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Abstract

Dynamic transperineal ultrasound (TPUS) video allows for kinematic analysis of urogenital morphology
and mobility, however, measures are often limited to peak displacements of anatomical landmarks and
are vulnerable to error incurred by probe rotation during imaging. This thesis aimed to (1) develop an
algorithm to calculate kinematic curves of urogenital landmark motion from TPUS video and to (2)
investigate the error incurred in these kinematic measures due to in-plane ultrasound probe rotation.
UROKIN, a semi-automated software, was developed and, as a proof of concept, was used to identify
differences in urogenital kinematics during pelvic floor muscle maximum voluntary contractions between
women with and without stress urinary incontinence. A mathematical model revealed that the error
incurred by TPUS probe rotation in the x- (anterior-posterior) and y- (cranial-caudal) directions, was a
factor of: r, the radius of rotation; O, the in-plane angular probe rotation; and o, the angular deviation
between the anatomical planes and the coordinate system in which error was calculated. As an absolute
measure, the error incurred by in-plane probe rotation is reduced to a factor of only r and ©. Moving
forward, UROKIN must be adapted to include findings from (1), and must be tested for validity and

reliability.
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1 Introduction

Pelvic floor disorders (PFD) are defined as sensory or emptying abnormalities of the lower urinary and
gastrointestinal tracts [1]. PFDs affect 25-35% of the population [1], [2] and present most commonly as
different forms of urinary incontinence [1], [3]. Stress urinary incontinence (SUI) is the leakage of urine
during tasks that increase intra-abdominal pressure (IAP) such as exertion, coughing, or sneezing [3] and
accounts for 50% of all urinary incontinence (UI) cases [3]-[5]. SUI will affect up to half of all women
at some point in their lives [1], [3]-[6] and is seen in both parous [7] and nulliparous women [2]. Stress
incontinence is systematically underreported by women, likely making the actual prevalence estimate
much higher than the 18.7% reported in the literature [3], [5], [6]. Population surveys have found that
approximately 3.3 million Canadians suffer from urinary incontinence [4], leading to a cumulative cost of
$8.5 billion annually [8]. SUI has also been linked to lower health-related quality of life and negative
effects on psychosocial functioning [5], [6], [9]. With an aging global population and increased risk of
PFDs in older women [1], [4], [6], [8], [10], prevalence of PFDs is expected to increase at least 55% by

2050 [10], exacerbating the need for effective SUI treatments.

In general, SUI is thought to result from defects in pelvic organ support [11]-[14], urethral hypermobility
[13], [15], [16], and/or urethral sphincter dysfunction [11], [17]. When a woman physically exerts herself,
there is a contraction of the abdominal muscles and expansion of the diaphragm; the IAP increases
thereby causing an increase in bladder pressure. In a woman with SUI, urine leakage will occur if the
bladder pressure exceeds the urethral closure force. While SUI risk factors include old age [1], [4], [6],
[8], [10], obesity [3], [18], parity [1], [3], [5], [6], and ethnicity [1], [6], [19], [20], the underlying cause is

most likely some combination of these biomechanical factors.

Treatment options for SUI currently include physical therapies, pessaries, urethral bulking agents, and

surgery [4]. Physical therapy sees success rates approaching 50% [21] and involves pelvic floor muscle



(PFM) exercise to induce improved motor control and hypertrophy of the PFMs [21], [22] and urethral
sphincter [22]. Pessaries are devices inserted into the vagina and are meant to stabilize the urethra.
Pessaries are effective in approximately 45-55% of patients [23], but come with a risk of irritation and/or
damage to the vaginal wall [24], [25] and do not provide a permanent solution. More recently, clinicians
have begun using urethral bulking agents: the injection of collagen into the urethra. This method has
similar reported success rates of 48% at one year post-injection, though the efficacy of bulking agents
decreases with time due to natural breakdown of the collagen [4], [26]. Surgery, usually involving the
enhancement of urethral stability through the insertion of a mid-urethral sling, is effective in
approximately 80% of women [4], but is accompanied by a 15% chance of complications [27]. Although
several management options exist for SUI, none is ideal and it is difficult to predict which would be

optimal for a given individual.

Recent studies have suggested that specific treatments may be correlated with higher success rates when
targeted to specific biomechanical defects identified through clinical testing. For example, if a woman
exhibits urethral hypermobility and weak PFMs, physiotherapy will be more likely to succeed than if she
had demonstrated stronger PFMs [28]. As well, smaller urethral cross-sectional areas have been
correlated with lower success rates in surgeries involving mid-urethral sling insertion [29]. In these cases,
urethral bulking agents or PFM training may be a better option [30]. Identification of the specific
defect(s) contributing to an individual’s SUI could allow for the personalization of care and the

optimization of treatment outcomes.

There is currently no gold standard for the diagnosis and evaluation of urinary incontinence. SUI is
generally assessed through subjective reports of leakage frequency and severity [1], [3], [6], [9], [10],
[20]. Clinical techniques, such as the Q-tip test [11], [13], [23], [31], urethral profilometry [11], [17],
[19], [29], [32], [33], and flow cystometry [19], [29], [34]-[37], have been developed to obtain objective

measures in women with SUI, though their validity has been largely discredited [31], [32], [34]. The Q-



tip test is designed to measure urethral mobility during Valsalva. As a woman performs the bearing
down maneuver, a Q-tip inserted into the distal urethra changes its angle with the strain. If the angular
displacement of the Q-tip exceeds 30°, the patient is thought to exhibit urethral hypermobility (i.c. a loss
of urethral support) [31] warranting treatment. When tested in a sample of 114 women, the Q-tip test
failed to accurately identify urethral hypermobility in 75% of cases when compared to urethral excursion
measured on sagittal plane ultrasound [31]. Urethral profilometry measures urethral function through
pressure sensors embedded within a catheter that is inserted into the urethra and the bladder.
Unfortunately, data acquired using urethral profilometry have been unable to detect the presence or
severity of SUI [32]. Flow cystometry involves filling the bladder to capacity with saline solution to
measure the pressure at which the bladder leaks urine (i.e. leak point pressure). In flow cystometry, the
type of stress test and catheter used can influence measurements taken, reducing the reliability and
validity of this method [34]. The most prominent limitation of these objective methods is the invasive
insertion of a catheter. A catheter inserted into the urethra can alter the biomechanics and neuromuscular

responses of the urogenital system, thereby impacting the validity of the results [38].

