knowledge of PFMs or PFM exercises prior to taking part in the study. Only 4 % of participants received
information on PFM exercises during antenatal appointments, while 13 % reported their midwives
briefly discussed PFM training with them post-partum. At their post-partum assessment, 36 % were
completing PFM training. The most common method of contraception was condoms (44 %) followed
by either no intercourse (20 %), or no contraception use (20 %). By their final post-partum assessment
(mean of 20 weeks), 29 % were menstruating. Labour was induced in 36 % of participants, with
induction using Syntocinon being the most common method (22 %). Hospital births were the most
common (80 %), with only 4 % choosing to give birth at home. A birthing pool was used by 15 % during
delivery. Fifty three percent were either supine or half supine during vaginal delivery. All caesarean
sections were the result of failure to progress or complications developing during labour resulting in the
transfer to assisted delivery. An epidural was chosen by 38 % for pain relief, while 11 % had no pain
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relief. Grade two perineal tears were the most common perineal trauma (40 %), with only 15 % of all
vaginal deliveries in this cohort experiencing no perineal damage. Eighty-two percent were breast
feeding at time of delivery, dropping to 76 % by the post-partum assessment. All participants found the
instrumentation and clinical measurements comfortable.
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Table 5:4: Demographics and clinical characteristics

Variable
Age (years), n = 59

31.9 ± 4.8

Body Mass Index (kg/m2), mean ± SD
Pre-pregnant (n = 15)

25.1 ± 3.0

18 to 24 weeks (n = 51)

26.1 ± 4.0

35 to 38 weeks (n = 40)

28.6 ± 4.0

Post-partum (n = 45)

25.6 ± 3.5

Ethnicity, (n)
53

European-Caucasian
Maori

1

Pacific Islanders

1

Asian

1

South American

3

Baby mass, mean ± SD (g)
Estimated (n = 14)

3467 ± 428

Actual (n = 45)

3407 ± 400

Baby head circumference, mean ± SD (cm)
Estimated (n = 4)

34.5 ± 1.3

Actual (n = 45)

34.8 ± 1.5

Presentation of baby (n)
Occiput anterior

31

Occiput posterior

14

Length of labour, mean ± SD (minutes)
First stage

1098 ± 1080

Second stage

168 ± 233

Delivery Type (n = 45)
Non-assisted

27

Assisted
Ventouse

2

Forceps

3

Caesarean section

13

Ventouse prior to caesarean section

3

n = participant number; SD = standard deviation;
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5.3.2 Muscle stiffness and force measures over four time points

5.3.2.1 LAM elastometer measurements

Descriptive statistics of the LAM muscle stiffness and force at each time point as measured by the
elastometer are presented in Table 5.5. Visual representation of Table 5.5 is in Appendix 5.11 and
5.12.
Table 5:5:Levator ani muscle stiffness and force over four time points as measured by elastometer (mean ± standard
deviation)

Time-point

Aperture
Size

Pre-pregnancy

18 to 24 weeks

35 to 38 weeks

Post-partum

(n = 15)

(n = 49)

(n = 31)

(n = 42)

40 mm

449 ± 164

478 ± 171

434 ± 163

427 ± 231

721 ± 198

642 ± 178

708 ± 264

11.6 ± 3.0

11.5 ± 2.7

9.7 ± 3.0

23.3 ± 5.1

21.6 ± 3.8

20.5 ± 5.7

7.4 ± 2.0

7.7 ± 2.1

6.5 ± 2.1

14.6 ± 4.2

14.4 ± 3.4

13.8 ± 4.4

4.2 ± 2.5

3.7 ± 2.1

3.2 ± 1.7

8.2 ± 4.9

7.2 ± 3.5

6.7 ± 3.4

Muscle
Stiffness (N/m)
50 mm

Total
Force
(N)

Passive
Force
(N)

Active
Force
(N)

40 mm

13.2 ± 3.9

50 mm

40 mm

7.6 ± 2.5

50 mm

40 mm

5.6 ± 3.2

50 mm

n = participant number
Independent t-tests with adjustments were completed to compare group means at each time point, with
Table 5.6 reporting mean differences.
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Table 5:6: Mean differences between group means
Pre-pregnancy
versus 18 to 24
weeks

Pre-pregnancy
versus 35 to
38 weeks

Pre-pregnancy
versus postpartum

18 to 24 weeks
versus 35 to 38
weeks

18 to 24 weeks
versus postpartum

35 to 38
weeks versus
post-partum

(mean difference
± 95 % CI)

(mean
difference
± 95 % CI)

(mean difference
± 95 % CI)

(mean difference
± 95 % CI)

(mean difference
± 95 % CI)

(mean
difference
± 95 % CI)

n=5

Muscle
Stiffness
(N/m)

n=5

88 (-83 to 258)

n=5
39 (-97 to 176)

70 (-215 to 346)

17 (-54 to 87)

56 (-35 to 146)

18 (-77 to 114)

p = 0.242

p = 0.467

p = 0.530

p = 0.631

p = 0.224

p = 0.695

n = 30

n = 39

n = 28

36 (-19 to 91)

9 (-69 to 87)

-30 (-109 to 48)

p = 0.187

p = 0.815

p = 0.438

n = 31

n = 40

n = 28

30 mm to
40 mm

Muscle
Stiffness
(N/m)
40 mm to
50 mm

Total
Force
(N)

2.0 (-1.2 to 5.2)

2.4 (-2.0 to 6.8)

5.1 (0.1 to 0.1)

-0.3 (-1.1 to 0.5)

1.5 (0.6 to 2.5)

1.5 (0.4 to 2.6)

p = 0.164

p = 0.206

p = 0.049

p = 0.502

p = 0.030*

p = 0.009*

n = 30

n = 39

n = 28

40 mm

Passive
Force
(N)

0.8 (-1.2 to 2.8)

0.1 (-2.0 to 2.3)

2.1 (-0.4 to 4.6)

-0.6 (-1.3 to -0.01)

0.8 (0.1 to 1.5)

1.1 (0.3 to 1.9)

p = 0.370

p = 0.870

p = 0.081

p = 0.049*

p = 0.024*

p = 0.012*

n = 30

n = 39

n = 28

40 mm

Active
Force
(N)

1.2 (-0.57 to 0.03)

2.2 (-1.0 to 5.5)

2.9 (-0.1 to 6.0)

0.4 (0.01 to 0.8)

0.7 (0.1 to 1.3)

0.4 (-0.1 to 1.0)

p = 0.141

p = 0.128

p = 0.057

p = 0.046*

p = 0.015*

p = 0.130

n = 30

n = 39

n = 28

0.8 (-0.4 to 2.1)

2.2 (0.4 to 3.9)

1.3 (-0.5 to 3.1)

p = 0.157

p = 0.014*

p = 0.142

n = 31

n = 40

n = 28

-0.1 (-1.2 to 0.9)

0.2 (-1.4 to 1.8)

0.8 (-0.6 to 2.2)

p = 0.789

p = 0.800

p = 0.263

n = 31

n = 40

n = 28

1.0 (0.2 to 1.8)

1.2 (0.1 to 2.4)

0.5 (-0.6 to 1.6)

p = 0.017*

p = 0.037*

p = 0.344

n = 31

n = 40

n = 28

40 mm

Total
Force
(N)
50 mm

Passive
Force
(N)
50 mm

Active
Force
(N)
50 mm

* Denotes statistical significance; n = participant number;
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Statistically significant differences using a repeated measures ANOVA over three time points at 18 to
24 weeks, 35 to 38 weeks, and post-partum were determined for 28 participants with complete data
sets (Table 5.7).

Table 5:7: Levator ani muscle stiffness and force measured with elastometry at 50 mm over the three time points for 28
repeated measures participants

Muscle
Stiffness

18 to 24
weeks

35 to 38
weeks

Postpartum

(mean ± SD)

(mean ± SD)

(mean ± SD)

690 ± 180

638 ± 169

668 ± 232

Repeated
measures
ANOVA
(p value)

0.377

Pairwise
comparisons
(95% CI),

Percentage Difference
(95% CI)

Non-significant

(N/m)

Total Force
22.6 ± 4.4

21.5 ± 3.7

19.9 ± 5.1

0.020*

(N)

Between 18 to 24
weeks and postpartum, a decrease
of 2.7 N (0.14 to 5.1)

12 % reduction postpartum (0.6 % to 22 %)

p = 0.036*

Passive Force
(N)

Active Force
(N)

14.4 ± 3.4

8.2 ± 4.0

14.1 ± 3.4

7.3 ± 3.5

13.6 ± 3.9

6.4 ± 3.1

0.482

0.002*

Non-significant

Between 18 to 24
weeks and postpartum, a decrease
of 1.8 N (0.46 to 3.1)

22 % reduction postpartum (6 % to 38 %)

p = 0.006*

* Denotes statistical significance; CI = Confidence interval; SD = Standard deviation;
ANOVA = Analysis of variance

5.3.2.2 LAM digital palpation measurements

Repeated measures ANOVAs were completed for the 38 participants who completed all digital
palpation measurements of LAM subjective stiffness and active force at 18 to 24 weeks, 35 to 38
weeks, and post-partum (Table 5.8).
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Table 5:8: Levator ani muscle subjective stiffness and active force over three time points for 38 repeated measures
participants
18 to 24
weeks
(mean ± SD)

35 to 38
weeks
(mean ± SD)

Post-partum

Repeated
measures
ANOVA

(mean ± SD)

0.49 ± 0.74

0.37 ± 0.63

-0.08 ± 0.78

0.001*

Muscle
Stiffness
Left
(Sevenpoint
Palpation
Scale -3
to +3)

0.49 ± 0.74

0.37 ± 0.63

3.5 ± 1.0

0.05 ± 0.61

Between 35 to 38
weeks and postpartum, a decrease of
0.45 (0.03 to 0.87)
p = 0.033*

122 % reduction
post-partum
(8 % to 235 %)

0.006*

Between 18 to 24
weeks and postpartum, a decrease of
0.71 (0.14 to 1.28)
p = 0.011*

3.1 ± 1.2

19 % reduction
post-partum
(4 % to 34 %)

0.029*

Between 18 to 24
weeks and postpartum, a decrease of
0.50 (0.01 to 0.99)
p = 0.044*

13 % reduction
post-partum
(0.2 % to 26 %)

Active
Force
Left
3.5 ± 1.0

116 % reduction
post-partum
(41 % to 190 %)

0.006*

(MOS
Scale 0
to 5)

3.8 ± 1.1

Between 18 to 24
weeks and postpartum, a decrease of
0.57 (0.20 to 0.93)
p < 0.001*

Between 18 to 24
weeks and postpartum, a decrease of
0.44 (0.11 to 0.76)
p = 0.006*

Active
Force
Right
3.8 ± 1.1

Percentage Difference
(95% CI)

(p value)

Muscle
Stiffness
Right
(Sevenpoint
Palpation
Scale -3
to +3)

Pairwise comparisons
(95% CI)

3.3 ± 1.1

(MOS
Scale 0
to 5)

* Denotes statistical significance; CI = Confidence interval;
ANOVA = Analysis of variance; MOS = Modified Oxford Scale

90 % reduction
post-partum
(22 % to 155 %)

SD = Standard

deviation;

5.3.2.3 Perineal Myoton measurements
Descriptive statistics are presented in Table 5.9 for all participants’ perineal muscle stiffness and
perineal body stiffness at each time point.
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Table 5:9: Perineal body and muscle stiffness at four time points (mean and SD)

Right Perineal
Muscle stiffness
(N/m)
Left Perineal
Muscle Stiffness

Pre-pregnancy

18 to 24 weeks

35 to 38 weeks

Post-partum

(n = 15)

(n = 51)

(n = 40)

(n = 45)

106 ± 15

105 ± 15

99 ± 13

103 ± 15

106 ± 25

112 ± 23

109 ± 24

106 ± 21

236 ± 64

240 ± 56

228 ± 46

246 ± 54

(N/m)
Perineal Body
Stiffness
(N/m)

n = participant number;

Repeated measures ANOVAs were completed for the 38 participants who completed all perineal
myoton measurements at 18 to 24 weeks, 35 to 38 weeks, and post-partum. There were no statistically
significant changes over the three time points: Right perineal, p = 0.149; Left perineal,
p = 0.116; Perineal body, p = 0.342.

5.3.2.4 Perineal digital palpation measurements for subjective stiffness

Repeated measures ANOVAs were completed for the 38 participants who completed all perineal
subjective palpation measurements at 18 to 24 weeks, 35 to 38 weeks, and post-partum. There were
no significant changes over three time points: Right perineal, p = 0.808; Left perineal, p = 0.922;
Perineal body, p = 0.342.
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5.3.3 Symptoms of pelvic floor dysfunction over four time points

Participants’ self-reported symptoms of pelvic floor dysfunction were recorded at each time point using
the APFQ, with descriptive statistics presented in Table 5.10.

Table 5:10: Self-reported pelvic floor dysfunction scores in each domain from the Australian Pelvic Floor Questionnaire (mean
and SD)

Bladder Symptoms Scores

Pre-pregnancy

18 to 24 weeks

35 to 38 weeks

Post-partum

(n = 15)

(n = 51)

(n = 43)

(n = 45)

2.6 ± 3.2

2.8 ± 2.3

3.8 ± 2.8

2.2 ± 2.0

3.6 ± 2.9

3.5 ± 2.7

3.3 ± 2.4

3.2 ± 3.2

0.3 ± 0.7

0.2 ± 1.0

0.6 ± 1.2

1.2 ± 2.2

2.5 ± 2.5

2.5 ± 4.0

2.2 ± 2.5

3.7 ± 3.1

9.1 ± 6.3

9.0 ± 7.8

9.3 ± 5.4

10.3 ± 7.7

(Domain score 0 to 10)

Bowel Symptoms Scores
(Domain score 0 to 10)

Prolapse Symptoms Scores
(Domain score 0 to 10)

Sexual Dysfunction Scores
(Domain score 0 to 10)

Global Score
(Maximum score 40)

n = participant number
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Independent t-tests with adjustments were completed to compare group means, with mean differences
presented in Table 5.11.

Table 5:11: Mean differences between groups

18 to 24 weeks
versus
35 to 38 weeks

18 to 24 weeks
versus
post-partum

35 to 38 weeks
versus
post-partum

mean difference (95 % CI)

mean difference (95 % CI)

mean difference (95 % CI)

n = 43

n = 45

n = 41

-1.1(-1.9 to -0.3)
p = 0.007*

0.2 (-0.3 to 0.8)
p = 0.515

1.5 (0.7 to 2.3)
p = 0.001*

0.1 (-0.6 to 0.8)
p = 0.825

0.2 (-0.5 to 1.0)
p = 0.532

0.2 (-0.6 to 1.1)
p = 0.614

-0.5 (-0.8 to -0.1)
p = 0.006*

-1.2 (-1.8 to -0.5)
p = 0.001*

-0.7 (-1.5 to 0.1)
p = 0.062

0.1 (-0.6 to 0.7)
p = 0.797

-1.7 (-2.5 to -.08)
p = 0.001*

-1.7 (-2.7 to -0.85)
p = 0.001*

-1.2 (-2.6 to 0.2)
p = 0.108

-2.5 (-4.3 to -0.5)
p = 0.012*

-1.1 (-3.3 to 1.1)
p = 0.328

APFQ

Bladder Score
(Domain score 0 to 10)

Bowel Score
(Domain score 0 to 10)

Prolapse Score
(Domain score 0 to 10)

Sexual Dysfunction
Score
(Domain score 0 to 10)

Global Score
(Domain score 0 to 10)

* Denotes statistical significance; CI = Confidence interval

Repeated measures ANOVAs were completed to compare changes over the three time points for the
41 participants who completed all questionnaires at 18 to 24 weeks; 35 to 38 weeks, and post-partum.
Significant changes were demonstrated in bladder, prolapse, sexual dysfunction and global scores for
the three time points (Table 5.12).
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Table 5:12: Australian Pelvic Floor Questionnaire ANOVA and pairwise comparison results

Repeated
measures
ANOVA
(p values)
Bladder
Symptoms
Scores

Between 18 to 24 weeks and 35 to 38 weeks,
an increase of 1.36 (0.50 to 2.23)
p < 0.001*
< 0.001*
Between 35 to 38 weeks and post-partum,
a decrease of 1.48 (0.49 to 2.47)
p = 0.002*

(Domain score
0 to 10)

Bowel
Symptoms
Scores

Pairwise comparisons
(95 % CI)

0.620

Non-significant

(Domain score
0 to 10)

Prolapse
Symptoms
Scores

Between 18 to 24 weeks and 35 to 38 weeks,
an increase of 0.54 (0.07 to 0.99)
p = 0.018*
0.003*

(Domain score
0 to 10)

Sexual
Dysfunction
Scores

Between 18 to 24 weeks and post-partum,
an increase of 1.83 (0.68 to 2.98)
p < 0.001*
< 0.001*

(Domain score
0 to 10)

Global Score
(Maximum
score 40)

Between 18 to 24 weeks and post-partum,
an increase of 1.27 (0.37 to 2.17)
p = 0.003*

0.041*

Between 35 to 38 weeks and post-partum,
an increase of 1.77 (0.63 to 2.90)
p < 0.001*

Between 18 to 24 weeks and post-partum,
an increase of 2.60 (0.02 to 5.17)
p = 0.048*

* Denotes statistical significance; CI = Confidence interval
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5.3.4 Associations with muscle stiffness and force
Multivariate regressions were completed to investigate the effect of potential explanatory variables on
the response variables of muscle stiffness and active force at three time points: 18 to 24 weeks, 35 to
38 weeks, and post-partum. Explanatory variables chosen at all time points were age, Beighton Score,
BMI, muscle stiffness, active force, and passive force, as these variables were objectively measured
at each time point. Post-partum the following variables were added: levator hiatal area during Valsalva,
levator hiatal area during PFM rest and contraction and the presence or absence of LAM avulsion.
Table 5.13 reports the associations with muscle stiffness as measured with elastometer. None of the
chosen explanatory variables were associated with active force at any of the time periods.
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Table 5:13: Associations between variables and muscle stiffness at three time points

18 to 24
weeks

35 to 38
weeks

Post-partum

Positive Correlation

Negative Correlation

Increased passive
force of 1 N
associated with an
increase of stiffness
34.0 N/m, p < 0.001*

Increased active
force of 1 N
associated with a
decrease of stiffness
7.5 N/m, p = 0.045*

Increased passive
force of 1 N
associated with an
increase of stiffness
47.5 N/m, p < 0.001*
Increased passive
force of 1 N
associated with an
increase of stiffness
60.7 N/m, p < 0.001*

Increase of BMI of 1
kg/m2 associated with
a decrease of
stiffness 10.3 N/m,
p = 0.026*

Increased age by
one year associated
with an increase of
stiffness 10.8 N/m,
p = 0.004*

Increase in levator
hiatal contraction
area by 10 mm2
associated with a
decrease of stiffness
by 29.3 N/m,
p = 0.002*

Model
Prediction
Effect Size
Significance
(p value)

< 0.001*

R2 68 %
Adjusted R2 64 %
Large effect size

< 0.001*

R2 79 %
Adjusted R2 75 %
Large effect size

< 0.001*

R2 92 %
Adjusted R2 90 %
Large effect size

Increase of levator
hiatal rest area by
10 mm2 associated
with an increase of
stiffness 20.1 N/m,
p = 0.013*
* Denotes statistical significance; R2 = coefficient of determination
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5.3.5 Associations to delivery outcomes
To explore muscle properties and delivery mode, all elastometer muscle stiffness and force
measurements taken at 35 to 38 weeks and post-partum were grouped into vaginal or caesarean
section delivery. As there were only three instrument assisted deliveries (two forceps and one
Ventouse), these were included in the vaginal delivery category. Descriptive statistics (mean and SD)
of muscle stiffness and muscle force, grouped by delivery mode, are presented in Table 5.14.

Table 5:14: Levator ani muscle stiffness and muscle forces at 35 to 38 weeks and post-partum at 50 mm aperture, grouped
according to delivery mode (vaginal delivery included non-assisted, Ventouse and forceps deliveries).

Vaginal Delivery

Caesarean Section

35 to 38 weeks

Post-partum

35 to 38 weeks

Post-partum

(mean ± SD)

(mean ± SD)

(mean ± SD)

(mean ± SD)

(n = 22)

(n = 30)

(n = 8)

(n = 12)

621 ± 169

633 ± 218

720 ± 194

896 ± 284

20.9 ± 3.8

19.2 ± 5.5

22.6 ± 3.1

23.8 ± 4.9

13.9 ± 2.9

12.7 ± 4.1

15.7 ± 3.7

16.6 ± 4.4

7.0 ± 3.7

6.5 ± 3.5

6.8 ± 2.5

7.2 ± 2.8

Muscle Stiffness
(N/m)
Total Force
(N)
Passive Force
(N)
Active Force
(N)
n = number of participants

Independent samples t-tests were run to determine if there were differences between the muscle
properties immediately prior to delivery and post-partum, grouped according to delivery mode. There
were no significant statistical differences at 35 to 38 weeks between vaginal deliveries and caesarean
sections for either muscle stiffness or force. There were statistically significant differences between the
delivery modes post-partum, with muscle property measures decreased in participants who had
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vaginal deliveries as compared with caesarean section delivery: muscle stiffness decreased by
264 N/m (95 % CI, 99 to 428), p = 0.002, d = 1.1(Cohen’s d effect size), a large effect size; Total force
reduced by 4.6 N (95 % CI, 0.7 to 8.4), p = 0.022, d = 0.84, a large effect size; Passive force reduced
by 3.8 N (95 % CI, 0.8 to 6.8), p = 0.013, d = 0.92, a large effect size.

There were no statistically significant differences between any of the measurements taken immediately
prior to delivery and post-partum, in either vaginal or caesarean groups.

Multivariate logistic regressions were completed to investigate the effect of potential explanatory
variables on delivery outcomes. Explanatory variables included: age; Beighton Score; perineal body
length at 35 to 38 weeks; BMI at 35 to 38 weeks; if labour was induced; if a participant received epidural
pain relief; the position of each participant at delivery; LAM stiffness at 35 to 38 weeks; LAM active
force at 35 to 38 weeks; presentation at delivery; baby weight; and head circumference. Delivery
outcomes included: modes of delivery – vaginal (non-assisted; Ventouse; forceps) and caesarean
section; perineal trauma (none, episiotomy, grade 1 to grade 4 perineal tears); presence of LAM
avulsion on ultrasound.

Vaginal delivery is associated with: induction (p = 0.021); epidural pain relief (p = 0.002); and OA
presentation during delivery (p = 0.005). No associations were found for perineal trauma or for levator
ani avulsion.

5.3.6 Associations to pelvic floor dysfunction Australian Pelvic Floor Questionnaire scores
Multiple linear regressions were completed to investigate the effect of potential explanatory variables
on the APFQ scores at three time points: 18 to 24 weeks; 35 to 38 weeks; and post-partum (Table
5.15). Explanatory variables were age, Beighton Score, BMI, perineal body length, muscle stiffness,
123

Chapter Five: Investigation of pelvic floor muscle properties
and active force. These variables were chosen as they were objectively measured at each time point
throughout the pregnancy and post-partum. For participants who were post-partum, ultrasound
measurements of levator hiatus area (during PFM rest, PFM contraction, and Valsalva) and bladder
neck descent were added, as were delivery mode and perineal trauma variables.
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Table 5:15: Associations with Australian Pelvic Floor Questionnaire

Positive Correlation

Negative Correlation

Increased perineal body length
of 10 mm is associated with a
decrease of the bladder score
by 1.5, p = 0.009*

Increased active force of 1 N
is associated with an increase
of pelvic organ prolapse score
by 0.13, p = 0.004*

18 to 24
weeks
Increased active force of 1 N
is associated with an increase
of sexual dysfunction score by
0.48, p = 0.001*

Increased active force of 1 N
is associated with an increase
of global dysfunction score by
0.72, p = 0.008*
35 to 38
weeks

Effect Size

0.019*

R2 40 %
Adjusted R2 27 %
Small effect size

0.048*

R2 35 %
Adjusted R2 21 %
Small effect size

0.002*

R2 50 %
Adjusted R2 39 %
Moderate effect size

0.002*

R2 50 %
Adjusted R2 40 %
Moderate effect size

0.03*

R2 77 %
Adjusted R2 47 %
Moderate effect size

0.47*

R2 75 %
Adjusted R2 42 %
Moderate effect size

Increased Beighton Score by 1
point is associated with a
decrease of the sexual
dysfunction score by 0.51,
p = 0.054*
Increased perineal body length
by 10 mm is associated with a
decrease of the sexual
dysfunction score by 2.16,
p = 0.019*
Increased perineal body length
of 10 mm is associated with a
decrease of the global
dysfunction score by 5.8,
p = 0.02*

Non-significant all domains
Increased levator hiatus
Valsalva area by 10 mm2 is
associated with an increase of
pelvic organ prolapse score by
0.22, p = 0.008*

Postpartum

Model
Prediction
Significance
(p value)

Forceps delivery is associated
with an increase of the pelvic
organ prolapse score by 9.7,
p = 0.007*

Increase of levator hiatal rest
area by 10 mm2 associated with
a decrease of pelvic organ
prolapse score by 0.81,
p = 0.001*

Grade 3 perineal tears are
associated with a decrease of
the pelvic organ prolapse score
by 11.49, p = 0.003*

Increase of perineal body length
by 10 mm2 is associated with a
decrease of sexual dysfunction
score by 1.45, p = 0.009*
Increase of BMI of 1 kg/m2 is
associated with a decrease of
sexual dysfunction score by 0.48,
p = 0.022*

* Denotes statistical significance; R2 = coefficient of determination
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5.3.7 Correlations between instrumental and clinical measurements

Table 5.16 presents the correlation coefficient between instrumental muscle property measures with
the elastometer (LAM) and MyotonPro (perineal muscles), and digital palpation.

Table 5:16: Correlation coefficients between instrumental and digital palpation measures

18 to 24 weeks

Post-partum

Post-partum

right side

left side

35 to 38 weeks

Muscle Stiffness LAM

r = 0.31, p = 0.031*

r = 0.36, p = 0.047*

r = 0.40, p = 0.009*

r = 0.40, p = 0.008*

Active Force LAM

r = 0.58, p < 0.001*

Non-significant

r = 0.45, p = 0.004*

r = 0.55, p < 0.001*

Non-significant

Non-significant

Right side:
r = 0.34, p = 0.036*
Muscle Stiffness
Perineal

Non-significant
Left side:
non-significant

* Denotes statistical significance; r = correlation coefficient

At 18 to 24 weeks and post-partum, there was strong correlation between left and right Myoton
measurements (left r = 0.51, p < 0.001; right r = 0.60, p < 0.001). There was no correlation at 35 to 38
weeks. Fisher’s exact tests were performed to determine associations between detection of LAM
defects with palpation compared with ultrasound measurement. There were statistically significant
associations between these measurements on the right side (p < 0.001) but not on the left side
(p = 0.977). Linear regressions showed no statistically significant associations between perineal
muscle stiffness (measured by MyotonPro) and LAM muscle stiffness (measured with elastometer) at
any time point.
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5.3.8 Ultrasound measurements post-partum
LAM avulsions were confirmed on ultrasound in six participants (13 %), with five occurring on the right
side and one bilateral. There was a reduction in the mean levator hiatus area by mean 27 mm2 (SD
27 mm2) when participants performed a maximum voluntary contraction from the relaxed state. When
participants performed a maximum Valsalva, their mean levator hiatus area increased by 75 mm2 (SD
69 mm2) from the relaxed state. See Figures 5.10 to 5.13 for selected ultrasound images.

Figure 5:100: 3D ultrasound image in axial plane during maximum voluntary contraction demonstrating intact levator ani muscles
(arrows)
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Figure 5:11: Rendered volume of intact levator ani muscles during rest (left) and during Valsalva (right) in axial plane

Figure 5:12: Rendered volume demonstrating right side levator ani avulsion (arrow) during contraction in axial plane
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Figure 5:13: Rendered volume demonstrating bilateral avulsions (arrows) during contraction in axial plane

Independent-samples t-tests determined if there were statistical differences in ultrasound
measurements between delivery modes (all vaginal deliveries versus caesarean section) (Table 5.17)
and between participants with LAM avulsions and those without.
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Table 5:17: Ultrasound measurements divided by delivery mode (n = 44)

Vaginal
Deliveries

Caesarean
section

(mean)

(mean)

n = 32

n = 12

Bladder neck descent (cm)

1.26

0.46

Levator hiatus anteriorposterior diameter during
PFM contraction (cm)

4.66

Levator hiatus anteriorposterior diameter during
PFM relaxation (cm)

Mean Difference
p value

Effect
Size

0.80 (0.28 to 1.32)

0.003*

1.05

4.19

0.47 (0.01 to 0.94)

0.047*

0.69

5.39

4.54

0.85 (0.41 to 1.29)

0.001*

1.3

Levator hiatus anteriorposterior diameter during
PFM Valsalva (cm)

6.39

5.55

0.85 (0.09 to 1.60)

0.029*

0.76

Levator hiatus coronal
diameter during PFM
contraction (cm)

4.06

3.42

0.64 (0.30 to 0.97)

0.001*

1.3

Levator hiatus coronal
diameter during PFM
relaxation (cm)

4.34

4.06

0.28 (0.16 to 0.71)

Non-significant

Levator hiatus coronal
diameter during PFM
Valsalva (cm)

5.15

4.16

0.99 (0.47 to 1.49)

0.001*

1.3

Levator hiatus area during
PFM contraction (cm2)

14.02

11.01

3.00 (1.02 to 4.98)

0.004*

1.0

Levator hiatus area during
PFM relaxation (cm2)

16.79

13.47

3.32 (1.19 to 5.45)

0.003*

1.0

Levator hiatus area during
PFM Valsalva (cm2)

25.63

17.40

8.23 (2.63 to 13.83)

0.005*

1.0

Ultrasound Measure

(95 % CI)

* Denotes statistical significance; CI = Confidence interval; n = participant number

Participants with right sided LAM avulsions had an increased coronal diameter of 7 mm (95 % CI,
1.8 mm to 11 mm) during PFM contraction compared to those with an intact LAM. This was statistically
significant, p = 0.008, d = 1.22, a large effect size.
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Pearson’s correlations determined any relationships between ultrasound measurements and POP-Q
(Table 5.18).
Table 5:18: Correlations between ultrasound measures and pelvic organ prolapse qualification scores

Anterior Wall
Prolapse

Posterior Wall
Prolapse

Valsalva Area

Valsalva
Anteriorposterior Diameter

Valsalva
Diameter

POP-Q Aa Measure

r = 0.43

r = 0.38

r = 0.39

POP-Q Ba Measure

r = 0.47

r = 0.41

r = 0.44

POP-Q Ap Measure

Non-significant

Non-significant

r = 0.31

POP-Q Bp Measure

Non-significant

Non-significant

Non-significant

r = 0.43

r = 0.33

r = 0.40

Genital Hiatus Length

5.4

Coronal

Discussion

This study found that the active force which could be generated by the LAM was significantly reduced
from the second trimester through to the post-partum period, while LAM stiffness decreased only in
those who had vaginal deliveries. This was supported by the ultrasound findings of increased levator
hiatus area in those women who gave birth vaginally as compared to caesarean section delivery, and
the associated increased symptoms of POP post-partum. Although participant numbers were low, the
results present novel findings related to temporal changes that occur to the muscle properties during
pregnancy and in the immediate post-partum period.

Utilising both elastometry and palpation, the active force of the LAM reduced significantly at each of
the time points measured. These results can be compared to other studies using objective measuring
devices in vivo. Using a high-precision pressure transducer connected to a vaginal balloon, Tennfjord
et al (20) concluded that active force of the LAM at six months post-partum was lower than at 22 weeks
gestation, returning to pregnancy levels at 12 months post-partum. In comparison, De Souza Caroci et
al (21) found no significant change to the active force of the LAM measured with electric perineometry
and digital palpation over four time points in the ante-natal/post-partum period (<12 weeks gestation;
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36 to 40 weeks gestation; 2 days post-partum; 42 to 60 days post-partum). Marshall et al [209] did not
monitor changes during pregnancy, however they found differences in PFM properties between
nulliparous and primiparous (10 months post-partum) women using surface EMG, perineometry and
palpation. A recent study using a dynamometer by Czyrnyj et al [208] confirmed what Kruger et al [151]
found using the elastometer, that a trial effect occurred during the first cycle, justifying eliminating this
measurement cycle from analysis. Czyrnyj et al [208] also found no effects of task familiarization with
either active or passive muscle property measures. This supports our conclusions that the active force
changes in this study are due to temporal effects during the childbearing year.

Active force measures at 50 mm aperture in this study ranged from 8.2 N (SD ± 4.9 N) in the second
trimester down to 6.7 N (SD ± 3.4 N) at the post-partum assessment. Comparing these values to
studies using dynameters is difficult due to different calculations of active force (peak force only; mean
of three MVC peak force measures), different apertures (ranging from 24 mm to 40 mm), direction of
measurement (anterior-posterior; transverse), different units of measurement (grams; Newtons), and
mixed variety of cohorts studied (parity, pelvic floor dysfunction, pain, age, menopausal status)[134,
158, 210]. Verelst and Leivseth [158] demonstrated a length-tension relationship in the LAM measured
in the transverse direction, with increases of 7 N in total force for each increase in aperture by 5 mm
from 30 mm to 50 mm. They found detecting significant changes in total force was easiest at 40 mm
to 50 mm apertures, with the most reliable aperture for measurement being 40 mm. As their cohort
was limited to older non-pregnant women (median age 39 years, median parity 2) and measurement
of total force was the mean of three MVC, comparing total force measures directly is difficult. However,
when comparing this study’s total force measures (ranging from 23.3 N (SD ± 5.1 N) in the second
trimester to 20.5 N (SD ± 5.7 N) post-partum at 50 mm aperture) to Verelst and Leivseth’s study [158]
(total force at 50 mm 31.91 N (SD ± 10.64 N), it appears that total force may increase over time as the
women’s body recovers from pregnancy and delivery.
The ability of the LAM to generate force may be affected by the increasing lengthening of the muscle
which occurs during pregnancy [80] and delivery [104]. Prolonged loading of the pelvic structures over
132

Chapter Five: Investigation of pelvic floor muscle properties
the duration of the pregnancy, combined with fetal head engagement in the final weeks prior to delivery,
could have a similar effect on muscles as would performing long-term stretching programmes [211].
While various theories are suggested to explain changes to the muscle length due to stretching
(viscoelastic deformation, plastic deformation, increased sarcomeres in series, neuromuscular
relaxation, micro- or macro-trauma, sensation adaptions to stretch), there are no human studies of
pelvic tissues during pregnancy to support any of these theories [211]. Although maternal hormones
can assist in reducing elongation of the sarcomeres during pregnancy [212], during delivery the extent
which the muscle myofibres are required to distend is considerable. This can lead to mechanical failure
of the myofibre. To prevent this, sarcomeres in series would need to be added to stop the hyperelongation of the sarcomeres; this is unlikely to occur during the delivery time-frame, when maximum
distension occurs. The elongation of the muscle could also affect its contractile ability due to suboptimal
numbers of sarcomeres being present in the myofibre [213]. Post-natally, the PFM may adapt to
optimize force generation by adjusting the number and length of the sarcomeres in series over many
months; this may result in improved active force overtime [211]. Due to the ethical dilemmas of
conducting human tissue studies during pregnancy, researchers rely on animal studies to try to
understand possible reasons for the force changes at a myofibril level during pregnancy. In studies
involving mice, vaginal muscles have shown to have reduced ability to generate force during pregnancy
[62], while load failure occurs sooner in rats’ vaginal tissues post-partum, compared to when it occurs
during pregnancy [23].