More recently, imaging techniques such as MRI and transperineal ultrasound (TPUS) have been used to
assess female continence function. These methods allow the user to take measures of the morphology and
kinematics of relevant pelvic structures [14], [15], [33], [39], [40]. In particular, dynamic sagittal plane
TPUS has become popular due to its capacity for rapid sampling rates, affordability, availability, and ease
of use. Further, images can be acquired non-invasively without inserting any instrumentation into the
vagina or urethra. Ultrasound images have allowed the quantification of urethral support by objective
measurement of bladder neck and urethral mobility [11], [13], [15], [16], [31], bladder neck descent [39],
and urethral length [7], [11], [15], [17], [19]. Using ultrasound images, the motion of urogenital structures
resulting PFM contractions has been quantified by measurement of anorectal angle displacement and
change in levator plate length (i.e. the distance from the postero-caudal pubic symphysis and the

anorectal angle) [14], [35], [41], [42]. While these measurements may provide valuable information to



describe the pathokinetics associated with PFDs, image analysis can be time and labour intensive. These
measurements are also potentially fraught with error due to the unavoidable motion of the TPUS probe
with respect to the patient that occurs as a result of the clinician’s attempts to retain all essential
anatomical landmarks in the image frame. As such, robust methods are required to process clinically

acquired TPUS images.

Clinical urogynecology researchers often analyze a single rest frame and a frame representing the
maximal displacement of urogenital landmarks observed during a task (i.e. a cough, PFM contraction, or
Valsalva manoeuver). These rest and peak frames are used to compute net displacements of anatomical
landmarks in an effort to quantify the extent of pathology (e.g. urethral mobility) in the case of
incontinence or pelvic organ descent in the case of prolapse. While this strategy can identify structural
differences between women with and without SUI [37], [43], [44], it omits potentially valuable details
associated with the task mechanics [14], [45]. Further, whether analysing a complete dynamic task or
simply peak displacements, processing must compensate for probe motion or there will be inherent error
in the measurements. In the literature, there has been relatively little investigation into the effects of in-

plane probe motion on measurements taken from TPUS images [14], [45], [46].

To optimize treatment for SUI, the underlying biomechanical mechanism(s) must be identified and
understood. To accomplish this, reliable, objective, and valid measurements of urogenital mechanics are
required. Before this is possible, the current limitations of dynamic TPUS processing and analysis must
be quantified and improved to create measurements that truly reflect the kinematics of the urogenital
organs and tissues. The purposes of this research were therefore to (1) develop a semi-automated
software that compensates for in-plane TPUS probe motion in order to improve accuracy in dynamic
sagittal plane TPUS analysis and (2) examine the effects of in-plane probe rotation on measurements

taken using TPUS.



2 Background

2.1 Urogenital Anatomy

Urinary continence is maintained through complex interactions between the organs, muscles and
connective tissues of the urogenital system. The urogenital system, as considered here, consists of the
organs involved in maintaining continence and providing support to the continence system: the bladder,
urethra, vagina, and rectum (Figure 2.1). These organs sit within the pelvic cavity and, as a group, are
bordered anteriorly by the pubic symphysis — a secondary cartilaginous joint of the lateral pubic bones —

laterally by the pubic bones themselves, and posteriorly by the sacrum and coccyx (Figure 2.2).
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Figure 2.1 A mid-sagittal plane diagram of the female urogenital system including the urethra, bladder, vagina, and rectum. The

uterus and pubic symphysis are also included. Adapted with permission from [39].

The main pelvic organ support structure, referred to as the pelvic floor, is composed of a complex array
of connective tissues and is an integral part of the urogenital system [14], [47]. The urogenital organs rest
inside the pelvic cavity, supported by the anterior pelvic bones, the bony sacrum and the pelvic floor [21],
and a collection of muscles and fascia spanning the pelvic outlet (Figure 2.2). The levator ani is the
primary muscle of the pelvic floor involved in continence control [48] and has several muscular
subcomponents: the pubococcygeus, puborectalis, and iliococcygeus. Each of these subcomponents has

two lateral components, one each on the left and right side of the body. Each side of the pubococcygeus
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Figure 2.2 Anatomical drawing of an axial plane view of the pelvis, pelvic floor muscles (pubococcygeus, iliococcygeus, and
puborectalis) and the external openings of the urethra, vagina, and rectum. Adapted with permission from [21].

attaches to the anterior pelvis at the pubic symphysis, and runs along its respective side of the urethra,
vagina, and rectum to attach to the posterior pelvis, at the coccyx (Figure 2.2). Each side of the
puborectalis muscle attaches anteriorly at the pubic symphysis and runs laterally along either side of the
urethra and vagina to attach at the posterior aspect of the rectum, like a sling (Figure 2.2, Figure 2.3).
The sling formed by the puborectalis around the posterior rectum causes a slight anterior bend to the

rectal tract, referred to as the anorectal angle or anorectal junction (Figure 2.3) [49], [50]. The third
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Figure 2.3 Lateral view of the urogenital organs and the muscle and tissue support structure of the urogenital system. Modified
with permission from [48].



muscle of the levator ani, the iliococcygeus, is often referred to as the “shelf” that supports the urogenital
system [48]. The iliococcygeus spans the width of the pelvic outlet and attaches bilaterally at the arcus
tendineus levator ani (Figure 2.2). These subcomponents of the levator ani are composed primarily of
type I slow twitch muscle fibers with a lower proportion of type II fast twitch muscle fibers [51]. The
type I muscle fibers presumably allow the PFMs to remain tonically active [48], [52], providing pelvic
organ support through most activities of daily living, with the recruitment of type II fibers as required.
The levator ani are encased in connective tissue, which also aids in providing passive support to the
pelvic organs [53]. Further, there is abundant connective tissue, the endopelvic fascia, which is involved
in stabilizing and securing the urogenital organs and muscles (Figure 2.3) [47]. The urogenital hiatus or
levator hiatus is often used to describe the transverse cross-section the female urogenital system bordered
by the levator ani muscles and connective tissue; the portion of the pelvic floor through which the

urethra, vagina, and rectum pass (Figure 2.2).