The increased loading on the tissues, as well as the changed alignment of pelvic structures in the later
stages of pregnancy, could have contributed to earlier fatigue of the muscles during the repeated MVCs
performed [214, 215]. This may have in turn affected the LAM active force generated in the later stages
of the elastometry measurement cycle and contributed to reduced active force measures at each time
point [216]. Increased BMI levels (> 30) have been associated with increased loading on the pelvic
floor structures, increased intra-abdominal pressure, and increased pelvic dysfunction, with reduction
in BMI resulting in reduction or resolution of pelvic floor dysfunctions in patients undergoing bariatric
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surgery [217]. The reduction of urinary incontinence symptoms post-partum seems to support the
assumption that increased loading of the pelvic structures contributes to earlier fatigue and reduced
force generation of the LAM.

Temporal changes of the LAM and surrounding tissues may assist in explaining why pelvic floor
dysfunction begins during pregnancy. In 40 % to 80 % of women, stress urinary incontinence (defined
as the ‘complaint of involuntary loss of urine on physical exertion, sneezing, or coughing’ (22)) begins
during pregnancy (23). It is the most common sub-category associated with vaginal deliveries (24) and
in 33 % of women it continues for years post-partum (25). Of further concern is the development of
POP post-partum, with prevalence reported at 45 % (8) and 57 % (26) (where prolapse is defined as
equal to or greater than two on the POP-Q scale). While there are known maternal, fetal, and delivery
factors that contribute to the development of these pelvic dysfunctions, there is limited information on
the contribution of any temporal changes to the muscle properties.

The findings of reduced LAM active force generation throughout pregnancy reinforces the importance
of encouraging pelvic floor muscle training (PFMT) during pregnancy and post-partum. In this study,
participants reported minimal education from their lead maternity care givers regarding their pelvic floor
and how to train the muscles. This is despite their APFQ responses showing increasing urinary
incontinence during their pregnancy. A systematic review by Mørkved and Bø [218] found PFMT during
pregnancy and post-partum can prevent and treat urinary incontinence, suggesting that muscle
strength is an important component of a functional pelvic floor during this stage in a woman’s life. This
is supported by evidence of increased force generation, increased muscle thickness, reduced muscle
length, and reduction in levator hiatus area occurring due to PFMT [219].
No significant changes were found between time points for LAM muscle stiffness in this study, contrary
to the findings of Kruger et al [73]. They reported significant differences in LAM stiffness between the
third trimester and post-partum using similar protocols: the antenatal measurements at 36 to 38 weeks
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gestation were 325 N/m ± 140 N/m, and at 12 to 22 weeks post-partum they were 436 N/m ± 198 N/m,
with the mean difference of 111 N/m (95 % CI 62 N/m to 160 N/m). The stiffness values of Kruger et
al [73] were considerably lower in their European-Caucasian cohort compared to this study (36 % lower
ante-natal; 46 % lower post-natal). There were notable differences between the two study cohorts:
recruitment of participants in Kruger et al [73] study occurred at a tertiary care obstetrics unit, with
participants having a higher BMI and lower mean age. In comparison, this study had lower participant
numbers who volunteered to enrol in the study through social media. They were older on average, had
lower BMI, were very fit and active, and the majority had professional qualifications. The higher LAM
stiffness values in our study may have been due to a combination of some of these factors, however a
recent study using the same elastometer [220] found post-partum stiffness values in nulliparous women
of 536 N/m (standard error 40 N/m) which is comparable to the findings in this research, considering
the increased variability in this study. Of interest, is the similar finding in Anumba et al [220] of a
negative association with BMI
(r =-0.4, p > 0.01) corroborating this and others research [73]. The exact mechanism for this
association is unknown, although an increase in fat in the skeletal muscle of the pelvic floor has been
suggested. Supporting the hypothesis that the fitness levels of the participants in this study may have
contributed to the higher stiffness levels found (compared to Kruger et al [73]), is the finding in previous
research of increased thickness and stiffness of the LAM in women who took part in regular high impact
fitness activities [221].

Hormonal levels during pregnancy and the post-partum period did not appear to affect participant LAM
stiffness in this study, though this is assumed as no hormonal blood tests were completed. This
assumption is supported by the results of Miyamoto et al [222]. Using ultrasound shear wave
elastography, they reported that passive muscle stiffness in forearm muscles was not significantly
associated with the menstrual phase of nulligravida female participants. However, these results may
have been influenced by the low numbers in the study (n = 8) and the low levels of estradiol present
during the menstrual cycle (0.165 µg/l in the ovulatory phase). This is low in comparison to mean
estradiol levels in gravida women (first trimester 2.18 µg/l; second trimester 9.71 µg/l; third trimester
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20.4 µg/l) [223]. Other studies have shown that hormones do influence muscle stiffness. High
oestrogen levels have been shown to reduce the stiffness of the musculotendinous unit in human leg
muscles [95], with female athletes more vulnerable to lower leg injuries during the ovulation phase of
their menstrual cycle [66]. In animal studies, Rahn et al [62] reported decreased vaginal stiffness and
increased vaginal diameter in pregnant versus non-pregnant mice, with tissue failure occurring at lower
strains earlier in non-pregnant mice. These findings were similar to those on studies in rats by Lowder
et al [23]. Extrapolating these findings into human tissues, the assumption may be drawn that high
oestrogen levels (pregnant woman experience a four-fold increase in oestrogen with the peak at
40 weeks [89]) will result in reduced stiffness of the LAM in pregnancy. In this study, the low participant
numbers and cohort characteristics reported above may have limited the detectability of hormonal
influence on muscle stiffness.

No participants in this study reported discomfort or pain with any instrumental or clinical measurements.
This included elastometry measurements taken post-partum at 50 mm. Previous research [72] had
indicated that 40 mm in the transverse direction was the maximum aperture tolerated by participants
before discomfort occurred due to stretching of vaginal tissues. This was also found in our MRI study
with non-pregnant women. It appears from this study, the hormonal effects of pregnancy,
breastfeeding, and the early post-partum assessment (at 12 to 28 weeks) allow the vaginal muscles to
stretch without causing pain to the widest aperture of 50 mm. This has enabled measurements to occur
at a maximum aperture both during the pregnancy and post-partum. This supports the decision to use
the elastometer in a transverse direction, verses an anterior-posterior direction, where pain limits
aperture size due to impaction of the device on the pubic bone [156].

Measurements taken with instrumentation (elastometry), and clinical measurements for active force
(palpation using MOS) and muscle stiffness (palpation using the seven-point palpation scale for
stiffness) demonstrated significant moderate correlations at all time points, except when measuring
active force at 35 to 38 weeks. There were similar percentage reductions through the pregnancy and
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post-partum periods in LAM active force as measured by both elastometry and palpation. The moderate
correlation for LAM active force suggests that the MOS could be used to assess muscle strength to
guide patient management, however it is not as precise as instrumentation, and should be used with
caution. This finding is similar to what Ferreira et al [197] found when comparing palpation and
manometry, what Navarro Brazález et al [134] and Morin et al [210] found when comparing palpation
and dynamometry, and what Thibault-Gagnon et al [143] found when comparing palpation and
ultrasound. Although moderate correlations occurred for LAM stiffness between instrumental and
clinical measures, palpation recorded significant reductions in stiffness as the pregnancy advanced
through to the post-partum period, unlike measures of stiffness obtained with elastometry. While these
subjective measures of stiffness support the hypothesis that LAM stiffness reduces during pregnancy,
the large reductions in LAM stiffness, as determined by palpation, should be viewed with caution. Digital
palpation of the LAM requires the clinician to assess the muscle stiffness through the vaginal wall
tissues. The increased vascularity that occurs in the pelvic region during pregnancy [1] may have
resulted in the vaginal wall tissues having increased thickness subcutaneously. As the clinician relies
on haptic feedback from the index finger compressing the vaginal tissues to obtain the stiffness
category of the LAM, the reduced stiffness reported may in fact have been subcutaneous tissue
movement overlying the LAM. Considering the results of Chapter Three regarding the consistency and
reliability of the palpation scale, and the insignificant results found with instrumentation measures in
this study, the palpation of LAM stiffness during pregnancy and the post-partum period is not supported.

There were no significant changes to muscle stiffness of the perineal muscles or perineal body when
measured with both the myoton and palpation over the three time points. There were also no
correlations between LAM stiffness and perineal muscle stiffness measures. Using the myoton in the
perineum has been shown to be reliable and capable of detecting differences in perineal muscle
stiffness between two cohorts (vulvodynia and asymptomatic) [74] and between two small muscle
groups [74]. Participants in this study presented with swelling of the vulva tissues, especially during the
35 to 38 week time point, likely associated with the vascular changes that occur with pregnancy
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(specifically the increase in blood volume by up to 50 %) [1]. Both the swelling and the vascular
changes could have affected the biomechanics of the perineal muscles and may have altered the ability
of the myoton to detect any perineal muscle stiffness changes over the three time points [164]. The
swelling may also assist in explaining why correlation between left and right sided myoton
measurements was strong at 18 to 24 weeks and post-partum, however at 35 to 38 weeks there was
no correlation. In support of this theory, swelling in myofibres caused an increase of 24 % in myofibre
size in males performing eccentric exercise, with a corresponding increase in muscle vascularization
within a short time frame (eight days) [224]. Further changes in viscoelastic properties due to swelling
have been shown to occur in bovine muscle studies, with changes in the viscosity changing the
response of the tissues to stress [225].

Passive force was significantly associated with LAM stiffness, with positive correlations at all time
points. At each time point, the association increased the effect on muscle stiffness: an increase of 38 %
occurred between the second and third trimester, while a further increase of 30 % occurred between
the third trimester and the post-partum period. This indicates that as the pregnancy advanced, less
displacement of the tissues was required in order to achieve the same stiffness levels, and this
continued post-partum. This may be due to mechanistic changes to the pelvic floor mediated by
maternal hormones, or, post-partum, microtrauma to the myofibril structure causing inflammation,
haematoma formation, myoblast formation, regeneration of muscle myofibrils, and granulation of scar
tissue by fibroblasts transforming into myofibroblasts [226].

Increasing age of the mother was positively associated with LAM stiffness post-partum. Older gravid
women have increased risks of developing pelvic floor dysfunction [227], with one of the contributing
factors being the effects of age on the mechanical properties of the PFM [228]. The results of this study
are supported by studies examining the effects of age on the histological structures of muscles. Older
male mice have increased stiffness of the muscle myofibres than younger mice due to the increased
extracellular matrix forming crosslinks affecting the regeneration of myogenic progenitor cells [229]. In
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human males, Mohamed et al [56] found reduced cross-sectional areas of muscle fibre, enlargement
of the fibro-collagenous septa between the muscle bundles, reduction in satellite cells, and irregular
sarcolemma. A review by Sherratt [230] found degradation of the extracellular matrix, accumulation of
pathological cross-links, elastic fibre calcification, and mechanical fatigue all associated with increasing
age. These histological structural changes will alter the mechanical characteristics of muscle and may
assist in explaining the effect of age on muscle stiffness in this study.

In the second trimester, active force was negatively correlated with LAM stiffness, while in the third
trimester and post-partum there were no LAM stiffness associations directly with active force. However,
the measures obtained in this study of the levator hiatus area appear to support previous research that
there is a reduced ability post-partum, as compared to during pregnancy, to close the levator hiatus
[115], especially in women who gave birth vaginally. In this study, there is also reduced LAM stiffness
post-partum, compared to the third trimester, in women who had vaginal delivery. This may indicate
that post-partum there was some component of active force involved in LAM stiffness values.

Prior to delivery there were no differences in LAM stiffness nor active force between those who
proceeded to vaginal delivery compared to caesarean delivery. Kruger et al [73] reported similar LAM
stiffness findings, while Lowder et al [23] reported no differences in the biomechanical behaviour of the
vaginal complex immediately prior to delivery between rats delivered abdominally versus vaginally.
While it appears that LAM stiffness had no associations with delivery mode in this study, vaginal
delivery was positively associated with induction, epidural, and occiput anterior presentation. This
result was opposite to the findings of a large epidemiological study that found epidurals increased the
risk of emergency caesareans [231]. In other clinical studies, epidurals have been found to be
protective for LAM avulsions by Kruger et al [73] and Urbankova [232]. No associations for LAM
avulsions were found in this study, this could be due to the low participant numbers and low rates of
avulsion.
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While sarcomere composition within the myofibre contributes to muscle stiffness, the connective
tissues contribute considerably to the passive component of muscle stiffness. Fibroblasts within the
muscle complex and surrounding vaginal-supporting fascia respond to tension by remodelling the
cytoskeleton and lowering stiffness [213]. Considerable tension is applied to the LAM and surrounding
pelvic tissues during vaginal delivery. The remodelling of the connective tissue could assist in
explaining why there was significantly reduced LAM stiffness after vaginal delivery compared to
caesarean delivery in this study, while there was no significant difference in active force post-partum
between delivery modes. This is supported by the significant reduction in passive force, and the
ultrasound results showing significantly larger levator hiatal area after vaginal deliveries compared to
caesarean section deliveries. These findings are contrary to findings of Shek et al [80] who found that
the effects of the pregnancy, not the delivery mode, had the most influence on the levator hiatus area.

Bladder symptoms increased during the pregnancy and then reduced in the post-partum period, while
POP symptoms and sexual dysfunction scores increased statistically significantly at each time point.
There are no ‘normal values’ for this questionnaire, with wide ranging scores within each domain
reported in different cohorts of women (urinary incontinence, POP, and community dwelling) [233].
While the change in score of one point in a single pelvic domain (bladder, POP, bowel, sex) has been
suggested as a minimally important clinical difference when assessing patients’ pre- and posttreatment interventions, ‘bothersomeness’ and higher scores appear to be the most important factors
to patients [233]. It is interesting to note that there were no significant findings in the 3rd trimester related
to symptom scores in this study.

During the 2nd trimester, increases in active force were associated with increased POP scores and
increased sexual dysfunction scores. This may be related to the women’s adjustment to the growing
fetus size within the lesser pelvic region and her awareness of changes to pelvic organ positions within
the area. With a stronger pelvic floor supporting this region well, the changes to the shape and size of
the uterus may result in her sensing the uterus pressing downwards more acutely than in a woman
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with a weaker pelvic floor. The stronger PFM may also result in increased sexual dysfunctions if pain
or muscle tightness is part of the dysfunction [182].

Participants in this study did appear to report increased bother with symptoms when their scores
increased by more than one point, with more complaints occurring in the POP domain. Post-partum,
this was supported by the positive association between their POP domain score, their levator hiatus
area during Valsalva and the positive correlation with POP-Q anterior wall measurements. In
comparison to the above associations, an increase of levator hiatal rest area post-partum resulted in a
significantly decreased POP domain score. This may represent mechanical differences that occur to
the pelvic region with increases in intra-abdominal pressure causing tissues to displace caudally (such
as during Valsalva, sitting to standing, coughing, lifting larger objects) being more important for
symptom development than the muscles resting length. This finding may help explain why clinically
POP can be detected in standing assessments with increases in intra-abdominal pressure, but not in
supine assessments in some women.

Of interest was the POP scores’ strong association with forceps delivery, with scores increasing by 9.7
(p = 0.007). However, the opposite occurred with Grade 3 perineal tears, with a reduction in the POP
score by 11.49 (p = 0.003). These differences may be due to how the tissues were stressed at the time
of delivery. Forceps delivery can involve multiple traction forces of up to 320 N ± rotation forces [4]. In
comparison, the expulsive force of the fetus head caudally is estimated to be only 120 N [4], with grade
3 tears usually occurring quickly during crowning. The length of time and multiple applications of
traction force applied during a forceps delivery may affect how the pelvic region responds mechanically.
Forceps use has also been shown to be positively associated with levator ani avulsions and obstetric
anal sphincter injury [234], increasing a woman’s risk profile for developing pelvic floor dysfunction later
in life [117].
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Sexual dysfunction scores also increased at each time point, with the main post-partum complaints
being reduced natural vaginal lubrication and reduced vaginal sensation. Sexual dysfunction has been
shown previously to increase during pregnancy and in the early post-partum period, with breastfeeding,
socio-cultural factors, sleep deprivation, age, and body image perception all independent risk factors
[235] When sexual dysfunction scores were broken down for responses relating to the post-partum
period, one third reported laxity, one third reported tightness, and one third reported no change in how
their vagina felt during sexual intercourse. Factors affecting the post-natal sexual dysfunction score in
this study were not associated to the delivery mode or muscle biomechanics; instead perineal body
length, Beighton score, and BMI influenced sexual dysfunction. At the time of the post-partum
assessment, 76 % of participants were still breastfeeding, which has the effect of lowering oestrogen
and progesterone hormone levels and increasing vaginal dryness and vaginal atrophy [235]. This has
shown to have a negative effect on sexual function post-partum [236, 237] and could have contributed
to the sexual dysfunction scores in this study.

The strengths of this study are its prospective design and the collection of both instrumental and digital
palpation muscle measurements at three time points during pregnancy and the post-partum period.
Factors limiting the conclusions of this study are the homogeneous ethnicity of the cohort (90 %
European-Caucasian), their BMI level,

the small numbers of participants who were able to be

measured at all points of the study, the collection of data by one researcher, and the low rate of
successful pregnancies in the pre-pregnant group. The low number of participants stemmed from a
variety of reasons including premature labour, early descent of the fetal head, mechanical issues with
instruments, and the development of maternal complications during the pregnancy. As all data was
collected by one researcher this may have introduced bias, however this was unavoidable due to
locations of data collection, the extended timeline for data collection, the inability to blind the researcher
to the pregnancy week, and study design. Analysis of ultrasound measures was completed by two
researchers, including one blinded to the participant details.
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5.5

Conclusions

The reduction in LAM active force throughout pregnancy and the post-partum period supports previous
research that advocates pelvic floor muscle training during pregnancy and post-partum. Although the
impact of a reduction in active force on delivery outcomes appears negligible, mode of delivery has a
statistically significant effect on muscle stiffness, with vaginal delivery resulting in significantly reduced
stiffness and enlarged levator hiatus areas post-partum. The moderate correlation of palpation to
instrumental measurements indicates that palpation of active force should be used with caution for
patient management. Further studies are needed with more participants to explore the effects of
pregnancy and delivery on the muscle mechanics and vaginal tissues of the pelvic region.
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6. Chapter Six: Summary
The overall aim of this thesis was to investigate differences in muscle properties of the PFM over four
time points: pre-pregnancy, 18 to 24 weeks, 35 to 38 weeks, and 13 to 28 weeks post-partum. As
digital palpation measures of muscle stiffness were included in the pregnancy investigation, the first
part of this thesis was to quantify physiotherapists’ ability to assign consistently a subjective sevenpoint palpation scale for muscle stiffness against a custom-designed, objective ‘palpation instrument’.
Following this, confirmation of the elastometer position against the LAM was obtained using static and
dynamic MR imaging. Finally, the results of the pregnancy study were presented, outlining the temporal
changes that occurred to the muscle properties, and their relationship to both the delivery outcomes,
and pelvic floor dysfunction symptoms.

6.1

Discussion on Key Findings

6.1.1 Digital Palpation
Although digital palpation is used globally to assess muscle stiffness, physiotherapists ranging from
new graduates to specialist experts in their field demonstrated that its use is inconsistent and there is
only poor probability of it being reliable. While lower values of stiffness were generally assigned to the
negative range of the scale categories, and higher values assigned in the positive scale categories,
there were large overlaps between each of the categories, with many outliers. To the researcher’s
knowledge, qualification of clinician’s ability to detect changes in muscle stiffness using a custom
designed instrument has not been done previously, presenting novel findings in this field.

Currently digital palpation is used globally to determine the response of musculoskeletal muscles to
external pressure, especially by physiotherapists for whom the use of their hands for patient
management is deeply entrenched. These subjective muscle stiffness assessments are used to format
treatment management plans, and to assess progress of the patient with treatment interventions. As
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this study demonstrates, while some physiotherapists may be able to determine an extremely low
stiffness category as compared to an extremely high stiffness category, there were many who could
not. This questions the whole premise of using digital palpation in the clinical setting to assess muscle
stiffness. No universities approached were able to inform the author how their students were taught to
palpate muscle stiffness; they had no formal protocols in place for training palpation, and no formal
scale was in use. And yet physiotherapists, upon graduation, immediately use palpation to assess
muscle stiffness and base their patients’ treatment on it. This glaring gap between the education of
assessment techniques and clinical practice needs to be addressed, as does the clinicians belief in
themselves as ‘experts’ in this ability.

The development of standardised training for digital palpation needs to include protocols: on force
application; on the depth of displacement; on the length of time palpation should be applied; and on
the muscle status prior to, and during, palpation. These palpation protocols should be tested against
an objective device (the ‘palpation instrument’) to ensure consistency and reliability. Inter- and intrarater repeatability of the seven-point palpation scale against the ‘palpation instrument’ will then need
to be completed to determine if this scale is reliable. If these studies produce significant results for the
assessment of muscle stiffness, then training could be implemented to ensure this clinical assessment
technique is used reliably and accurately. Only at this point should it be used to guide patient
management.

Developing this scale using an objective device will provide a robust, validated, and reliable clinical
measurement ‘tool’ that is low cost, accessible, and globally applicable. It will also raise standards of
care and ensure that an entrenched practice is based on science, not guesswork.
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6.1.2 Elastometer Position In vivo

Magnetic resonance imaging of six women demonstrated that the elastometer was positioned against
the LAM in both static and dynamic imaging. During contraction of the LAM, the imaging of the
elastometer in vivo showed that the speculum ends were positioned directly against the medial fibres
of the LAM, where it comes in close contact with the vaginal walls. This supports the use of the
elastometer to measure the LAM muscle stiffness and force in vivo in future studies.

6.1.3 Temporal Changes to the Muscle Properties of the Pelvic Floor

The LAM stiffness and force measurements measured at the four time points in this study
demonstrated temporal changes do occur during pregnancy and in the first six months post-partum.
LAM active force reduced significantly at each time point, while muscle stiffness did not change over
time. Vaginal delivery, however, did result in significant reduction in LAM stiffness post-partum, with
ultrasound measures supporting this change demonstrated by the elastometer. As the pregnancy
advanced in gestation, women experienced increased symptoms of bladder dysfunction, symptoms of
prolapse, and sexual dysfunctions. While their bladder symptoms improved post-partum, there was a
further increase in symptoms of POP and sexual dysfunction post-partum.

The temporal changes found to occur to LAM active force contributes new knowledge to the known
physiological and physical effects pregnancy has on women throughout her pregnancy. It also provides
important objective data related to the muscle properties of the pelvic floor during pregnancy. This data
is scarce in the current literature and provides information that could be used in other fields, such as
computational modelling, to improve patient delivery outcomes in the future. The continued reduction
in the ability to generate active force post-partum reinforces the importance of women to actively
complete PFMT during their pregnancy and the post-partum period, a practice that appears not to be
encouraged by lead maternity care-givers. By having objective data on muscle temporal changes, it
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provides evidence that could be used to support future clinical care programmes supporting PFMT
during pregnancy.

Our results showed no changes of the time points measured for muscle stiffness, which was surprising.
This may have been due to type 2 error, or the demographic characteristics of the cohort. However,
the study did reveal significant reductions in LAM stiffness for women who had vaginal deliveries
compared to those who had caesarean sections. This finding is likely related to the additional
discoveries of significant increases in levator hiatus sizes, anterior wall POP-Q measurements, and
symptoms of POP in these women. As these women were measured 12 to 28 weeks post-partum in
this study, it is unknown if the effect of the vaginal delivery on the LAM stiffness extends for months,
or years, post-partum. It is also unknown if subsequent pregnancies and deliveries may have any
further effect on the muscle stiffness. Considering that the risk for POP is known to increase for each
subsequent pregnancy, it could be reasonably assumed that muscle stiffness may reduce further at
each delivery. This would need to be researched further to prove this theory.

Although the number of instrumental deliveries in this study was low, there were increased symptoms
of POP and increased levator hiatal area associated with the use of forceps for delivery in this study.
This association has also been shown in previous research. In order to reduce caesarean rates and
provide training opportunities, some hospitals actively encourage the use of instrumental deliveries
(including high rotational forceps) [238]. However, as this study and others show, forceps have
significant effects on a woman’s pelvic floor. The long-term effects of choosing this modality should be
considered and the woman’s informed consent gained prior utilising this delivery mode. This supports
the promotion of using patient centred risk prediction models such as the UR-CHOICE [123] to ensure
best care is implemented in maternity settings.

147

Chapter Six: Summary
Finally, the moderate correlations between objective measurement tools and clinical palpation
measurements for muscle stiffness and active force reinforce the need for instrumentation to be used
in research studies, as opposed to less precise clinical measures.

6.2

Study Limitations

As discussed in Chapter Three, some participants in the palpation study had difficulty in adjusting their
concept of measuring muscle stiffness. Clinically, many rely on the patient’s pain response, as well as
the haptic feedback through their fingers, to assess muscle stiffness, even though this is combining a
muscle measure with a pain symptom response. By using an instrument that was limited to just haptic
feedback (the palpation instrument), it removed the pain component of feedback that they used
clinically to rate stiffness. This may have affected the results of a small number of participants.

A limitation in the MRI study was the angle of acquisition of the images. In order to keep the elastometer
within the frame of the MR image, the processing of the coronal image had to occur following the angle
of the vagina as closely as possible. The non-standard images required more processing time and
cross referencing with images in the axial plane to be certain that the speculum tips were in alignment
with the LAM. It also limited our ability to compare with published studies on LAM positioning in MR
images.

While the palpation study and MRI study were relatively easy to recruit participants for, and obtain
complete data sets, the pregnancy study had multiple recruitment and data collection issues. This
resulted in the final numbers being lower than ideal across all time points. While 15 women volunteered
to take part in the pregnancy study prior to becoming pregnant, only seven managed to become
pregnant, including one woman who had to withdraw from the study due to a twin pregnancy. This
limited statistical power; for example, the study was unable to determine if temporal changes occurred
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in the muscles early in pregnancy, and if muscle stiffness and muscle force returned to pre-pregnancy
levels. It may also have caused a Type 2 error related to detecting changes in muscle stiffness.

Most participants in the pregnancy study were European-Caucasian, self-referred, had lower BMI
levels than the general population, and had higher education levels with a professional qualification.
The majority also took part in regular sporting activities, most daily, leading active lifestyles throughout
their pregnancies. This may have contributed to the results and limit the ability to generalise these
findings to the population. Finally, due to a variety of factors (equipment malfunction, access to
participants, early labour, low fetus position etc), there were limited numbers of complete datasets over
the whole duration of the pregnancy study. This limited the statistical power and the strength of the
conclusions that could be drawn.

6.3

Future Directions

As suggested above, research to facilitate consistent and reliable clinical digital palpation is
recommended using the palpation instrument. Physiotherapists globally use palpation as a core part
of their clinical practice, and this is unlikely to change. However, there is a large gap in the education
of this practice which future research could address by developing a simple scale that is robustly tested.

As this study provides novel in vivo muscle property measurements of the PFM during two time points
in pregnancy, this information could be implemented into future computational models that assess the
LAM response to stress and strain during childbirth. This may in turn assist in predicting risk factors for
women who may develop issues during delivery, which when combined with other risk prediction
models could result in reduced maternity complications
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Long-term, larger studies involving pre-pregnant women through to post-menopausal stages would
provide stronger evidence of the effect pregnancy and delivery have on a woman’s pelvic floor. This in
turn may assist in the development of strategies to reduce pelvic floor dysfunction.

6.4

Conclusions

This thesis challenges the current practice of using digital palpation clinically to assess muscle stiffness
and questions if it should continue to be used to inform management of patients. If it is to be used,
standardised training is recommended.

The temporal changes to LAM active force, the effects of vaginal delivery on muscle stiffness, and the
associations related to symptoms of pelvic dysfunction contribute novel findings during this important
life event for women. This thesis also highlights some important clinical concerns, such as the lack of
education on PFMT given by lead maternity care-givers and the need for further research on how to
prevent pelvic floor dysfunction during pregnancy and post-partum.
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Appendices Chapter Two
Appendix 2.1:

Terms used to describe muscle properties

Source

Reference

Terms Used

Definition Given

Biomechanical

[33]

Tension

Externally applied force that tends to elongate the structure

Literature

in the direction of the force applied
Muscle

The force exerted by the contracting muscle on the bony

tension

lever it is attached to, either isometrically, eccentrically or
concentrically

[49]

Muscle

A measure of the relative stiffness of the muscle, the

stiffness

resistance to deformation

Muscle tone

The resistance to stretch by a relaxed muscle.

Can be further defined as: hypotonia - reduced level of tone;
hypertonia - increased level of tone; spasticity - a heightened
state of excitability of the stretch reflex; and rigidity - a
bidirectional resistance to passive movement
Musculoskeletal

[194, 195]

Literature

Muscle
tension

Increase in resistance to touch.
A change in the springiness or compressibility.
Taut bands of muscles on palpation

Tone
Hypertonicity
[239]

Tightness

[240]

Increased resting tension, determined as resistance to
passive movement.

Increased tension.
Reduced range of motion.
Increased firmness of muscles on palpation.

[195]

Tone

Viscoelastic stiffness in absence of contractile activity.
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Muscle
stiffness

Discomfort with movement of a joint.
However, also states muscle tone is measurable clinically as
muscle stiffness

Muscle

Contraction of muscle that cannot be released voluntarily

spasm

Neurological
Literature

[241]

Tone/

[68, 242]

Hypertonicity/

Resistance to passive movement initiated by assessor.

Spasticity/
Rigidity
International

[138]

Continence
Society

Medical
Dictionary

[243]

Non-relaxing

No palpable voluntary or involuntary relaxation of the PFM.

pelvic floor

Relaxation is felt as a termination of contraction.

Overactive

PFM do not relax or may contract when relaxation is

PFM

functionally needed

Tone

‘Difficult to define and cannot be measured’

Tension

The act of pulling or straining until taut

Muscular

Strain that results from muscular contractions

tension

Muscular

A normal degree of tension in muscles at rest

tone

Muscle tone

A normal state of balanced muscle tension

Tone

The normal state of balanced tension in the tissues of the
body, especially the muscles
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Appendices Chapter Three
Appendix 3.1:

Advertisement for recruitment of participants
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Appendix 3.2:

Participate Information Sheet

Participant Information Sheet
STUDY TITLE: DEVELOPMENT OF AN INSTRUMENT TO QUANTIFY DIGITAL PALPATION
Principal Investigator:

Dr Jennifer Kruger

Co-investigator:

Professor Poul Nielsen

Co-investigator:

Associate Professor Andrew Taberner

PhD Student Researcher:

Melissa Davidson

RESEARCHER INTRODUCTION
Dr Jennifer Kruger is a Senior Research Fellow of the Auckland Bioengineering Institute and principal
supervisor.
Professor Poul Nielsen is a co-investigator in the study and supervisor based at the Auckland
Bioengineering Institute.
Associate Professor Andrew Taberner is a co-investigator in the study and supervisor based at the
Auckland Bioengineering Institute.
Melissa Davidson is a Physiotherapy Specialist in Pelvic Health who is completing her PhD at the
Auckland Bioengineering Institute.

PROJECT INVITATION
You are invited to take part in a study in which we will be testing a palpation instrument that clinicians
can use to learn how different muscle states (e.g., tight, normal, loose etc.) feel when palpated by the
clinician.

Whether or not you take part is your choice. If you do not want to take part, you do not have to give a
reason. If you do want to take part now, but change your mind later, you can withdraw from the study
up to 7 days post the assessment session.

This participant information sheet is intended to help you decide if you’d like to take part. It sets out:
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why we are doing the study, what your participation would involve, what the benefits and risks to you
might be, and what will happen after the study ends.

We will go through this information with you and answer any questions you may have. You do not
have to decide today whether or not you will participate in this study. Before you decide, you may
want to talk about the study with other people, such as family, whānau, friends, or healthcare
providers such as your general practitioner (GP). We encourage you to do this.

Once you understand what the study is about, and you decide to participate, you will be asked a few
questions to ensure you are eligible. If you agree to take part in this study, you will be asked to sign a
consent form. If you decide to participate, it is important to remember that the procedures used in this
study do not pose any harm to you, and that you can ask us for any clarification at any time. You will
be given a copy of both the Participant Information Sheet and the Consent Form to keep if you wish.
This document is 4 pages long. Please make sure you have read and understood all of the pages. If
there is anything you are unsure of, please ask us about it.

WHAT IS THE PURPOSE OF THE STUDY?
Currently there is no standardized way of training or assessing clinician’s ability to feel ‘tight’, ‘loose’
or ‘normal’ muscle tension/tone – it is very subjective and relies on the experience of the clinician and
can vary between clinicians. Regardless of the lack of a standardized scales, clinicians are using
their assessment findings to inform their treatment decisions. Without standardization, what one
clinician detects as a ‘tight’ muscle can be very different from what another clinician determines is
‘tight’.

The aim of this study is to develop and confirm the reliability of a palpation instrument that can be
used by clinicians to assist in their learning of a standardized clinical digital (finger) palpation scale
for assessing muscle elasticity or tone.

The instrument is being developed at the Auckland Bioengineering Institute of The University of
Auckland and is intended to be portable, with the eventual aim of using it to assist in training
inexperienced clinicians on how muscles in different states feel when palpated.

WHAT WILL MY PARTICIPATION IN THE STUDY INVOLVE?
If you are interested in participating, this is what you would need to do:

Complete a 1-2minute phone or in-person interview with Melissa to confirm your eligibility for the
study. We will ask for your personal contact details, your profession and your years of clinical
experience. We will confirm that you can speak English well, and that you are currently using digital
palpation to assess muscle tone regularly (at least 30 minutes cumulative per week)
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If you are eligible to participate: You will need to attend one assessment session at a location close
to you (to be confirmed at the time of the interview with Melissa) The session will take approximately
10minutes.You can withdraw from the study up to 7 days post the assessment session without giving
a reason.

The Assessment
The instrument will be positioned on a suitable firm surface and a randomized set of measures will be
completed by yourself either in sitting or standing. Melissa will use the control dial to change the force
produced through the palpation arm that you are palpating. This will enable you to receive different
touch feedback to your finger and help you determine what rating you would give the instrument on
the subjective palpation scale provided by Melissa. The session is expected to take no longer than 10
minutes in total.

Funding for this study has been provided by the Auckland Bioengineering Institute (the developers of
the palpation instrument) and the Maurice and Phyllis Paykel Trust.

WHAT ARE THE POSSIBLE BENEFITS AND RISKS OF THIS STUDY?
A Physiotherapy Specialist in Pelvic Health (Melissa Davidson), who has over 27 years’ experience
assessing and treating patients, will be at the session with you. No discomfort or health risks are
expected to occur during the assessment.

IS THERE ANY COST TO ME?
There is no cost involved for you to take part in the study.

WHAT IF SOMETHING GOES WRONG?
If you were injured in this study, which is unlikely, you would be eligible to apply for compensation
from ACC just as you would be if you were injured in an accident at work or at home. This does not
mean that your claim will automatically be accepted. You will have to lodge a claim with ACC, which
may take some time to assess. If your claim is accepted, you will receive funding to assist in your
recovery.

If you have private health or life insurance, you may wish to check with your insurer that taking part in
this study won’t affect your cover.

WHAT ARE MY RIGHTS OR IF I CHANGE MY MIND?
Your participation in this study is voluntary. If you wish to withdraw from the study you are free to
leave at any point without giving a reason. Should you wish to withdraw at any stage, or to withdraw
any unprocessed information you have supplied, you are free to do so without prejudice. If you wish
to withdraw your data from the study, you need to do so within 7 days of the assessment session as
after this time the data will have been processed and will be unable to be removed.
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We intend to protect your privacy, anonymity and the confidentiality of your responses to the fullest
possible extent, within the limits of the law. Your name, contact details and answers to the eligibility
questions will be kept in a password-protected computer file and your consent form will be kept in a
secure, locked filing cabinet. Your information will only be available to the researchers, for example,
in order to know how we should contact you for your assessment appointment or by an auditor of the
Ethics Committee – this is in order to verify processes and procedures. We will remove any
references to personal information that might allow someone to guess your identity.