Urethral anatomy is also relevant to urinary continence function (Figure 2.4) [23], [36], [48]. The urethra
originates at its proximal connection to the bladder (referred to as the bladder neck, urethrovesical neck,
or urethrovesical angle) and extends distally to the external urethral meatus. In a healthy female, the

urethra is supported by the levator ani muscles, the anterior vaginal wall, the endopelvic fascia, the
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Figure 2.4 Mid-sagittal plane diagram of the urethra and striated urethral sphincter. Modified with permission from [17].



arcus tendineous fasciae, and the pelvis. Additionally, the pubourethral ligaments attach the urethra to the
pubis. The external urethral sphincter, the smooth and striated muscle with fibers running longitudinally
as well as circumferentially around the distal half of the urethra, also aids in maintaining urinary
continence [48]. There is also an internal urethral sphincter, composed solely of smooth muscle, which

may also contribute to continence function [54].

2.2 Female Urogenital Mechanics

Measuring the contractile ability, strength, and compliance of the PFMs and observing their effect on the
bladder neck are important methods of investigating the continence mechanism [21], [22], [28], [30].
Anatomical landmarks in the midsagittal plane can be measured and tracked using TPUS, allowing
researchers to assess urogenital kinematics [14], [16] and changes in urogenital morphology [55], [56]
during dynamic tasks. These anatomical landmarks can be used as a means of quantifying dynamic PFM
behavior [14], [22], [35], [41], [45], [50], [57] and urethral mobility [15], [22], [41], [43], [44], [58],
factors thought to be extremely relevant to SUI and the continence mechanism [11]-[16]. Further, tasks
such as coughing, maximal voluntary contraction (MVC or Kegel), and the Valsalva manoeuver
incorporate controlled or reflexive contraction or relaxation of the PFMs — muscle functions thought to be
essential to urinary continence [11], [47], [58]. These three tasks are often used in the study pelvic floor
mechanics [37], [45], [59] and, when captured using dynamic 2D TPUS, they allow for direct observation
of the motion of various midsagittal anatomical landmarks which provides insight into continence
mechanics [15], [39], [48], [60]. The value of midsagittal, anatomical landmarks on 2D TPUS and their
use to describe healthy and pathological urogenital mechanics during coughing, MVC, and Valsalva tasks

are discussed further below.



2.2.1 Midsagittal Landmarks Relevant to Continence Function

2.2.1.1 Measures of Bladder Neck and Urethral Motion

Bladder neck position measured in the midsagittal plane can be assessed using TPUS during a variety of
tasks and the magnitude of net bladder neck descent has been strongly associated with SUI [39], [61].
However, a recent study that included dynamic TPUS video of 31 women with and 42 women without
SUI performing coughing tasks, found that five expert urologists and urogynecologists with significant
experience in the evaluation of urethral hypermobility on ultrasound were unable to identify any patterns
of bladder neck motion during coughing which could be used to accurately diagnose SUI [13]. Even
using quantitative measures of bladder neck excursion, researchers have had difficulty in generating cut-
off values of bladder neck excursion to objectively diagnose SUI [43], [62], [63], perhaps due to the
multifactorial nature of the disorder. While bladder neck excursion during PFM MVC has previously
been shown to correlate with PFM strength measured by palpation, and perineometry [12], it must be
understood that the change in position of the bladder neck is an artifact of the muscle contraction and is
not equivalent to direct measures PFM force during contraction. It was recently shown that the
correlation between change in levator plate length (i.e. motion of the anorectal angle), measured by
TPUS, and PFM activity, measured using electromyography (EMGQG), is significantly higher than the
correlations of both bladder neck, and urethral motion, with PFM activity during PFM MVC [64].
Additionally, the literature shows that SUI can occur due to dysfunction of the PFMs, urethral sphincter,
or the connective tissue supporting the urethra [21]. Based on this information, the anorectal angle
appears to be the most valid anatomical landmark in the midsagittal plane through which to observe PFM
activity using TPUS [14], [35], [45], [46], [57]. Bladder neck kinematics are more likely better measures
for quantifying urethral mobility [11], [22], [37], [43] and potentially the integrity of the connective

tissue supporting the urethra [65] as discussed below.

Acceptable levels of inter- and intra-examiner reliabilities have been observed in the measurement of

peak bladder neck excursion during coughing and Valsalva tasks. (Section 2.3.2) [44], [59], [60], [66]. To
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better understand changes in urethral support induced by vaginal childbirth, Shek and Dietz [16]
developed a systematic approach to study the bladder neck and urethral mobility. This methodology
involved manual identification of the urethral midline, running from the bladder neck to the external
urethral meatus, at rest, and at peak Valsalva. This line was then divided equally to yield six points and
the net displacement of each point was plotted to observe how net urethral excursion changes from the
proximal to the distal end. In 44 nulligravid and 73 primiparous women, examined both pre- and post-
partum, they saw reproducible measurements of urethral mobility (ICC = 0.80) and trends towards
marked changes occurring after vaginal instrumental delivery. Their results also showed that the distal
urethra was consistently less mobile than the proximal urethra, which is anatomically logical considering
that the distal urethra passes the pubic symphysis where the muscles of the levator ani and connective
tissues of the pelvic floor anchor at the anterior pelvis. Increased connective tissue surrounding and
supporting the urethra in this region would likely decrease mobility of the distal urethral mobility. Pirpiris
et al. [15] expanded on this work to further show the importance of observing the motion of the entire
urethra. Using the methods of Shek and Dietz [16], their group found that peak displacement of the mid-
urethra was most strongly associated with SUI. While these studies demonstrate the importance of
quantifying the kinematics of the entire urethra, there are limitations to the methods employed. There was
no compensation for probe rotation (Section 2.3.3), thus the effects on in-plane probe rotation on these
measures are unknown. Additionally, the urethra was traced from the bladder neck to the external urethral
meatus. As the meatus is located on the perineum, which is made of soft tissue, pressure of the ultrasound

probe throughout a task can alter its position and the apparent length and curvature of the distal urethra.

To date, Constantinou’s group [46] has conducted the only study to include dynamic tracking of urethral
motion. Twenty-two continent women and nine women with SUI were imaged during a coughing task.
Their results showed differences between cohorts in antero-posterior and cranio-caudal kinematics (Table
2.1). These differences were evident both in the anterior and posterior urethral walls. Specifically, there
were between-cohort differences in the minimal antero-posterior and both minimal and maximal cranio-
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caudal accelerations of the urethral walls. When the displacement curves of the urethra were aligned and
averaged with respect to the synchronization point (Section 2.2.1.2), women with SUI exhibited peak
urethral excursions more than double those seen in continent women, though differences in directions of
urethral motion, velocity, and acceleration were not investigated. This study yielded large volumes of
highly relevant information, suggesting that bladder neck and urethral kinematic curves may be useful in
discriminating between women with and without SUL. However, the small sample size, the use of
unmatched cohorts in terms of relevant demographic characteristics (i.e. age, body mass index), and

parametric statistical testing on small samples, leave gaps in the literature that must be addressed.

Anterior Urethra Posterior Urethra
Mean = SD Anterior-Posterior Cranial-Caudal Anterior-Posterior Cranial-Caudal
Peak Displacement (cm)
Continent -0.43 £0.28 -0.66 £ 0.25 -0.41 £0.21 -0.80 £0.27
SUI -1.22£0.48 -1.7+0.51 -1.1+0.42 -1.7+£0.61
p-value <0.0001 0.0002 0.0009 0.0014
Peak Velocity Before
Synchronization Point
(cm/s)
Continent 28+14 34+13 25+14 3714
SUI 42+13 S5.1+1.3 39+1.1 54+1.6
p-value 0.011 0.0015 0.0021 0.0044
Peak Velocity After
Synchronization Point
(cm/s)
Continent 2.8+1.3 3.1+1.0 25+1.2 42+1.7
SUI 45+23 63+£2.6 4.0+2.1 58+24
p-value 0.0072 0.0031 0.034 0.0031
Peak Acceleration (cm/s?) Maximum Minimum Maximum Minimum Maximum Minimum Maximum Minimum
Continent 35+17 -25+£9.2 38+13 -28+94 31+13 -24+£9.2 33+24 -39+ 16
SUI 39+17 34+ 16 55+19 -48 £21 37+13 34+ 16 55+16 -47+16
p-value 0.27 0.030 0.0052 0.012 0.11 0.021 0.0060 0.12

Table 2.1 Peak values of anterior and posterior urethral kinematics in women with stress urinary incontinence (SUI) and without
(continent) centered about the maximum caudal anorectal angle displacement during a coughing task. Reproduced with
permission from [46].

2.2.1.2  Measures of Pelvic Floor Muscle Kinematics

PFM behavior during dynamic tasks can be quantified in the midsagittal plane by tracking the anorectal
angle or the levator plate line: a line running from the postero-caudal pubic symphysis to the anorectal
angle in the sagittal plane [42] (Figure 2.5). The anorectal angle, and thus the levator plate line, have
anatomical significance, as they represent the mid-sagittal cross-section of the puborectalis,

pubococcygeus, and connective tissues of the levator ani. In three dimensions, the levator plate line
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(Figure 2.5) represents the midsagittal view of the oblique axial plane that is coincident with the
urogenital hiatus (Figure 2.6). Three-dimensional TPUS is required to image the urogenital hiatus and
provide insight into changes occurring in urogenital hiatus during dynamic tasks [41], [56], [67], [68].
However, due to limitations on sampling rates of 3D TPUS, we are not yet able to track dynamic
behavior of the urogenital hiatus. As such, the levator plate line and anorectal angle are used to observe
dynamic behavior of the PFMs in the midsagittal plane [22], [35], [41], [69]. Measures of the levator
plate line can be similar to tracking the motion of the anorectal angle, however changes in levator plate
length often eliminate potentially relevant directional information regarding antero-posterior and cranial-

caudal aspects of the motion.

In 2006, two different research groups reported that changes levator plate length and geometry of the
anorectal angle in the midsagittal plane were associated with PFM function during dynamic tasks [35],
[57]. Huang et al. [35] used measures of the levator plate length and change in levator plate length on
Valsalva maneuver in an investigation of correlations between measures of the urogenital hiatus and the
lower urinary tract. In a group of 396 women with pelvic organ prolapse, ranging from Stage I to Stage

III (ICS POP-Q) [70], there were small but significant correlations (p<0.05) between levator plate length

Cranial
Figure 2.5 Sagittal plane transperineal ultrasound image of the female urogenital system. Relevant anatomical landmarks are
labelled including the pubic symphysis (PS), anorectal angle (ARA), bladder neck (BN), bladder, and urethra. The levator plate
line, a line running from the postero-caudal PS to the ARA that characterized PFM behavior, can also be seen.
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Figure 2.6 Oblique axial plane transperineal ultrasound image of the urogenital hiatus, the region of the female urogenital
system bordered by the pelvic floor muscles. The top two images show the pubic symphysis and pubovisceral muscle, the
iliococcygeus and puborectalis (a), with the pubovisceral muscle is outlined in (c). The bottom two images show the levator
hiatus at rest (b) and at peak Valsalva (d). Reproduced with permission from [56].

and bladder neck angle at rest (r = 0.292) and peak Valsalva (r = 0.209). Additionally, their group
observed significant negative correlations (p<0.05) between levator plate length and functional urethral
pressure profiles (r = -0.157), and maximum urethral closure pressure (r = -0.227), as well as a correlation
between changes in levator plate length and Valsalva leak point pressure (r = -0.199). In a separate study,
Costantini et al. [57] measured changes in morphology of the anorectal angle to investigate the effects of
vaginal birth on contractile strength of the levator ani muscles in the form of changes to anatomy and
function of the PFMs. Comparing between three examinations performed prenatally, one week after
delivery, and three months after delivery, Costantini et al. [57] found that the change in the angular
magnitude of the anorectal angle during a PFM MVC was significantly less upon the third visit as
compared to the first. While the meaning of these results are somewhat unclear, Costantini et al. [57]
suggested that this measure was able to detect changes in anatomy and function of the pelvic floor after

vaginal delivery.
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In addition to urethral kinematics (Section 2.2.1.1), Constantinou’s group [14], [45], [46], [71] also
quantified the kinematics of the anorectal angle during coughing using dynamic TPUS. This was the first
research using TPUS to quantify both the magnitude and direction of anorectal angle motion throughout
an entire cough. Their analysis revealed significant differences between there cohorts of women without
(N=22) and with (N=9) SUI. Data were averaged by synchronizing the maximum caudal displacement of
the anorectal angle during the cough. This analytical approach yielded significant differences between
cohorts were measured in peak values of anorectal angle displacements, velocities, and accelerations at
and around the synchronization point (Table 2.2 and Table 2.3). Specifically, women with SUI did not
exhibit the same initial antero-cranial displacement of the urogenital structures, thought to occur due to
PFM contraction, as women without SUIL This is the only work to date that has reported on the
differences between healthy women and women with SUI using full urogenital kinematic curves, rather
than net displacements, and has contributed important information to our understanding of SUL
Additionally, there has been no investigation of anorectal angle kinematics during MVC or Valsalva
tasks, excepting the single case report by Peng et al [45] which was a proof of concept illustration of their

image analysis approach.