All data will be kept securely in the Auckland Bioengineering Institute at the University of Auckland for
at least six years from the date of publication of our results of this study before being destroyed.

By signing the attached consent form, you authorize release of and access to this confidential
information to the relevant study personnel and regulatory authorities outlined above. Otherwise, all
participants will be de-identified and remain anonymous for the purpose of any publication associated
with this study.

WHAT HAPPENS AFTER THE STUDY?
The final results from this study will be presented at medical conferences, published in Melissa’s PhD
thesis, and published in reputable medical journals. A copy of the published article can be obtained
by contacting one of the members of our research team. Please note that there is often a delay in
publication after completion of the study.

WHO DO I CONTACT FOR MORE INFORMATION OR IF I HAVE CONCERNS?
If you have any questions, concerns or complaints about the study at any stage, you can contact:

Dr Jennifer Kruger, MSc, PhD
Postdoctoral Senior Research Fellow
Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland

Telephone Number: 09 923 9968
Email: j.kruger@auckland.ac.nz

If you want to talk to the Head of Department for the Auckland Bioengineering Institute, you can
contact:
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Professor Peter Hunter
Director Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland

Telephone Number: 09 923 8395
Email: p.hunter@auckland.ac.nz

For any concerns regarding ethical issues you may contact:

The Chair
University of Auckland Human Participants Ethics Committee
University of Auckland Research Office
Private Bag 92019
Auckland 1142

Telephone Number: 09 373-7599 ext. 83711
Email: ro-ethics@auckland.ac.nz

This study has been approved by the University of Auckland Human Participants Ethics Committee
on 23 November 2017 for three years. Reference Number 020490.
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Appendix 3.3:

Consent Form
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Appendix 3.4:

Ethics Approval Confirmation letter
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Appendix 3.5:

Palpation Instrument Calibration Report

Palpation Instrument Calibration Report
Author: Greg Dawick
Date: 20 December 2017
Version 1.0
Electronics Lab Project No: 00008 Palpation instrument
Revision Date
1.0

Author

20/12/2017 Greg
Dawick

Change History
First Version

Aim
To document initial calibration of the Palpation instrument meters and force setting
To determine the calibration accuracy of the following parameters:
The consistency of the spring constant setting
The Displacement meter accuracy
The Force meter accuracy
To characterise the following parameters over a specified stroke length under compression and
release with and without a foam rubber pad adhered to the metal plunger:
Force vs extension
Measured Displacement of the plunger vs the instruments reading

Background
The palpation meter was built to assist in a study of practicing therapists to determine if there is any
constancy in the subjective scoring of Palpation using a scale between -3 to +3. There is no actual
definition for the spring constant corresponding to the subjective index. Hence the Palpation
instrument will also be used to determine a likely rage for the study as well.

The instrument itself comprises of a voice coil motor and analogue feedback circuit used to simulate
a spring with an adjustable spring constant. In order to further assist the researcher with additional
feedback displays indicating the real time force and displacement were also provided. These meters
relay on the feedback error voltage and were originally intended to be indicative of the force and
displacement in actual use, the assumption being that the setting of the spring constant was the most
important aspect of the instrument.
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The instrument was built under tight time constraints according to an initial set of requirements. A lab
bench prototype was constructed first using an existing amplifier in the lab. Based on this a prototype
it was agreed that a portable version should be built. The initial “calibration” was performed based on
current measurements and the Force Constant of the linear motor stated in the data sheet. This was
stated in an e-mail at the end of the project. Because the instrument relies on this assumption and
uses feedback to display displacement and force, a request was made to calibrate the instrument
using external measurements. It was also requested that the instrument should be characterised with
the bare metal plunger and the plunger with a silicon pad that was fitted during prototyping in an
attempt to make the plunger feel more realistic.

Equipment
Item

Make

Model

Serial No.

Lathe

HAFCO

AL-356

1701005

2 axis Digital Readout (part of Lathe)

SINO

OEM brand

N/A

Bluetooth Force Meter (UOA252158)

Vernier

WDSS

N/A

Method
Test Setup
In order to make the calibration more constant the Palpation instrument linear motor was fixed, using
electrical tape, to the tool post of a lathe fitted with a digital position readout. This facilitated
consistent setting of the distance steps between different force settings. A wireless force meter
(made by Vernier for Education purposes) was fitted with a 6mm acrylic disk that approximately
matches the diameter of the disk fitted to the Palpation instruments linear motor “plunger.” The force
meter was held off-centre in the chuck and the chuck rotated until the shaft of the linear motor
aligned vertically with that of the linear motor. The tool post horizontal position was adjusted so that
the shaft of the force meter was in line with the palpation instrument linear motor on both axis, see
Figure 1. Note that the palpation instrument is stood upright on its side end such that the wires
coming out of the motor face upwards, see Figure 2. This orientation has the lowest level of friction.

Figure 2: Test Setup

Chuck

Force Meter
Plungers
Linear Motor
Tool Post
Lathe Bed
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Figure 3: Orientation of linear motor for calibration

Initial Calibration
The force meter was zeroed with no contact to its plunger.
The Palpation instrument was placed in variable mode and the potentiometer was set to maximum
spring constant. The linear motor plunger was aligned with the force meter such that the two surfaces
were touching and the measured force was less than 0.05 N. The two plungers were then taped
together around the circumference in order to reduce the effects of misalignment between repeated
readings at different spring constants. The Lathe digital readout (in mm) was zeroed.
The spring was depressed by 2mm by moving the tool post 2mm using the lathe digital readout.
The Palpation instrument displacement meter was adjusted (RV3) to read 2.000 mm.
The Palpation instrument force meter was adjusted (RV15) to read the same force as the Vernier
force meter. The spring constant was calculated using the known displacement of 2.00 mm and the
Vernier force meter reading. The “read spring constant” button was depressed and RV1 k scale was
adjusted to read the same as the calculated spring constant.

Calibration Accuracy
The test setup and meter zeroing used above in 0 was maintained. The plunger remained taped
(constrained) to the force meter in order to give constancy between different measurements.
The plunger position was set to the zero position (as determined in 0) by going slightly negative and
then coming up to the zero position (positive direction is defined as that required to compress the
plunger). The Palpation instrument spring constant was set to k=50 using the variable control.
The force meter reading along with the instrument displacement and force readings were recorded
against the lathe position. The lathe position was incremented in 1mm steps up to 6mm and the
results at each step were recorded as per step (0 above. Steps (0 and (0 were repeated for the
following spring constants: k = 100, 200, 300, 400, 500, 600, 700 and 800.
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The spring constant was calculated for each step using the independently measured data (lathe
position and force meter) using Equation 1 in units of N/m. The deviation error form the set spring
constant was calculated using Equation 2, where k(mes) is the measured spring constant and k(set)
is the set spring constant. The uncertainty in the k(set) error was calculated using Equation
3Equation 3 were Error k(mes) is the estimated measurement error in k(mes).
k(mes) = F/x

Equation
1

k set error = (k(mes)-k(set))/k(set)

Equation
2

uncertainty = k set error – (k(mes)-k(mes)Error k(mes)k(set))/k(set)

Equation
3

The k set error and uncertainty in the k set error values were summarised in a table and plotted in
Figure 3.
The displacement error was calculated using Equation 4 and the uncertainty was calculated using
Equation 5 where x(Ins) is instrument reading, Error x(Ins) is the measurement error, x(mes) is the
measured displacement and Error x(mes) is the error in measuring x(mes).
Error x(Ins) = (x(ins)-x(mes))/x(mes)

Equation
4

uncertainty = MAX((Error x(ins)-(x(ins)-(x(mes)+Error x(mes)))/(
x(mes)+Error x(mes))),ABS(Error x(ins)-(x(ins)-(x(mes)-Error
x(mes)))/( x(mes)-Error x(mes))

Equation
5

The displacement errors were summarised in a table and the worst case values used to plot the
displacement error in Figure 4.
The displacement error was calculated using Equation 6 and the uncertainty was calculated using
Equation 7 where F(Ins) is instrument reading, Error F(Ins) is the measurement error, F(mes) is the
measured displacement and Error F(mes) is the error in measuring F(mes)
Error F(Ins) = (F(ins)-F(mes))/F(mes)

Equation
6

uncertainty = MAX((Error F(ins)-(F(ins)-(F(mes)+Error F(mes)))/(
F(mes)+Error F(mes))),ABS(Error F(ins)-(F(ins)-(F(mes)-Error
F(mes)))/( F(mes)-Error F(mes))

Equation
7

The force errors were summarised in a table and the worst-case values used to plot the displacement
error in Figure 5.
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Motor Characterisation
The test setup and meter zeroing used above in 4.2 was maintained. The tape fixing the plunger to
the force meter was removed. Thus, the two faces in contact when under pressure were the linear
motors aluminium plunger and the force meters acrylic disk.
The plunger position was set to the zero position (as determined in 4.2) by going slightly negative
and then coming up to the zero position (positive direction is defined as that required to compress the
plunger). The Palpation instrument spring constant was set to k=50 using the variable control.
The force meter reading along with the instrument displacement and force readings were recorded
against the lathe position.The lathe position was incremented in 1mm steps up to 6mm and then
back down to zero in 1mm increments. The results at each step were recorded as per step (0 above.
Steps (0 and (0 were repeated for the following spring constants: k = 100, 200, 300, 400, 500, 600,
700 and 800.
Force vs Extension plots were made for each k setting. See Table 2.
Instrument vs Measured Displacement plots were made for each k setting. See Table 2.
The silicon rubber pad was glued onto the linear motor plunger using Sil-Poxy (A silicon rubber
adhesive). The spring constant was set to maximum and the face of the silicon pad on the linear
motor plunger was moved into position until it just made contact with the acrylic face of the force
meter. The force meter was observed to ensure the force was as low as possible (in the vicinity of
0.06N) indicating the two surfaces had just made contact. The lathe digital readout (in mm) was
zeroed.
Steps (0 through to (0 were repeated using the linear motor with silicon pat attached.
Force vs Extension plots were made for each k setting. See Table 3.
Instrument vs Measured Displacement plots were made for each k setting. See Table 3

Raw Data recording
All raw data recorded in this method was entered into an Excel spreadsheet, see Appendix Raw
Data.

Results
Initial Calibration

The extension, force and k values were measured and adjusted as per Table 1.

Table 3: Initial Calibration
x(mes)
2

Error (±mm) F(mes) Error (N) k(mes) Error k(mes) x(Ins)
F(Ins)
0.005
1.66
0.01
830
0.65%
2
Zero position 0.025N force
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Calibration Accuracy
For all graphs below the linear motors rest position corresponds to the zero position and positive
numbers correspond to compression of the plunger.
The calibration accuracy results have been summarised in Figure 3.

Figure 4: Deviation form set k Value vs Displacement
Deviation from set k value vs displacement
(Constrained plunger in compression)
160.00%

140.00%

Deviation from set k value (%)
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100.00%

80.00%
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20.00%
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-20.00%
0

1
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5

k Set Error (k=400)

Compression x (mm)
k Set Error (k=50)

k Set Error (k=100)

k Set Error (k=200)

k Set Error (k=300)

k Set Error (k=500)

k Set Error (k=600)

k Set Error (k=700)

k Set Error (k=800)

The maximum displacement error was plotted in Figure 4.
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Figure 5: Maximum Displacement Error
Maximum Displacement Error
(Constrained plunger in compression)
3.00%

2.00%

1.00%

x Error (%)
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F(Ins) Error (k=400)

-1.00%

-2.00%
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-4.00%

Compression x (mm)
Max x(ins) Error

The force errors have been summarised in Figure 5.

Figure 6: Error in Force Measurement vs Distance
Error in Force Measurement vs Distance
(Constrained plunger in compression)
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Motor Characterisation

Table 4: Motor Characterisation Results Free Metal Plunger
Instrument vs Measured Displacement k=40
Free Metal Plunger

0.3

Force (N)

0.25
0.2
0.15
0.1

0.05
0
-0.05

0

1

2

3

4

5

6

7

Displacement x (mm)
F(mes)

Instrument Displacement (mm)

Force vs Extension k=40
Free Metal Plunger
7
6
5
4
3
2
1
0
0

3

4

5

6

7

Force (N)

Displacement x (mm)
F(mes)

Instrument Displacement (mm)

2

4

3
2
1
0

0.3

0.2
0.1
0

5

6

7

Displacement x (mm)

Instrument Displacement (mm)

Force (N)

1

2

3

4

5

6

7

Instrument vs Measured Displacement k=100
Free Metal Plunger

0.4

4

7

Measured Displacement x (mm)

0.5

3

6

5

0

0.6

2

5

6

F(ins)

0.7

1

4

7

Force vs Extension k=100
Free Metal Plunger

0

3

Instrument vs Measured Displacement k=50
Free Metal Plunger

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
-0.05

1

2

Measured Displacement x (mm)

Force vs Extension k=50
Free Metal Plunger

0

1

F(ins)

7

6
5
4

3
2
1
0
0

1

2

3

4

5

6

7

Measured Displacement x (mm)
F(mes)

F(ins)

Force vs Extension k=200
Free Metal Plunger

Instrument vs Measured Displacement k=200
Free metal Plunger

Force (N)

1.2
1
0.8
0.6

0.4
0.2
0

0

1

2

3

4

Displacement x (mm)
F(mes)

5

6

7

Instrument Displacement (mm)

1.4

7
6
5
4

3
2
1
0

0

1

2

3

4

5

Measured Displacement x (mm)

F(ins)
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Force vs Extension k=300
Free Metal Plunger
2

Force (N)

1.5
1
0.5
0

0

1

2

3

4

5

6

7

Displacement x (mm)
F(mes)

Instrument Displacement (mm)

Instrument vs Measured Displacement k=300
Free metal Plunger
7
6
5
4

3
2
1
0

0

Force (N)

2
1.5
1
0.5
0

3

4

5

6

7

Displacement x (mm)
F(mes)

Instrument Displacement (mm)

3

2

4
3
2

1
0
-1

1
0.5
0

5

6

7

Displacement x (mm)

Instrument Displacement (mm)

Force (N)

1.5

F(mes)

3

4

5

6

7

3
2
1
0

3

4

Displacement x (mm)
F(mes)

Force (N)
Force (N)

1

2

3

4

5

6

7

7
6
5

4
3
2
1

0
0

1

2

3

4

5

6

7

Measured Displacement x (mm)

F(ins)

Instrument vs Measured Displacement k=700
Free metal Plunger

5

6

7

Instrument Displacement (mm)

2

7

Instrument vs Measured Displacement k=600
Free metal Plunger

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

1

6

4

Force vs Extension k=700
Free Metal Plunger

0

5

Measured Displacement x (mm)

Displacement x (mm)
F(mes)

4

5

0

Instrument Displacement (mm)

2

3

6

F(ins)

4
3.5
3
2.5
2
1.5
1
0.5
0

1

2

7

Force vs Extension k=600
Free Metal Plunger

0

1

Instrument vs Measured Displacement k=500
Free metal Plunger

2

4

7

Measured Displacement x (mm)
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3

6

5

0

3

2

5

6

F(ins)
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1

4

7

Force vs Extension k=500
Free Metal Plunger

0

3

Instrument vs Measured Displacement k=400
Free metal Plunger

2.5

1

2

Measured Displacement x (mm)

Force vs Extension k=400
Free Metal Plunger

0

1

F(ins)

7
6
5

4
3
2
1

0
0

1

2

3

4

5

Measured Displacement x (mm)
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Force vs Extension k=800
Free Metal Plunger
6

Force (N)

5
4
3
2
1

0
0

1

2

3

4

5

6

7

Displacement x (mm)
F(mes)

Instrument Displacement (mm)

Instrument vs Measured Displacement k=800
Free metal Plunger
7
6
5

4
3
2
1

0
0

1

2

3

4

5

6

7

Measured Displacement x (mm)

F(ins)

Table 5: Motor Characterisation Results Free Metal Plunger with Foam Pad
Force vs Extension k=40
Free Metal Plunger with Foam Pad
0.3

Force (N)

0.25
0.2
0.15
0.1
0.05
0

0

1

2

3

4

5

6

7

Displacement x (mm)

Instrument Displacement (mm)

Instrument vs Measured Displacement k=40
Free Metal Plunger with Foam Pad
7
6
5
4

3
2
1
0
0

1

2

3

4

5

6

7

Measured Displacement x (mm)
F(mes)

F(ins)

Instrument vs Measured Displacement k=50
Free Metal Plunger with Foam Pad

0.35
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Force (N)
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0.2
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0.1
0.05
0
0

1

2

3

4

5

6

7

Displacement x (mm)

Instrument Displacement (mm)

Force vs Extension k=50
Free Metal Plunger with Foam Pad
7
6
5
4
3
2

1
0
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0

1

2
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5

6

7

Measured Displacement x (mm)
F(mes)

F(ins)

Instrument vs Measured Displacement k=100
Free Metal Plunger with Foam Pad

0.7

Force (N)

0.6
0.5
0.4

0.3
0.2
0.1
0
0

1

2

3

4

Displacement x (mm)

5

6

7

Instrument Displacement (mm)

Force vs Extension k=100
Free Metal Plunger with Foam Pad
7
6
5
4
3
2
1
0
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0

1

2

3

4

5

Measured Displacement x (mm)
F(mes)
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Instrument vs Measured Displacement k=200
Free Metal Plunger with Foam Pad

Force vs Extension k=200
Free Metal Plunger with Foam Pad

Force (N)

1
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Instrument vs Measured Displacement k=300
Free Metal Plunger with Foam Pad
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Force vs Extension k=300
Free Metal Plunger with Foam Pad
6
5
4

3
2
1

0
-1

0

1

2

3

4

5

6

7

Measured Displacement x (mm)
F(mes)

F(ins)

Instrument vs Measured Displacement k=400
Free Metal Plunger with Foam Pad
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Force vs Extension k=400
Free Metal Plunger with Foam Pad
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Instrument vs Measured Displacement k=500
Free Metal Plunger with Foam Pad

3

Force (N)

2.5
2
1.5

1
0.5
0
-0.5
0

1

2

3

4

5

6

7

Displacement x (mm)

Instrument Displacement (mm)
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Instrument vs Measured Displacement k=600
Free Metal Plunger with Foam Pad
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Force vs Extension k=600
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6
5

4
3
2
1

0
-1

0

1

2

3

4

5

Measured Displacement x (mm)
F(mes)

F(ins)
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Instrument vs Measured Displacement k=700
Free Metal Plunger with Foam Pad
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Force vs Extension k=700
Free Metal Plunger with Foam Pad
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Force vs Extension k=800
Free Metal Plunger with Foam Pad
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Discussion of the Results
Figure 3 shows the deviation form set k value vs displacement. The design assumes that the motor
will produce a linear force characteristic vs displacement at a set current which will be non-linear in
actual practice. The results show that at low spring constants the error in the k setting goes up as
displacement approaches the motor set point (zero position). This is primary due to the motor stiction
force, as may be seen in Table 2 for k=40 N/m for example. When the plunger returns it stops moving
at 3mm off zero. For compression results between 3mm to 6mm the typical error is less than 7% for
spring constants above 200 N/m. The errors shown in Figure 3 were obtained under static conditions,
hence these results are not reflective of dynamic performance. In addition, the motor plunger was
taped around the circumference of the force and linear motor plungers to constrain and reduce
variation due to play in the bearings. This will contribute to additional errors in the force and
extension values reported by the instrument.