Supine Standing
Mean + SD Anterior-Posterior Cranial-Caudal Anterior-Posterior  Cranial-Caudal
Displacement at
Synchronization Point (cm)
Continent 0.18 £0.05 -0.59 + 0.04 0.01 £0.04 -0.40 £ 0.05
SUIL -0.21 +£0.05 -1.00+£0.08 -0.88 £0.23 -1.17+0.24
p-value <0.0001 <0.0001 <0.0001 <0.0001
Velocity 0.5s Before
Synchronization Point (cm/s)
Continent 0.36+£0.09 -0.94 +£0.07 0.12+0.08 -0.68 £0.11
SUIL -0.15+0.10 -1.34+£0.15 -1.31+£0.32 -1.86 £ 0.42
p-value 0.001 0.008 <0.0001 0.0003
Velocity 0.5s After
Synchronization Point (cm/s)
Continent -0.11 £0.08 1.19+£0.06 0.20 £ 0.06 0.82+0.09
SUIL 0.55+0.10 1.57+0.14 1.19+0.42 2.05+0.57
p-value <0.0001 0.005 0.0001 0.0004
Acceleration at
Synchronization Point (cm/s?)
Continent -2.61 £1.55 26.82 +2.06 3.16 +1.37 19.51 £2.47
SUIL 5.90+3.45 33.93+3.32 7.28 £5.30 27.83 +8.17
p-value 0.01 0.07 0.28 0.20

Table 2.2 Values of anorectal angle kinematics in women with stress urinary incontinence (SUI) and without (continent) at or
near the synchronization point (i.e. the maximum caudal anorectal angle displacement during a coughing task). Reproduced with
permission from [14].
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Mean + SD Anterior-Posterior Cranial-Caudal Resultant Angle (°)
Peak Displacement (cm)
Continent 0.18 +0.36 -0.63 +0.37 0.77+£0.36 285+40
SUI -0.20+£0.26 -1.01 £0.42 1.1 +0.40 260 +20
p-value 0.0038 0.0084 0.022 0.012
Peak Velocity Before
Synchronization (cm/s)
Continent 1.8+0.95 29+1.5 NA NA
SUI -1.5+0.66 3.6+1.0 NA NA
p-value <0.0001 0.10 NA NA
Peak Velocity After
Synchronization (cm/s)
Continent -1.3+£0.75 33+14 NA NA
SUI 2.2+0.98 41+1.5 NA NA
p-value <0.0001 0.085 NA NA
Peak Acceleration Maximum Minimum  Maximum Minimum
(cm/s?)
Continent 15+6.8 -18 + 8.9 35+18 26+12 NA NA
SUI 24+99 -21+£89 41 +£13 -33+£8.6 NA NA
p-value 0.015 0.16 0.20 0.092 NA NA

Table 2.3 Peak values of anorectal angle kinematics in women with stress urinary incontinence (SUI) and without (continent)
taken from curves averaged about a synchronization point (i.e. the maximum caudal anorectal angle displacement during a
coughing task). Reproduced with permission from [46].

As mentioned above (Section 2.2.1.1), changes in levator plate length and motion of the anorectal angle
are closely associated with PFM contraction. Huang et al.’s [35] work demonstrates the relationship
between the anorectal angle and pressure changes in the lower urinary tract, as well as the anorectal
angle’s relationship to changes in the bladder neck position. While these are primarily weak correlations,
this could potentially be due to the effects of connective tissues dispersing and altering forces generated
by contraction of the PFMs. As well, Costantini et al. [57] and Constantinou’s group [14], [45], [46], [71]
showed that measures of the anorectal angle could be used to differentiate between patients pre- and post-
vaginal delivery or between cohorts of women with and without SUI. While anorectal angle kinematics
may correlate with PFM activity measured using EMG [50], [64], motion of the anorectal angle cannot be
substituted for or used to infer PFM strength of a participant. Further, direction and magnitude of PFM
force is altered by the effects of connective tissue and the structures of the urogenital system, so measures
of anorectal angle kinematics must be considered in context. Motion of the anorectal angle does provide
insight into PFM shortening and lengthening and the effects of those contractions on the urogenital
system. One could also surmise that calculated accelerations of the anorectal angle, angular or otherwise,
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may be proportional to resultant forces caused by PFM contraction, however this has not been proven.
Logically, due to the anatomical significance of the anorectal angle (i.e. the point where the puborectalis
wraps posteriorly around the rectum) and based on the evidence discussed here [35], [50], [57], [64], this
landmark is likely the most appropriate urogenital landmark for quantitative observation of the impact of

PFM activation in the midsagittal plane.

2.2.2 Healthy Urogenital Mechanics

2.2.2.1 Coughing Task

Women with SUI often leak urine when coughing, making this task extremely relevant to the study of the
continence mechanism [4], [22], [28], [30], [72]. Coughing involves contraction of the diaphragm and
abdominals [73], muscles at the anterior and cranial borders of the abdomen, which compress and
displaces the internal organs, causing the IAP to increase up to 150cm H,O (approximately 15kPa) [48].
In advance of this pressure increase, the PFMs appear to reflexively contract [74], likely in order to brake
the downward acceleration of the pelvic organs [14], [48] and provide a firm surface against which the
urogenital organs, especially the urethra, can be compressed to prevent urine leakage [46], [47]. Urine
leakage during coughing may be associated with laxity of the pelvic floor [75]. Laxity of the PFMs
and/or connective tissue could alter the force applied to the urethra due to the IAP — in magnitude,
direction, or both — such that compression and displacement of the abdominal organs no longer prevents
urine leakage [46], [47]. Based on this understanding of the internal biomechanics that accompany a
cough, we can surmise that TPUS acquired from a healthy woman while coughing should show initial
anterior motion of the anorectal angle due to reflexive contraction of the PFMs [42], [45], which precedes

and limits postero-caudal displacement of the urethra (Figure 2.7) [14], [45], [46].
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Figure 2.7 A sagittal plane ultrasound image of the female urogenital system at rest and peak of a coughing task, (A) and (B)
respectively. The pubic symphysis (PS) displacement is indicative of probe motion, while posterocaudal displacement of the
bladder neck (BN) and anorectal angle (ARA) relative to the PS occurs due to increased intra-abdominal pressure (IAP).