Figure 4 shows the maximum displacement error is less than 4% maximum. Figure 5 indicates that
the force measurements can vary quite widely at low spring constant settings, in a similar nature to
that shown by the error in spring constant.

The motor characterisation plots in Table 2 and Table 3 show that there is a significant amount of
hysteresis at low spring constants. The plunger also fails to return to the zero position at spring
constants of around 100 N/m and less. However, it is possible this may not be an issue in practice
because the users naturally compensate for the position offset and the accuracy of the spring
reproduced spring constant at low k values tends to increase with compression. Similarly, the large
level of hysteresis observed at low k values may not matter if the users tend to assess the force
under compression, however it is not clear to the author if the bounce back is also important in terms
assessing palpation, and if so should it be linear or non-linear in nature.
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The results for low spring constants using the plunger with silicon pad appear to be better in terms or
returning to zero due to the fact the silicon pad had a certain amount of tack force between face of
the acrylic plunger and the force meter. The silicon pad also compresses under force and causes
displacement errors on the instrument. This is more easily observed when looking at the raw data
tables. The force meter reading also tends to change between adjustments when using the silicon
pad on the end of the plunger, however the palpation instrument force meter does not change
between position adjustments.

Conclusions
The palpation meter was calibrated and characterised under static load conditions. The variation from
set spring constant was plotted in Figure 3 and gives an initial estimate of the magnitude of errors at
various spring constant settings vs displacement. It remains with the primary researcher to determine
if this will be sufficient to meet the studies requirements.

Appendix 1: Rough Estimate of Stiction Force
The stiction force of the linear motor was not able to be measured using the lathe jig. A rough
estimate was obtained by manually positioning the plunger at fixed increments (using the metes
internal instruments) and increasing the spring constant until the plunger moved and observing the
maximum displayed force at the time this occurred. The results are shown in Table 4 and indicate it is
approximately 0.15N according to the instruments meters.

Table 6: Stiction Force Estimate

x (mm) Stiction Force (N)
8.36
0.17
8
0.22
7
0.15
6
0.14
5
0.12
4
0.14
3
0.15
2
0.15
1
0.14
Average
0.15

Appendix 2: Force meter cross check
An informal check of the force meters calibration was performed by measuring the mass of 10x 100g
weights using a Mebber PM 4800 Deltra range scale (standard use lab scale, not calibrated). The
force meter was placed in the vertical position and the meter was zeroed. The 100g masses were
then successively placed on top of the plunger and the force readings were recorded in Table 5. The
results were plotted in Table 6.
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Table 7: Force meter check against gravity

Force vs Mass against gravity for
Vernier Force Meter

Assumed value

Measured Force
Mass No. Mass (g) Predicted Force
Min
Max
Average Error
1
99.7 0.978057
0.975
0.979
0.977 -0.108%
2
199.64 1.958468
1.957
1.96
1.9585 0.002%
3
299.83 2.941332
2.939
2.945
2.942 0.023%
4
399.51 3.919193
3.916
3.919
3.9175 -0.043%
5
499.21 4.89725
4.892
4.898
4.895 -0.046%
6
599.65 5.882567
5.877
5.882
5.8795 -0.052%
7
699.53 6.862389
6.856
6.86
6.858 -0.064%
8
799.69 7.844959
7.838
7.841
7.8395 -0.070%
9
899.3 8.822133
8.812
8.816
8.814 -0.092%
10
999.4 9.804114
9.793
9.797
9.795 -0.093%

12
y = 0.0098x + 0.0022
R² = 1

10

Force (N)

Mass measurements
g
9.81 N/kg

Table 8: Force meter check against gravity

8
6
4
2
0
0

200

400

600

800

1000

Mass (g)
Predicted Force

Scales: Mebber PM 4800 Delta range

Appendix 3: Raw Data

00008
Calibration.xlsx
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Appendix 3.6:

Palpation instrument User Manual

Palpation instrument User Manual
Version 1.0
Author: Greg Dawick
Date: 06 December 2017
Electronics Lab Project No: 00008 Palpation instrument
Revision Date
1.0

Author

06/12/2017 Greg
Dawick

Change History
First Version

Palpation instrument Components

Note: Stand
linear motor
upright on
this face for
lowest level
of friction
such that the
motor wires
face upwards

Palpation
instrument

230VAC to 22V DC
Power Supply

Linear Motor

Correct orientation of linear motor
The linear motor should be positioned as shown below to obtain the lowest levels of friction. This was
the position used to perform calibration.
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Clear Window
Wires
facing
upwards
Plunger on the side
PCB

Bench top (bottom side)
User Interface

Displacement Meter: Displays the distance from the rest position travelled by the plunger
Force (N)/Spring Constant: Displays the force in Newtons (N) being placed on the plunger. When
the “Read Spring Constant” button is depressed it will display the current spring constant setting as
per the formula k = F/x where
F is the force in Newtons
x is the distance in mm from rest position travelled by the plunger
k is the spring constant in units of N/m
Control Switch: Selects which control knob is active
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Variable Dial: Allows the spring constant to be continuously varied between a minimum setting to the
maximum setting.

The minimum and maximum values of k are set internally. At the time of release the minimum spring
constant k = 0 and the maximum setting k = 1050. These setting were chosen to overlap empirically
derived values determined using the first prototype and can be internally adjusted to be higher or
lower as required within the limits of the instruments capability.
The force setting may be read back by pressing the “Read Spring Constant” button

Stepped Dial: The stepped dial has makings of -3 through to +3 corresponding to a scoring system
used to rate the level of palpation.
The actual fore corresponding to these scores is currently undefined by the industry. These values
are adjustable via trim pots inside the instrument. At the time of release, a subjective range for spring
constants ranging from 35 through to 526 N/m was determined as being -3 through to +3. The
intermediate values were linearly spaced accordingly
The force setting may be read back by pressing the “Read Spring Constant” button

Read Spring Constant Button: Pressing this button changes the associated display to read back
the set spring constant currently in use.
When this button is depressed the motor is disengaged (i.e. the plunger on the motor will not have
any force applied to it)
The Read Spring Constant Button may also be used to set the value of the variable control dial or the
calibration trim pots for the fixed step dial.

Powering the Instrument
Use the supplied 22V 90W power supply
This power supply is double insulated with no earth connection
This power supply also features an adjustable output. The voltage should be set to the maximum
(22V) setting.
The 2.5mm DC jack should be used with centre set to positive
Power up sequence (failure to follow this sequence may damage the instrument1)

Insert the motor cable into the motor socket on the back of the Palpation instrument

1

The power supplies inside the Palpation instrument were designed and simulated to be robust against hot plugging the
DC Jack. However, the actual real world variables are currently unknown and to test these involves the risk destroying
the power supply via voltage transients if the assumptions are incorrect. Hence, caution is currently being advised due to
the time cost and effort involved in repairing a broken system.
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Note: The linear motor was calibrated standing on the short face such that the internal wires coming
out of the motor face upwards.
Pull the motor plunger fully forwards
This prevents the motor hitting its stops during powering up which may affect calibration over the long
term
Insert the power adaptor DC jack into the Palpation instrument
Insert the AC plug into the mains wall socket
Turn on the power

Notes:
Ensure the LED on the power adaptor is not illuminated prior to plugging in the DC jack
If you do not follow this sequence damage may result to the instrument
Power down sequence (failure to follow this sequence may damage the instrument)
Turn off the AC mains voltage (or unplug the AC plug if there is no switch)
Wait till the LED on the AC adaptor goes out
Remove the 2.5mm DC jack form the Palpation instrument
Remove the motor cable from the Palpation instrument

Setting the Spring Constant
Setting the Spring Constant in Variable Mode
Depress the Read Spring Constant button
Rotate the Variable Dial until the reading on the Force (N)/Spring Constant meter reads the
desired value
Release the Read Spring Constant button
Note: When the Read Spring Constant button is depressed the motor will be disabled hence there
will be no resistant on the plunger.
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Appendix 3.7:
category

Probability of assigning stiffness values to each palpation scale
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Appendices Chapter Four
Appendix 4.1:

Advertisement for recruitment of participants
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Appendix 4.2:

Participant Information Sheet

Participant Information Sheet
STUDY TITLE: CONFIRMING PROBE POSITION FOR MEASURING PELVIC FLOOR MUSCLES USING
MRI
Principal Investigator:

Dr Jennifer Kruger

Co-investigator:

Professor Poul Nielsen

Co-investigator:

Associate Professor Andrew Taberner

PhD Student Researcher: Melissa Davidson

RESEARCHER INTRODUCTION
Dr Jennifer Kruger is a Senior Research Fellow of the Auckland Bioengineering Institute and
principal supervisor.
Professor Poul Nielsen is a co-investigator in the study and supervisor based at the
Auckland Bioengineering Institute.
Associate Professor Andrew Taberner is a co-investigator in the study and supervisor based
at the Auckland Bioengineering Institute.
Melissa Davidson is a Physiotherapy Specialist in Pelvic Health who is completing her PhD
at the Auckland Bioengineering Institute.

PROJECT INVITATION
You are invited to take part in a study in which we will be determining the position of a
vaginal probe (the elastometer) in relationship to the pelvic floor muscles. This information is
important, as it will confirm that when the elastometer is used to measure elasticity of the
pelvic floor muscles, it is likely to be in the correct position. The probe that will be used
during the Magnetic Resonance Imaging (MRI) procedure will only confirm position, it will not
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be using the full elastometer device or measuring the elasticity of these muscles during this
MRI assessment. The probe is MRI compatible.
Whether or not you take part is your choice. If you do not want to take part, you do not have
to give a reason, and it will not affect the care you receive.
This participant information sheet is intended to help you decide if you’d like to take part. It
sets out: why we are doing the study, what your participation would involve, what the
benefits and risks to you might be, and what will happen after the study ends.
We will go through this information with you and answer any questions you may have. You
do not have to decide today whether or not you will participate in this study. Before you
decide, you may want to talk about the study with other people, such as family, whānau,
friends, or healthcare providers such as your general practitioner (GP). We encourage you
to do this.

Once you understand what the study is about, and you decide to participate, you will be
asked a few questions to ensure you are eligible. If you agree to take part in this study, you
will be asked to sign a consent form. If you decide to participate, it is important to remember
that the procedures used in this study do not pose any harm to you, and that you can ask us
for any clarification at any time. You will be given a copy of both the Participant Information
Sheet and the Consent Form to keep if you wish.

This document is 5 pages long. Please make sure you have read and understood all of the
pages. If there is anything you are unsure of, please ask us about it.

WHAT IS THE PURPOSE OF THE STUDY?
Very little is known about pelvic floor muscle elasticity (stretch) and how it copes with
childbirth. We know that pelvic trauma does occur during vaginal delivery in a number of
women, but we are unsure how important the muscles ability to stretch is in preventing
trauma to this region. We are undertaking research now, with women who are pregnant, and
assessing how ‘stretchable’ their pelvic floor muscles are and if it changes during the
pregnancy. We are using a new device, called an ‘elastometer’ in the pregnancy study,
which has been developed at the Auckland Bioengineering Institute of The University of
Auckland.

By studying and measuring the elasticity of the pelvic floor muscles, we can start to make
some assessments about who is most at risk for birthing trauma. This knowledge could
ultimately reduce the number of women who will suffer from pelvic floor dysfunction later in
life.
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To support the pregnancy study, we are using Magnetic Resonance (MR) imaging in this
study to confirm the position of the elastometer probe in five women who are not currently
pregnant.

WHAT WILL MY PARTICIPATION IN THE STUDY INVOLVE?
If you are interested in participating, this is what you would need to do:

Complete a 1-2minute phone interview with Melissa to confirm your eligibility for the study.
We will ask for your personal contact details, your age, height, weight, birthing history, and
ethnicity.
We will confirm that you can speak English well, are not pregnant, and that you are unlikely
to have an active vaginal infection.
If you are eligible to participate:
You will need to attend one appointment at the Centre for Advanced MRI, at the Faculty of
Medical and Health Science, University of Auckland, 85 Park Rd, Grafton, Auckland.
You are welcome to bring a support person to the appointment if you wish to.
The appointment will take approximately 60minutes – this is allowing 40minutes for the scan,
and 10minutes each side of the scan to find the location, get changed, talk to the researcher
etc.
You can withdraw from the study at any time if you wish to discontinue without giving a
reason. The MRI scans will be processed within 1 week of been taken, so if you wish to
withdraw from the study, you need to do so within 7 days of the scan been taken.

The Examination and MRI
During the examination you will be positioned lying on your back on a bed, with your hands
resting on your tummy and your knees bent up with your feet on the bed. You will be
wearing a medical gown on the top half of your body. On the lower half of your body you will
be wearing no underwear but you will be draped with a sheet to assist with modesty. The
examination room will have a lockable door and/or curtains to ensure your privacy.
We will complete a brief screening examination, involving a visual check of the area around
your vagina and light palpation of the superficial muscles of this area – this it to ensure that
we will be able to insert the vaginal probe with you experiencing no vulva pain.
Immediately after this screening check, we will place inside your vagina a ‘elastometer MRI
compatible’ vaginal probe. The probe is shaped and sized like the small speculum your GP
uses during a smear test, and sits just inside the vaginal opening. The probe will be covered
with disposable latex covers and lubricated with hypo-allergenic gel. It will be inserted into
the vagina and once you are comfortably relaxed the MR imaging will start.
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After the first images are taken, we will adjust the probe to open from 30mm to 40mm (just a
10mm difference in width) and take one more scan. This width of 40mm is easily
accommodated by most women and has been tested in over 180 women, none of whom
reported significant discomfort with the device.
At the end of the session, the probe will be removed, latex covers are discarded and the
probe is disinfected.

Funding for this study has been provided by the Auckland Bioengineering Institute (the
developers of the ‘Elastometer’), Physiotherapy New Zealand, and the Maurice and Phyllis
Paykel Trust; and Centre for Advanced MRI.

WHAT ARE THE POSSIBLE BENEFITS AND RISKS OF THIS STUDY?
A Physiotherapy Specialist in pelvic health (co-investigator Melissa Davidson), who has over
27 years’ experience assessing and treating patients, will do the positioning of the probe.
She will stay in the control room of the MRI to help monitor your comfort throughout the
procedure.

Discomfort during the probe positioning or MR imaging is expected to be minimal. The MRI
does produce loud noises as the machine scans you – headphones will be provided to
protect your hearing during the scanning process. You may also experience a feeling of
claustrophobia due to the position of the machine, however we will be positioning you with
your head out of the machine to minimize this. The Centre for Advanced MRI where the scan
takes place has a “MRI Safety and Consent Form” that you will need to complete prior to the
MRI. The reason for this second consent form (the first being the study consent form) is to
ensure your safety while undergoing the procedure. We have attached the MRI consent form
below to allow you to read it. Please note that NO injection of contrast will be occurring
during this study.

Standard health and safety procedures will be adhered to and your dignity and privacy will
be respected at all times. Current clinical guidelines and professional practice standards
recommended by the Pelvic, Women’s and Men’s Health Special Interest Group of
Physiotherapy New Zealand will be adhered to. If any discomfort is felt during examination
then it will be stopped immediately.

In the event that a condition which is assessed to be a clinical abnormality is detected
through performing a scan on you, you will be informed of this and will be advised to consult
your general practitioner. Because the images are not routinely reviewed by a radiologist we
are unable to perform diagnostic scans for medical purposes of areas where you have
known abnormalities.
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IS THERE ANY COST TO ME?
You will not incur any costs for having the measurements done. We will provide a $10
voucher to help cover travel expenses for your participation, however you will not receive
any payment for taking part in the study.

WHAT IF SOMETHING GOES WRONG?
If you were injured in this study, which is unlikely, you would be eligible to apply for
compensation from ACC just as you would be if you were injured in an accident at work or at
home. This does not mean that your claim will automatically be accepted.

You will have to lodge a claim with ACC, which may take some time to assess. If your claim
is accepted, you will receive funding to assist in your recovery.

If you have private health or life insurance, you may wish to check with your insurer that
taking part in this study won’t affect your cover.

WHAT ARE MY RIGHTS OR IF I CHANGE MY MIND?
Your participation in this study is voluntary. If you wish to withdraw from the study you are
free to leave at any point without giving a reason. Should you wish to withdraw at any stage,
or to withdraw any unprocessed information you have supplied, you are free to do so without
prejudice. The MRI scans will be processed within 1 week of been taken, so if you wish to
withdraw from the study, you need to do so within 7 days of the scan been taken.

If any information comes to the investigators attention that may adversely impact on your
health you will be told this by the investigator. If you wish to access information collected as
part of the study you can do this by contacting the investigators and they will give you copies
of your information.

We intend to protect your privacy, anonymity and the confidentiality of your responses to the
fullest possible extent, within the limits of the law. Your name, contact details and answers to
the eligibility questions will be kept in a password-protected computer file and your consent
form will be kept in a secure, locked filing cabinet. Your information will only be available to
the researchers, for example, in order to know how we should contact you for your
assessment appointment or by an auditor of the Ethics Committee – this is order verify
processes and procedures. We will remove any references to personal information that
might allow someone to guess your identity.
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All data will be kept securely in the Auckland Bioengineering Institute at the University of
Auckland for at least six years from the date of publication of our results of this study before
being destroyed.

By signing the attached consent form, you authorize release of and access to this
confidential information to the relevant study personnel and regulatory authorities outlined
above. Otherwise, all participants will be de-identified and remain anonymous for the
purpose of any publication associated with this study.

WHAT HAPPENS AFTER THE STUDY?
The final results from this study (and possibly images from the MRI) will be presented at
medical conferences, published in Melissa’s PhD thesis, and published in reputable medical
journals. A copy of the published article can be obtained by contacting one of the members
of our research team. Please note that there is often a delay in publication after completion
of the study.

WHO DO I CONTACT FOR MORE INFORMATION OR IF I HAVE CONCERNS?
If you have any questions, concerns or complaints about the study at any stage, you can
contact:

Dr Jennifer Kruger, MSc, PhD
Postdoctoral Senior Research Fellow
Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland

Telephone Number: 09 923 9968
Email: j.kruger@auckland.ac.nz

Professor Poul Nielsen
Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
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Auckland

Telephone Number: 09 923 8391
Email: p.nielsen@auckland.ac.nz

Associate Professor Andrew Taberner
Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland

Telephone Number: 09 923 5024
Email: a.taberner@auckland.ac.nz

Melissa Davidson
Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland

Telephone Number: 09 923 9968
Email: mdav005@aucklanduni.ac.nz

If you want to talk to the Head of Department for the Auckland Bioengineering Institute, you
can contact:

Professor Peter Hunter
Director Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland
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Telephone Number: 09 923 8395
Email: p.hunter@auckland.ac.nz

For any concerns regarding ethical issues you may contact:

The Chair
University of Auckland Human Participants Ethics Committee
University of Auckland Research Office
Private Bag 92019
Auckland 1142

Telephone Number: 09 373-7599 ext. 83711
Email: ro-ethics@auckland.ac.nz

Approved by the University of Auckland Human Participants Ethics Committee on 6th
December 2017 for three years. Reference Number 020414.
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Appendix 4.3:

Consent Form
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Appendix 4.4:

CAMRI Safety and Consent Form
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Appendix 4.5:

Ethics Approval Confirmation Letter
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Appendices Chapter Five
Appendix 5.1:

Advertisement for recruitment of participants
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Appendix 5.2:

Website Information

Measurement of Pelvic Floor Muscles during Pregnancy: Development of a Risk Prediction Model
WHA IS THE PURPOSE OF THE STUDY?
We hear about it all the time; tears, scars, trauma, infections, urinary incontinence etc. To some
extent it could almost put a women off a vaginal delivery. But does it have to be this way? Can we
identify this risk and eliminate some of the fear of childbirth?
Very little is known about how the pelvic floor muscles change during pregnancy and how they
stretch during the delivery. This is important to identify because it is the lack of knowledge about
these muscles that can lead to damage during delivery. This damage increases the risk of urinary
incontinence or pelvic organ prolapse later in life.
Currently, up to 30% of women will damage their internal deep pelvic floor muscle during vaginal
delivery and a similar percentage will tear their perineum. We can’t predict who will tear and who
won’t at this stage. Our ultimate goal is to reduce the number of women who suffer from long term
pelvic floor dysfunction caused by childbirth trauma.
In order to achieve this we need to develop a way to identify who is most at risk of pelvic floor muscle
and perineal damage during childbirth. We plan to do this by developing a risk prediction model that
will ultimately help women in the future.
We need YOUR help to do this by taking part in this groundbreaking research.
WHO CAN PARTICIPATE?
Women aged between 18 – 45 years of age who are intending to become pregnant within the next 6
months or who are already pregnant (under 16 weeks gestation at the time of registration in the
study).
Recruitment is expected to open in January 2016.

YOU CANNOT PARTICIPATE IN THE STUDY IF YOU:
If you have had a previous full term pregnancy
If your pregnancy is considered high risk by your lead maternity caregiver
If you suffer from any neurological condition such as multiple sclerosis, cerebral palsy, cauda equina
syndrome or pudendal neuropathy
If you are taking any medications that are known to affect muscle tension (such as muscle relaxants)
If you are unable to speak and read the English language well
WHAT WILL YOU HAVE TO DO?

218

Appendices

To register for the study you
need to complete a secure online
survey
We will contact you to let you
know if you are eligible to take
part
We'll tell you more information
about the study and book your
first appointment

First Appointment (18 weeks pregnant)
- Screening Examination
- Measurements

Second Appointment (36 weeks
pregnant)
-Consultation
-Measurements

Third Appointment
(3 - 6 months post-delivery)
- Consultation

- Measurements + Ultrasound
- Completion of online questionnaire

APPOINTMENT SCHEDULE
IS IT SAFE TO VOLUNTEER FOR THIS STUDY?
Ethics for this project have been reviewed and approved by the Northern A Health and Disability
Ethics Committee (HDEC Number LRS/10/07/029/AM06). The examinations and muscle tests will
be done by an experienced female pelvic floor physiotherapist who has over 24 years of experience
assessing and treating patients. Your personal information will be stored in a private and confidential
manner. The online survey is conducted through a secure website.
HOW DO I AGREE TO PARTICIPATE?
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Click here to view the full the Patient Information Sheet and Consent Form which describes the study
in greater detail.
If you would like to participate, please click here to register your interest and complete the
questionnaire.
WHERE CAN I OBTAIN MORE INFORMATION?
INVESTIGATOR CONTACT DETAILS:
Melissa Davidson (PhD Student)
Pelvic Floor Physiotherapist
Ph: 0274142258
Email: melissa@remarkablephysios.com

Dr Jennifer Kruger (Supervisor and Lead Investigator)
Postdoctoral Research Fellow
Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland
Ph: 09 3737599 Ext 89968
Email: j.kruger@auckland.ac.nz
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Appendix 5.3:

Online Registration Survey

Measurement of Pelvic Floor Muscles during Pregnancy:
Development of a Risk Prediction Model

1. Registration for study
A. First Name
B. Last Name
C. Address
D. Email Address
E. Home Phone Number
F. Mobile Phone Number
2. Screening Questionnaire
If you feel uncomfortable answering any of the questions, you may mark the ‘Do not wish to
answer’ box.
Part 1: General Information
A. Do you speak and read English (at conversation level)?
☐ Yes
☐ No
B. What is your date of birth? ___________________ (dd/mm/yyyy)
C. Which ethnic group do you identify with?
☐ European – Caucasian
☐ Maori
☐ Pacific Islanders
☐ Aboriginal Australians and Torres Strait Islanders
☐ Asian
☐ Indian
☐ African
☐ South American
☐ Other
Part 2: Obstetric history
A. Are you currently pregnant?
☐ Yes
☐ No
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B. Is it a single foetus?
☐ Yes
☐ No
C. How many weeks gestation are you? ________________(weeks)
D. What is your due date? ________________(dd/mm/yyyy)
E. Are you planning a vaginal delivery?
☐ Yes
☐ No
F. Are you planning on getting pregnant within the next 3 – 6 months?
☐ Yes
☐ No
G. Have you ever given birth?
☐ Yes
☐ No
H. Have you had more than two miscarriages after 16 weeks gestation?
☐ Yes
☐ No
Part 3: Medical History
A. Do you suffer from any neurological conditions such as multiple sclerosis, cerebral
palsy, cauda equina syndrome or pudendal neuropathy?
☐ Yes
☐ No
B. Do you suffer from any of the following: autoimmune disease, cancer, sickle cell
anaemia, tuberculosis, herpes, AIDS, heart disease, hypertension, kidney disease,
Crohn's disease, ulcerative colitis or diabetes?
☐ Yes
☐ No
C. What is your current weight (in Kilograms)? _______________ (kg)
D. What is your current height (in metres)? ____________ (metres)
E. Are you currently taking any medications or dietary supplements?
☐ Yes
☐ No
If yes, what medications/supplements are you taking?

_________________________________________________
_________________________________________________
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F. Do any of your immediate female family members (Grandmother, Mother, Aunties or
Sisters) have any pelvic floor dysfunction (such as prolapse, urinary or bowel
incontinence, pelvic pain)?
☐ Yes
☐ No
If yes, what type of issues do they have?

_________________________________________________
_________________________________________________
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3. Australian Pelvic Floor Questionnaire
Bladder section
Q1 How many times do you pass

Q2 How many times do you get up

Q3 Do you wet the bed before you

urine in the day?

at night to pass urine?

wake up at night?

[ ] up to 7

[ ]0–1

[ ] never

[ ] between 8 – 10

[ ]2

[ ] occasionally (< 1 x week)

[ ] between 11 – 15

[ ]3

[ ] frequently (≥ 1 x week)

[ ] > 15

[ ]>3

[ ] always (every night)

Q4 Do you need to rush or hurry to

Q5 Does urine leak when you rush

Q6 Do you leak with coughing,

pass urine when you get the urge?

or hurry to the toilet? Do you not

sneezing, laughing or exercising?

[ ] never
[ ] occasionally (< 1 x week)
[ ] frequently (≥ 1 x week)
[ ] daily

make it in time?
[ ] never

[ ] never
[ ] occasionally (< 1/week)

[ ] occasionally (< 1 x week)

[ ] frequently (  1/week)

[ ] frequently (≥ 1 x week)
[ ] daily
[ ] daily

Q7 Is your urinary stream (urine

Q8 Do you have a feeling of

Q9 Do you need to strain to empty

flow) weak, prolonged or slow?

incomplete bladder emptying?

your bladder?

[ ] never

[ ] never

[ ] never

[ ] occasionally (< 1 x week)

[ ] occasionally (< 1 x week)

[ ] occasionally (< 1 x week)

[ ] frequently (≥ 1 x week)

[ ] frequently (≥ 1 x week)

[ ] frequently (≥ 1 x week)

[ ] daily

[ ] daily

[ ] daily

Q10 Do you have to wear pads

Q11 Do you limit your fluid intake

Q 12 Do you have frequent bladder

because of urinary leakage?

to decrease urinary leakage?

infections?

[ ] none – never

[ ] never

[ ] no
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[ ] as a precaution

[ ] before going out

[ ] 1 – 3 per year

[ ] with exercise/during a cold

[ ] moderately

[ ] 4 – 12 per year

[ ] daily

[ ] always

[ ] > 1 per month

Q13 Do you have pain in your

Q 14 Does urine leakage affect

Q 15 How much does your bladder

bladder or urethra when you empty

your routine activities (recreation,

problem bother you?

your bladder?

socializing, sleeping, shopping

[ ] never
[ ] occasionally (< 1/week)
[ ] frequently ( 1/week)

[ ] not at all

etc.)?
[ ] slightly
[ ] not at all
[ ] moderately
[ ] slightly
[ ] greatly
[ ] moderately

[ ] daily
[ ] greatly

Bowel Section
Q 16 How often do you usually

Q 17 What is the consistency of

Q 18 Do you have to strain a lot to

open your bowels?

your usual stool?

empty your bowels?

[ ] every other day or daily

[ ] soft

[ ] never

[ ] less than every 3 days

[ ] firm

[ ] occasionally (< 1 x week)

[ ] less than once per week

[ ] hard (pebbles)

[ ] frequently (≥ 1 x week)

[ ] more than once a day

[ ] watery

[ ] daily

[ ] variable
Q 19 Do you use laxatives to
empty your bowels?
[ ] never
[ ] occasionally (< 1 x week)

Q 20 Do you feel constipated?

Q 21 When you get wind or flatus,
can you control it or does wind leak?

[ ] never
[ ] occasionally (< 1 x week)
[ ] frequently (≥ 1 x week)
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[ ] frequently (≥ 1 x week)

[ ] frequently (≥ 1 x week)

[ ] daily

[ ] daily

[ ] daily

Q 22 Do you get an overwhelming

Q 23 Do you leak watery stool

Q 24 Do you leak normal stool when

sense of urgency to empty your

when you don’t mean to?

you don’t mean to?

[ ] never

[ ] never

[ ] occasionally (< 1 x week)

[ ] occasionally (< 1 x week)

[ ] frequently (≥ 1 x week)

[ ] frequently (≥ 1 x week)

[ ] daily

[ ] daily

Q 25 Do you have the feeling of

Q 26 Do you have to use finger

Q 27 How much does your bowel

incomplete bowel emptying?

pressure to help empty your

problem bother you?

bowels?
[ ] never
[ ] occasionally (< 1 x week)
[ ] frequently (≥ 1 x week)
[ ] daily

[ ] never
[ ] occasionally (< 1 x week)
[ ] frequently (≥ 1 x week)
[ ] daily

bowels?

[ ] not at all

[ ] never

[ ] slightly

[ ] occasionally (< 1 x week)
[ ] frequently (≥ 1 x week)

[ ] moderately
[ ] greatly

[ ] daily
Prolapse section
Q 28 Do you have a sensation of

Q 29 Do you experience vaginal

Q 30 Do you have to push your

tissue protrusion or a lump or

pressure or heaviness or a

prolapse back in order to empty

bulging in your vagina?

dragging sensation?

your bladder?

[ ] never

[ ] never

[ ] never
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[ ] occasionally (< 1 x week)

[ ] occasionally (< 1 x week)

[ ] occasionally (< 1 x week)

[ ] frequently (≥ 1 x week)

[ ] frequently (≥ 1 x week)

[ ] frequently (≥ 1 x week)

[ ] daily

[ ] daily

[ ] daily

Q 31 Do you have to push your

Q 32 How much does your

prolapse back to empty your

prolapse problem bother you?

bowels?
[ ] never
[ ] occasionally (< 1 x week)
[ ] frequently (≥ 1 x week)

[ ] not at all
[ ] slightly
[ ] moderately
[ ] greatly

[ ] daily
Sexual Function Section
Q 33 Are you sexually active?
[ ] no
[ ] < 1 x week
[ ]  1 x week

Q 34 If you are not sexually

Q 35 Do you have sufficient

active, please tell us why:

natural vaginal lubrication during

[ ] I do not have a partner
[ ] I am not interested
[ ] my partner is unable

intercourse?
[ ] yes
[ ] no

[ ] daily or most days
[ ] vaginal dryness
If you are not sexually active,
please answer Q34 and Q42 only.

[ ] too painful
[ ] embarrassment due to
bladder, bowel or prolapse
[ ] other reasons:

Q 36 During intercourse vaginal

Q 37 Do you feel that your vagina

Q 38 Do you feel that your vagina

sensation is:

is too loose or lax?

is too tight?
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[ ] normal / pleasant

[ ] never

[ ] never

[ ] minimal

[ ] occasionally

[ ] occasionally

[ ] painful

[ ] frequently

[ ] frequently

[ ] none

[ ] always

[ ] always

Q 39 Do you experience pain with

Q 40 Where does the pain during

Q 41 Do you leak urine during

sexual intercourse?

intercourse occur?

sexual intercourse?

[ ] never

[ ] not applicable, I do not have

[ ] never

[ ] occasionally
[ ] frequently
[ ] always

pain

[ ] occasionally

[ ] at the entrance to the vagina
[ ] deep inside, in the pelvis

[ ] frequently
[ ] always

[ ] both at the entrance and in the
pelvis
Q 42 How much do these sexual issues bother you?
[ ] not applicable, I do not have a problem
[ ] not at all
[ ] slightly
[ ] moderately
[ ] greatly

Source: Baessler K, O'Neill SM, Maher CF, Battistutta D. A validated self-administered female pelvic floor
questionnaire. Int Urogynecol J Pelvic Floor Dysfunct. 2010;21(2):163-172.
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Appendix 5.4:

Participant Information Sheet and Consent Form

Study title: Measurement of Pelvic Floor Muscles during Pregnancy: Development of a Risk
Prediction Model

Locality: Auckland, Queenstown, Christchurch

Ethics committee ref: LRS/10/07/029/AM09

Investigators:

Contact numbers:

Lead investigator

Dr Jennifer Kruger

09 923 9968 (Jennifer)

Co-investigator

Melissa Davidson

0274 142 258 (Melissa)

Co-investigator

Professor Poul Nielsen

Co-investigator

Associate Professor Andrew
Taberner

You are invited to take part in a study in which we will be measuring the pelvic floor muscles during
pregnancy. This is to assist in us developing a risk prediction model. The aim of this model would be
to give women more information on their risk of sustaining pelvic floor muscle injury following vaginal
delivery. Whether or not you take part is your choice. If you don’t want to take part, you don’t have to
give a reason, and it will not affect the care you receive. If you do want to take part now, but change
your mind later, you can withdraw from the study at any time.

This Participant Information Sheet is intended to help you decide if you’d like to take part. It sets out:
why we are doing the study,
what your participation would involve,
what the benefits and risks to you might be, and
what will happen after the study ends.
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We will go through this information with you and answer any questions you may have. You do not
have to decide today whether or not you will participate in this study. Before you decide, you may
want to talk about the study with other people, such as family, whānau, friends, or healthcare
providers such as your general practitioner (GP) and midwife. We encourage you to do this.

Once you understand what the study is about, and you decide to participate, you will be asked to
complete a few questions in an online survey to ensure you are eligible. If you agree to take part in
this study, you will be asked to sign the Consent Form on the last page of this document. If you
decide to participate, it is important to remember that the procedures used in this study do not pose
any harm to you or your baby, and that you can ask us for any clarification at any time. You will be
given a copy of both the Participant Information Sheet and the Consent Form to keep.