Analysis of coughing tasks from dynamic TPUS video has revealed three stages of urogenital motion in
healthy women: initial PFM contraction, followed by urogenital organ descent, and then a relaxation and
return of the organs to their initial positions (Figure 2.8) [14], [45], [46]. The initial contraction of the
PFMs can be identified by the antero-cranial motion of the anorectal angle and bladder neck on TPUS
(Figure 2.8a) [14], [45], [46]. Research has shown that the pressure increase in the distal urethra precedes
the IAP increase at the beginning of a cough [74], suggesting that perhaps the PFMs and/or the urethral
sphincters reflexively contract in advance of a cough. Further, Madill and McLean [76] identified no
differences, between women with and without SUI, in speed of PFM contraction when coughing,
suggesting that perhaps timing of the contraction and not the rate of contraction is the more relevant
factor in maintaining continence. The organ descent seen in the second stage of the cough is characterized
by a postero-caudal descent of the urogenital system (Figure 2.8b) [14], [45], [46] and occurs likely due
to increased IAP exceeding the antero-cranial force of the, likely, pre-emptive PFM contraction. Lastly,
the relaxation stage can be identified on TPUS video by the antero-cranial lift of the urogenital structures,
returning the urogenital organs and tissues to their initial positions (Figure 2.8c) [14], [45], [46]. This lift
is likely due to the decrease in IAP towards the end of the cough. In a healthy woman, the initial
contraction of the PFMs, postero-caudal force generated by the IAP, and synergistic contraction of the

urethral sphincter all combine to close the urethral lumen and prevent urine leakage. While it is generally
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Figure 2.8 Motion of the anorectal angle (ARA) and urethra during a cough in a healthy female. The first phase of the task is
show in (a); the second phase, in (b); and the third, in (c). The timing of the motion is shown by the color of the curves and the
legend. Modified from with permission from [45].

held that the IAP compresses the urethral lumen against the taut pelvic floor to close the urethra [46],
[47], this hypothesis has not been definitively validated in the literature and it is not exactly clear how

sphincteric contraction contributes into this mechanism.

2.2.2.2  PFM Contraction
During a PFM MVC, a woman is asked to contract her PFMs to a maximal level while being imaged
using TPUS. From TPUS video, qualitative assessment and quantitative measures of PFM MVCs can be

made [28], [45], [77]. A PFM contraction is often described as a lift and squeeze around the urethra,
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vagina, and rectum [21]. The success of a PFM MVC can be gauged by observation of the perineum,;
inward motion of the perineum indicates a correct MVC. Correct task performance, absent of the IAP
increase and postero-caudal decent of the urogenital organs associated with a Valsalva maneuver, must be
verified, as incorrect techniques can confound the motion [78]. Some women with SUI demonstrate poor
PFM function, often observed using the MVC task, in comparison with healthy continent controls [79].
Midsagittal TPUS of a healthy patient performing an MV C visualizes the “lift” and the “squeeze”

generated by the PFM contraction (Figure 2.9).
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Figure 2.9 A sagittal plane ultrasound image of the female urogenital system at rest and peak maximum voluntary pelvic floor
contraction, (A) and (B), respectively. The pubic symphysis (PS) displacement is indicative of probe motion, while the cranial

bladder neck (BN) and anorectal angle (ARA) displacement occurs due to pelvic floor contraction.

Pelvic floor MVCs have been studied in great detail in continent women and the impact of a contraction
on the urogenital anatomy can be described. A PFM contraction alters the anatomical relationships
between the bladder base, urethra, and pubic symphysis [12]; including their relationship to the anorectal
angle [45]. Motion of the urogenital system during a PFM MVC can be separated into two stages: the
escalation of the contraction, followed by the relaxation of the muscles. A PFM contraction causes the
pubococcygeus, puborectalis, and iliococcygeus to shorten, resulting in an antero-cranial lift of the pelvic
floor [40], [45], [72]. In a healthy woman, this contraction generates antero-cranial motion of the
anorectal angle and bladder neck as the contraction builds [12], [40], [45], [80], and postero-caudal

descent as the PFMs relax (Figure 2.10) [45].
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Figure 2.10 Motion of the anorectal angle (ARA) and urethra during a maximal voluntary contraction of the pelvic floor in a
healthy female. The first half of the task is show in (a) and the second half is shown in (b). The timing of the motion is
shown by the color of the curves and the legend. Modified with permission from [45].

|

2.2.2.3 Valsalva Manoeuver
The Valsalva maneuver is another important task in the study of incontinence [44], [45], [S9]. Like a

cough, a Valsalva involves a forced expiration against a closed gottis and contraction of the diaphragm

and abdominal muscles [67]. This task generates a large increase in IAP [60] and is optimally performed

against a relaxed pelvic floor [67]. Because the pelvic floor is responsible for supporting and stabilizing

the urogenital organs, if the PFMs remain relaxed, a Valsalva causes descent of the pelvic organs,
straining the pelvic floor muscles and connective tissues [50]. The effects of a Valsalva maneuver on
pelvic organ descent and compliance of the pelvic floor may be extremely relevant to SUI [36], [60],

[67]. Observing the urogenital system at rest and at peak Valsalva using TPUS visualizes the postero-

caudal displacement of the urogenital system, specifically the anorectal angle, urethra, and bladder neck

(Figure 2.11). In the absence of any confounding PFM contraction, the extent of bladder neck and

urethral descent during Valsalva inform about the integrity of the pelvic floor connective tissues.

20



(A) Caudal N (B} : Caudal

Aniarior Postarior Antericr .- " ¥ : Posterior

Bladder

Cranlal

Figure 2.11 A sagittal plane ultrasound image of the female urogenital system at rest and peak Valsalva, (A) and (B),
respectively. The pubic symphysis (PS) displacement is indicative of probe motion, while bladder neck (BN), and anorectal
angle (ARA) caudal displacement occur due to increased intra-abdominal pressure again the relaxed pelvic floor.