This document is 7 pages long, including this introduction and the Consent Form. Please make sure
you have read and understood all of the pages. If there is anything you are unsure of, please ask us
about it.

WHAT IS THE PURPOSE OF THE STUDY?
Very little is known about pelvic floor muscle elasticity (stretch) and how it copes with childbirth. The
pelvic floor is divided into two main regions – the deeper layer, commonly called the ‘levator ani
muscle’ and the superficial layer, commonly called the ‘perineal muscles’ or ‘perineum’.

Currently, between 10 – 30% of women will tear their internal deep pelvic floor muscle during vaginal
delivery and a similar percentage will tear their perineum. We understand some of the risk factors
associated with this birth trauma, however we know very little about how the muscles change during
pregnancy and how their ability to stretch during delivery affects birthing outcomes. This is important
because we know that this damage can lead to increased risk of urinary incontinence, and/or pelvic
organ prolapse (a lump coming out of the vagina) in later life.

By studying and measuring the elasticity of the pelvic floor and perineum, we can start to make some
assessments about who is most at risk. We will also be looking at other factors that may influence the
risk of muscle damage such as size of baby, length of labour and the use of instruments to help
deliver baby. This knowledge could ultimately reduce the number of women who will suffer from
pelvic floor dysfunction later in life.

Funding for this study has been provided by the Auckland Bioengineering Institute (the developers of
the ‘Elastometer’) and Physiotherapy New Zealand who provided funding for the purchase of one of
the devices (the MyotonPro™).

This study has been approved by the Health and Disability Ethics Committee (HDEC Number
LRS/10/07/029/AM06).
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WHAT WILL MY PARTICIPATION IN THE STUDY INVOLVE?
If you are interested in participating, this is what you would need to do:

Complete an online screening questionnaire via our secure website link, or if you prefer, we can
email it to you. The questionnaire will take you approximately 10 - 15 minutes to complete, and is in 3
parts:

We ask for your personal contact details, your obstetric and gynecological history, your medical
history, your immediate family’s gynecological history (to help determine if there is a family tendency
towards pelvic floor issues), your age, height, weight, and ethnicity. We ask about any medications
you are taking. We will also ask you questions regarding your pelvic floor, and any symptoms you
may have regarding this area of your body. Some of these questions will be personal in nature, for
example questions regarding your bowel and bladder functions, and if you experience pain during
sex.
The answers to these questions are important for researchers to know. At each stage of the study
we’ll get you to complete the questionnaire again so we can compare your answers and find out if
you experienced any changes. We’ll also ask for your permission to access your medical records for
labour and delivery data.

If you complete the questionnaire via the secure internet link, we will get the results automatically. If
you prefer us to send the questionnaire by email, you will need email the completed form back to us
at the University. Based on your answers to the questionnaire, we will contact you to let you know if
you are eligible to participate in our study.

If you are eligible to participate in this study, you will need to attend three or four appointments at the
clinic closest to your location – either in Auckland, Queenstown or Christchurch. You are welcome to
bring a support person to any of the appointments if you wish to.
Appointments are spaced out as follows:
Pre-pregnancy - if you have contacted us prior to becoming pregnant, we will assess your
pelvic floor muscles before you become pregnant. If you haven’t contacted us before
pregnancy that’s ok, you can still take part in the study.
First pregnancy appointment – between 18 – 24 weeks gestation
Second pregnancy appointment – between 36 - 38 weeks gestation
Third appointment –between 3 – 6 months following the of your baby

You can withdraw from the study at any time if you wish to discontinue.

The first appointment is made up of a brief screening examination to confirm eligibility, and then the
examination to take the measurements.
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During all of the examinations you will be positioned lying on your back on a bed, with your hands
resting on your tummy and your knees bent up with your feet on the bed. You will be wearing your
normal clothes on the top half of your body. On the lower half of your body you will be wearing no
underwear but you will be draped with a sheet to assist with modesty. The examination room will
have a lockable door and/or curtains to ensure your privacy.

The screening examination will involve confirming a few answers to the screening questions and a
brief visual check of the muscles around the outside of your vagina – these are called the superficial
pelvic floor muscles.

The next step is measuring the muscles. This is done on the first appointment immediately after the
screening examination.

The following will be done at each appointment:

Vaginal Examination:
An internal vaginal examination will be completed involving one or two gloved fingers of the
investigator palpating lightly your superficial and deep muscles to determine muscle tone and
strength. We want to determine if what we feel on internal examination is similar to the results we get
on the measurement devices. We will also use a disposable, single use tape-measure to measure
the length of your perineal body (the space between your vagina and external anal sphincter/rear
passage).

Measurements:
We will then take a series of measurements of your superficial pelvic floor muscles located just
outside your vagina and the deeper muscles of the pelvic floor inside your vagina using the two
measuring devices. During earlier research studies conducted, all participants found both the
palpation and device measurements of their pelvic floor muscles painless.

Three devices will be used to take measurements; the MyotonPro™, the elastometer, and
ultrasound. In all, the testing and measuring will take approximately 2 minutes to complete with the
MyotonPro™, 5 -10 minutes with the elastometer, and 20 minutes with the ultrasound (last
appointment only). For the initial appointments allow about 30 minutes for each appointment. Allow
45 minutes for your last appointment, as it will take a bit longer because of the ultrasound scan.

MyotonPro™:
Measurements of your superficial muscles will be taken with a small device (called the
“MyotonPro™”). The MyotonPro uses a small probe to measure the stretchiness of your muscles by
applying a quick light touch against your skin and records the results. More information about the
MyotonPro™ device can be found at www.myoton.com. The MyotonPro™ will be demonstrated on
your hand first to ensure you understand the sensation it creates. Then three measurements will be
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taken of your superficial pelvic floor muscles, (left, right and centrally). To ensure health and safety
standards are met, the small probe used for the demonstration on your hand will be changed to a
different single patient use probe to measure your superficial pelvic floor muscles. The light touch of
the MyotonPro™ device does not cause any discomfort and only takes about 1 -2 minutes to that
measurements needed.
Elastometer:
Testing the deeper muscles inside the vagina will involve a specially designed instrument which looks
like a small speculum and sits just inside the vaginal opening. The speculum will be covered with
disposable latex covers and lubricated with hypo-allergenic gel. It will be inserted into the vagina and
once you are comfortably relaxed, it will be opened very slowly to a maximum diameter of 5cm which
is similar to when you have a smear test. During the opening stages of the speculum, we will ask you
to relax and contract your pelvic floor muscles at different times as directed by the investigator. The
resistance of the pelvic floor muscles will be measured and recorded on a portable computer. You
can stop this procedure at any stage if you feel uncomfortable. This device has been used in another
study with over 120 pregnant women, none of whom reported significant discomfort with the
measurements or had any complications with their pregnancies from the measurements taken. At the
end of the session, the latex covers are discarded and the speculum is disinfected. The elastometer
only takes about 5 -10 minutes to do the measurements needed.

Ultrasound:
This device will only be used for measurements after you have had your baby. Ultrasound is routinely
used to check on the baby during your pregnancy and it can also be used to detect if your internal
pelvic floor muscles have been damaged during delivery of your baby. In this study, the ultrasound
probe will be placed on the perineum (area between the vagina and the anus). This will be performed
between 3 and 6 months after your delivery. The ultrasound probe rests on the perineum while we
ask you to relax, contract your pelvic floor muscles and to ‘bear down’. The scan will take
approximately 20 minutes to complete.

After the birth of your baby we will contact your lead maternity caregiver to ask for access to your
birthing records to obtain information about your delivery; type of delivery, pelvic floor trauma, length
of second stage of labour. We’ll also ask for information about your baby; estimated weight of baby at
36 weeks, actual birth weight, head circumference and sex.

At each appointment you will undergo a total of one vaginal examination, one muscle test with the
MyotonPro™ device and one muscle test with the Elastometer. On your last appointment (postdelivery) you will also have an ultrasound scan of your pelvic floor muscles. You will be asked to
complete the pelvic floor l questionnaire at each stage of the investigation (similar to your initial one
but without the screening questions included).

We estimate that the time commitment required to complete the screening questionnaire will be 15 20 minutes and that the examination appointments will be between 30 – 45 minutes.
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WHAT ARE THE POSSIBLE BENEFITS AND RISKS OF THIS STUDY?
A pelvic floor physiotherapist (co-investigator Melissa Davidson), who has over 24 years’ experience
assessing and treating patients, will do the examinations and muscle tests. During testing, the
investigator will also ensure that you have full knowledge of your pelvic floor muscles and know how
to correctly activate them. At the end of the measurements, further education will be provided giving
you an individual programme for you to complete (if you wish) for improving or maintaining your
pelvic floor strength. Information and knowledge gained from this study will help us identify any risk
factors leading to pelvic floor dysfunction attributed to birthing trauma. This will help us better
manage and treat patients in the future.

Discomfort during the vaginal examination and muscle tests is expected to be non-existent or
minimal. Standard health and safety procedures will be adhered to and your dignity and privacy will
be respected at all times. Current clinical guidelines and professional practice standards
recommended by the Pelvic, Women’s and Men’s Health Special Interest Group of Physiotherapy
New Zealand will be adhered to for all pelvic examinations.

Internal pelvic examinations are considered to be safe to do while pregnant. The baby sits up high in
the pelvis and will not be touched by any examination, either while the investigator is palpating the
muscles or using the devices. The cervix is located approximately 8 cm up in the vagina, while the
deep pelvic floor muscles are only approximately 35 mm up in the vagina. During both the muscle
tests with the devices and the internal vaginal examination, the muscles only will be tested, no
palpation or touching of the cervix will be done. Speculums are used routinely in pregnancy for
gynecological examinations and the elastometer is smaller than a standard speculum.

If any discomfort is felt during examination then it will be stopped immediately.

IS THERE ANY COST TO ME?
You will not incur any costs for having the measurements done or for the advice received from the
investigator regarding your pelvic floor muscle exercises. We will provide a voucher to help cover
travel expenses for your participation, however you will not receive any payment for taking part in the
study.

WHAT IF SOMETHING GOES WRONG?
If you were injured in this study, which is unlikely, you would be eligible to apply for compensation
from ACC just as you would be if you were injured in an accident at work or at home. This does not
mean that your claim will automatically be accepted.

You will have to lodge a claim with ACC, which may take some time to assess. If your claim is
accepted, you will receive funding to assist in your recovery.
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If you have private health or life insurance, you may wish to check with your insurer that taking part in
this study won’t affect your cover.

WHAT ARE MY RIGHTS?
Your participation in this study is voluntary. Should you wish to withdraw at any stage, or to withdraw
any unprocessed information you have supplied, you are free to do so without prejudice.

If you are a patient of the pelvic floor physiotherapist (Melissa Davidson), your involvement in the
study will not affect your ongoing treatment or relationship with the physiotherapist. Your decision to
participate or not, or to withdraw, will be completely independent of your dealings with your
physiotherapist.

If any information comes to the investigators attention that may adversely impact on your health you
will be told this by the investigator. If you wish to access information collected as part of the study
you can do this by contacting the investigators and they will give you copies of your information.

We intend to protect your privacy, anonymity and the confidentiality of your responses to the fullest
possible extent, within the limits of the law. Your name, contact details and questionnaire responses
will be kept in a password-protected computer file, separated from any muscle test results that we
collect. The online questionnaire form uses a secure and private facility that is also password
protected. Your information will only be available to the researchers, for example, in order to know
how we should contact you for your assessment appointment or by an auditor of the Health and
Disability Ethics Committee – this is order verify processes and procedures. We will remove any
references to personal information that might allow someone to guess your identity. The data will be
kept securely in the Auckland Bioengineering Institute at the University of Auckland for ten years from
the date of publication of our results of this study before being destroyed.

By signing the attached consent form you authorize release of and access to this confidential
information to the relevant study personnel and regulatory authorities outlined above. Otherwise, all
participants will be de-identified and remain anonymous for the purpose of any publication associated
with this study.

WHAT HAPPENS AFTER THE STUDY OR IF I CHANGE MY MIND?
If you wish to withdraw from the study you are free to leave at any point. However, if you wish to do
this, please let one of the study team know, so that we can arrange any care that may be needed, or
document any problems that may have occurred. If you do decide to withdraw it will not affect your
care or future care in any way.

The final results from this study will be published in reputable medical journals and a copy of the
published article can be obtained by contacting one of the members of our research team. Please
note that there is often a delay in publication after completion of the study.
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WHO DO I CONTACT FOR MORE INFORMATION OR IF I HAVE CONCERNS?
If you have any questions, concerns or complaints about the study at any stage, you can contact:

Dr Jennifer Kruger, MSc, PhD
Postdoctoral Research Fellow
Auckland Bioengineering Institute
University of Auckland
70 Symonds Street
Auckland

Telephone Number: 09 923 9968
Email: j.kruger@auckland.ac.nz

If you want to talk to someone who isn’t involved with the study, you can contact an independent
health and disability advocate on:
Phone:
0800 555 050
Fax: 0800 2 SUPPORT (0800 2787 7678)
Email: advocacy@hdc.org.nz

For Maori Health Support contact :

Whanau Support
Maori Health Services at Middlemore Hospital
Phone: 09 2760000 ext 8138

You can also contact the Health and Disability Ethics Committee (HDEC) that approved this study on:

Phone:

0800 4 ETHICS

Email:

hdecs@moh.govt.nz
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Consent Form

Please tick to indicate you consent to the following

I have read, or have had read to me in my first language, and I understand the

Yes 

Participant Information Sheet.
Yes 

I have been given sufficient time to consider whether or not to participate in this study.
I have had the opportunity to use a legal representative, whānau/ family support or a

Yes 

friend to help me ask questions and understand the study.

I am satisfied with the answers I have been given regarding the study and I have a

Yes 

copy of this consent form and information sheet.

I understand that taking part in this study is voluntary (my choice) and that I may

Yes 

withdraw from the study at any time without this affecting my medical care.

I consent to the research staff collecting and processing my information, including

Yes 

information about my health.

If I decide to withdraw from the study, I agree that the information collected about me

Yes 

No 

Yes 

No 

Yes 

No 

up to the point when I withdraw may continue to be processed.

If give consent for my data to be used in future studies.

I consent to my GP or current provider being informed about my participation in the
study and of any significant abnormal results obtained during the study.

I agree to an approved auditor appointed by the New Zealand Health and Disability
Ethic Committees, or any relevant regulatory authority or their approved
representative reviewing my relevant medical records for the sole purpose of
checking the accuracy of the information recorded for the study.

237

Yes 

Appendices
I understand that my participation in this study is confidential and that no material,

Yes 

which could identify me personally, will be used in any reports on this study.

I understand the compensation provisions in case of injury during the study.

Yes 

I know who to contact if I have any questions about the study in general.

Yes 

I understand my responsibilities as a study participant.

Yes 

I wish to receive a summary of the results from the study.

Yes 

No 

Declaration by participant: I hereby consent to take part in this study.

Participant’s name:
Signature:

Date:

Declaration by member of research team: I have given a verbal explanation of the research project to the
participant, and have answered the participant’s questions about it. I believe that the participant understands
the study and has given informed consent to participate.

Researcher’s name:
Signature:

Date:
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Appendix 5.5:

Ethics Approval Confirmation LRS/10/07/029/AM06
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Appendix 5.6:

Ethics Approval Confirmation LRS/10/07/029/AM08
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Appendix 5.7:

Ethics Approval Confirmation LRS/10/07/029/AM10
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Appendix 5.8:

Nine-point Beighton Hypermobility Score
Activity

Score Right

Score Left

Passively dorsiflex the fifth
metacarpophalangeal joint to 90 degrees

1

1

Oppose the thumb to the volar aspect of the ipsilateral
forearm

1

1

1

1

1

1

Hyperextend the elbow to 10 degrees

Hyperextend the knees to 10 degrees

Place the hands flat on the floor without bending the knees
1

Generalized hypermobility is considered
present if a score of 4 or more is found

Maximum total = 9

Reference: Beighton, P. H., Solomon, L., & Soskolne, C. L. (1973). Articular mobility in an African population.
Annals of the Rheumatic Diseases, 32(5), 413.
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Appendix 5.9:

Pelvic Organs Prolapse Quantification Exam
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Appendix 5.10:

Standardised Verbal Instructions for Participants

Obtaining a Maximum Voluntary Contraction (MVC) and Relaxation

•

Discuss with participant where the pelvic floor muscles are and if they know how to contract
them already.

•

Instructions are to be given verbally by the assessor while palpating levator ani muscles and
visually checking for perineal lift

•

Instructions given in order of 1st to 4th only as needed to obtain a correct contraction. If
participant is unable to achieve a correct pelvic floor contraction with first instructions,
continue through list until pelvic floor contraction is obtained.

•

Participants also to be instructed to keep breathing and to keep legs and buttocks relaxed
during the contraction

Maximum Voluntary Contraction
•

Verbal Instructions
➢ 1st – Lift and squeeze your pelvic floor muscles as strong as you can and hold it
➢ 2nd – Squeeze around your vagina and try and pull it upwards as strongly as you can
➢ 3rd – Imagine sitting on a chair and drawing up a silk hankie into your vagina, squeeze
around it and pull it up as strongly as you can
➢ 4th – Imagine someone is trying to prick your vulva area with a pin, draw your pelvic floor
up and away from the pin
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Appendix 5.11: Levator ani muscle - mean total force (full height of bar) divided
into passive force (lower portion of bar) and active force (upper portion of bar) at
each time point and at each aperture, as measured by the elastometer. Note at the
pre-pregnancy time point, measures were only taken at 40 mm aperture.
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Appendix 5.12: Levator ani muscle - mean stiffness at each time point as
measured by the elastometer.
Note at the pre-pregnancy time point, measures were only taken at 40 mm
aperture.
1000

900

800

Muscle Stiffness (N/m)

700
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300

200

100

0
Pre-pregnancy
(n = 15)

18 to 24 weeks
(n = 49)
40 mm

35 to 38 weeks
(n = 31)
50 mm
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Post-partum
(n = 42)