Two stages of urogenital motion have been identified in a correctly performed Valsalva maneuver
(Figure 2.12) [45]. During the first stage, the urogenital organs descend postero-caudally, presumably due
to the increase in IAP against the relaxed pelvic floor. During the second stage of the task, the urogenital
system ascends antero-cranially, likely as the IAP decreases and the organs return to their initial
positions. TPUS imaging during Valsalva allows for the observation of maximal pelvic organ descent,
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Figure 2.12 Motion of the anorectal angle (ARA) and urethra during a Valsalva maneuver in a healthy female. The first half of
the task is show in (a) and the second half is shown in (b). The timing of the motion is shown by the color of the curves and the
legend. Modified with permission from [45].
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ideally without a co-contraction of the levator ani confounding the results [67]. Studies comparing
urogenital mechanics in women with and without SUI during Valsalva have yielded cut-offs in measures
of urethral mobility [63] and changes in urethral morphology [62] associated with healthy urogenital
mechanics that demonstrate high specificity and sensitivity in identifying women with SUI The Valsalva
maneuver is likely instrumental in developing a better understanding of the role of the urogenital

connective tissues and their contributions to continence function.

2.2.2.4 Potential Confounders to Measures of Urogenital Mechanics

Gravity, bladder contents, and muscular co-activation can all act as potential confounders to urogenital
mechanics measured using TPUS imaging. Depending on the position of the woman during imaging,
different mechanical responses may be observed [14], [39], [47], [59]. In general, the supine or
lithotomy positions appear to be the preferable standard for evaluating urogenital mechanics [59];
however, observing urogenital mechanics in a standing position may provide a more thorough
understanding of urogenital mechanics under more functional circumstances, since most urine leakage
occurs when women perform tasks in a sitting or standing position. The volume of urine in the bladder
can also effect urogenital mechanics; lower measures of urethral and bladder mobility have been
observed in women when the bladder is full compared to when it is empty [81]. Lastly, while there is a
natural synergy between the abdominal muscles and the PFMs [82], 30% of women do not contract their
PFMs correctly and instead recruit the abdominal muscles, gluteal muscles, and other muscles of the
lumbopelvic region [67], [72], [78], [83], [84], which may confound measures of urogenital mechanics

during functional tasks .

2.2.3 Urogenital Mechanics in SUI
In theory, SUI is thought to result from some combination of defects in the PFMs, pelvic fascia, and the
urethral sphincters [11]-[17]. PFM dysfunction may arise from altered neurological or structural

integrity, such that increased IAP may no longer result in force transmission that consistently closes the
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urethral lumen and prevents urine leakage. Urethral hypermobility, likely caused by major defects in the
connective tissues supporting the proximal urethra, is also thought to affect force transmission through
the urogenital system and contribute to SUI [16]. While urethral sphincter dynamics are not well
understood, their action likely contributes substantially to maintaining urinary continence and has been
associated with increased vaginal closure force [17], PFM contractile strength [22], and elevation of the

urethra [17].

In reality, there is little information available regarding the dynamic behavior of the female urogenital
system in general, and in those with SUL more specifically. This is likely due, in part, to the time-
consuming task of manually processing dynamic ultrasound images, the complexity of automating the
process, and the difficulty in taking accurate measurements across frames from TPUS data [37], [45]. The
only studies of dynamic urogenital kinematics, performed by Constantinou’s group [14], [45], [46], [71],
revealed that, during a coughing task, women with SUI did not experience the initial antero-cranial lift of
the anorectal angle and instead exhibited postero-caudal descent through the first half of the task. This
motion may be attributable to a delayed or ineffective PFM contraction unable to counter the downward
force generated by the increased IAP. Additionally, their results showed that, during a cough, the urethra
tended to descend and ascend along a collinear trajectory in healthy women, but followed a more
convoluted path with larger displacements at higher velocities in women with SUI [46]. These differences
in urethral kinematics may be indicative of tissue damage in women with SUI, which results in a loss of

urethral stability [15], [16].

While there are limitations to the work of Constantinou’s group [14], [45], [46], [71] (Section 2.2.1.1),
insight into the continence mechanism can still be gained by interpreting the outcomes of this research in
the context of complimentary studies. For example, training PFM pre-contractions (“the Knack™) before
tasks known to cause increases in IAP can reduce urine leakage in some women [21], [85]. Research also
shows that PFM pre-contraction reduces the peak descent of the bladder neck in nulliparous healthy
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women during coughing tasks [58]. Taken together with dynamic urogenital tracking studies [14], [45],
[46], we can postulate that the PFMs play a role in stabilizing the urethra and that delayed or ineffective
PFM contraction during coughing could potentially result in urine leakage. Impaired PFM function could
eliminate the first phase of urogenital motion seen during a cough (Section 2.2.2.1) and increase PFM and
urethral descent, as seen in the literature [14], [45], [46]. PFM dysfunction can also have several
underlying causes including neurological damage, muscle or connective tissue damage (micro or macro),
altered kinesthetic awareness or atrophy, all of which could result in alterations to support and
stabilization of the urogenital system. Robust measurements of urogenital kinematics may provide

invaluable insight into PFM mechanics and the continence mechanism as well as other PFDs.

2.3 Transperineal Ultrasound Imaging

Over the past two decades, TPUS has become an ideal tool for measuring urogenital mechanics due to its
non-invasive nature, the objective measures which it yields, and its reasonable correlation with traditional
methods of pelvic floor assessment (i.e. palpation) [12]. Medical imaging of the pelvic floor provides
quantitative data regarding anatomical morphology and function [45], [47], [50]. Currently, TPUS allows
for 2D and 3D static and dynamic visualization of the urogenital system. The multiplanar structure and
action of the PFMs makes 3D imaging techniques (e.g. MRI or 3D ultrasound) ideally suited to
investigate the female urogenital system. Unfortunately, 3D imaging techniques cannot currently provide
the temporal resolution necessary to track the dynamic motion of urogenital structures. While 2D TPUS
is the current standard in the dynamic evaluation of the urogenital system [14], [45], 2D medical image
analysis is complex and requires an understanding of not only female pelvic anatomy but also TPUS
image acquisition [68], [86]. The basic principles behind ultrasound image acquisition and the validation

of 2D kinematic measures made from TPUS video are discussed below.
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2.3.1 Ultrasound Imaging of the Urogenital System

The term ultrasound refers to waves oscillating at frequency spectra above the range of human hearing
(20kHz). Ultrasound probes (i.e. transducers) contain piezoelectric materials: materials that generate a
voltage in response to an applied stress and vice versa. A voltage pulse applied to a piezoelectric material
is equivalent to an impulse force and will cause the material to vibrate at its resonant frequency. The
transducer is designed to generate bursts of ultrasonic energy, like a speaker, and then receive the sound
waves reflected back, like a microphone. The reflected wave, or echo, will be attenuated depending on
the acoustic properties and geometry of the reflective surface and the distance over which it was
transmitted [87]. Thus, the change in the reflected sound wave with respect to the original sound wave

can be used to build an ultrasound image.

At an interface between two tissues differing in echogenicity (i.e. acoustic properties), there will be a
difference in contrast on the TPUS image [86]. Specifically, the behavior of a sound wave at a tissue
interface is dependent upon the properties of the two media, including the speed of sound through each
media (u), media density (p) and bulk modulus (E). These material properties affect a medium’s acoustic
impedance (Z), a factor of u and p; and acoustic reflectivity (i.e. the fraction of energy reflected) at the
interface (R), a factor of Z [87]. Additionally, the sound wave will be modulated depending on: distance
traveled; geometric spreading, reduction in amplitude over area; and attenuation. The concept of
attenuation allows for the calculation of the half value layer, the distance travelled at the point when the
amplitude has reduced by 50% [87]. Observing sample values of u, Z, R, and the half value layer for
biological matter gives a better understanding of how certain materials will appear in TPUS images

(Table 2.4).

In ultrasound images, highly echogenic (i.e. highly reflective) tissues appear in white; while anechoic (i.e.

non-reflective) tissues appear in black. This difference in contrast makes ultrasound a useful tool for
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. u Z Half Value Tissue R at
Tissue (m/s) (g/cm?s) Layer (cm) Interface Interface
Water 1496 1.49x 10° 1360 Air/Water 0.999

Fat 1476 1.37x10° 3.8 Water/Fat 0.042
Muscle 1568 1.66 x 10° 2.5 Water/Muscle 0.054
Brain 1521 1.58 x 10° 2.5 Water/Brain 0.029
Bone 3360 6.20x 10° 0.23 Water/Bone 0.614

Air 331 4.13 1.1 Tissue/Air 0.999

Table 2.4 Acoustic properties of biological tissues at 1.0 MHz. Reproduced with permission from [87].

urogenital imaging because of the large variations in echogenicity of the different pelvic tissues (

Figure 2.13). The bladder and urethra appear in black due to the anechoic nature of the fluid they contain:
urine in the bladder and blood vessels that perfuse the urethral wall [86]. Depending on the anatomy of
the woman being imaged, the section of pubic symphysis visualized may be the cartilage of the
symphyseal joint, though sometimes cross-section of the lateral pubic bones is instead captured. Cartilage
appears as a dull white, whereas bony regions appear as anechoic (i.e. black) with a hyperechoic (i.e.
white) outline [86]. The vaginal walls usually collapse when empty and thus they are not normally visible
on ultrasound images, while the rectum also collapses somewhat and is therefore not as clearly visible as
the urethra. The hyperechogenic properties of muscle and fascia [86] make the cross-section of the
puborectalis and accompanying connective tissue, as it loops around the posterior wall of the rectum
forming the anorectal angle, relatively easy to identify [39]. Due to the high resolution images that can be
obtained by modern TPUS, it has the potential to become a valuable clinical tool, allowing doctors and
physiotherapists the capacity to measure the motion of the urogenital structures generated by PFM

contraction during MVC and cough; or PFM relaxation, during Valsalva [72].

There are several additional factors that can impact TPUS images of the female urogenital system.
Medical imaging frequencies range from 1MHz to 15MHz [87], though TPUS is usually ranges from
3.5MHz to 7MHz [39]. At higher frequencies, improved spatial resolution is observed, but imaging depth
becomes limited [87]. Therefore, the frequency selection must be balanced between desired spatial
resolution and the required depth of penetration. Wide image acquisition angles are ideal when imaging
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the urogenital system in order to capture all necessary anatomical landmarks in the image frame. Ideally,
clinicians would capture from the pubic symphysis to the coccyx or sacrum, eliminating some of the
problems experienced during TPUS imaging in trying to maintain all relevant landmarks in view through
dynamic tasks [14], [45]. Unfortunately, the view angles available using curvilinear surface probes, ideal
for TPUS imaging, are limited to the range of 70° to 85°, and so researchers must settle for imaging from
the pubic symphysis all the way to the anorectal angle. Thus, when imaging using a curvilinear probe, as
is common in the assessment of stress incontinence [15], [19], [22], [60], [72], the acquisition angle is
most often set to its maximum [15], which still may not be large enough to capture all relevant

anatomical landmarks in some women.

Cranial

Figure 2.13 A two dimensional transperineal ultrasound image of the female urogenital system. The highly echogenic pubic
symphysis (PS) and anorectal angle (ARA) can easily be seen while the anechoic nature of the bladder and urethra allow for
easy identification as well. The bladder neck (BN), the anterior point where the urethra opens up to the bladder, can also be
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When imaging the urogenital system, there are anatomical components in the more superficial region
(e.g. the external urethral meatus), mid-depth (e.g. the PFMs), and deeper (e.g. the bladder neck and
bladder) regions. The anisotropy of tissues also has implications in ultrasound image acquisition. A slight
change in the angle of incidence of the ultrasound probe against the perineum can cause tissues to appear
and disappear. As such, there is often an optimum angle of incidence for the probe which can be found by
trial and error due to the natural biological variations in human physiology [86]. This tissue property
helps clinicians to remain in a single plane during image acquisition, because any out of plane rotation
causes disappearance of required anatomical landmarks. Additionally, during TPUS imaging the
urogenital structures, shadows can be cast by anechoic (i.e. non-reflective) surfaces on anatomical
structures beyond them in an image and these shadows can hide important landmarks required for image
analysis [86]. For example, the pubic symphysis is a bony structure seen when imaging the urogenital
system and is necessary for measurement and eliminating probe motion effects. In some patients and at
some probe orientations, the pubic symphysis can cast a shadow on the urethra and/or bladder neck which
are other structures of interest in many applications [22], [44], [66], [81]. Lastly, it should also be noted
here that ultrasound images will appear inverted (

Figure 2.13) unless they have been rotated to match the orientation of an upright individual (Figure 2.10,

Figure 2.12).

2.3.2 Reliability of Transperineal Ultrasound Measures

An early validation of TPUS imaging of the urogenital system was performed by Gordon et al [44] in
1989, who compared measures from TPUS to lateral chain urethrocystography. Twenty-one women
were imaged in the supine position using TPUS. TPUS was used to image women, once with a catheter
inserted into the urethra, and a second time with a chain inserted into the urethra. Women were also
imaged using lateral chain urethrocystography: a lateral x-ray taken in the standing position with a chain

placed in the urethra. Bladder neck descent was measured at rest and peak Valsalva with respect to the
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pubic symphysis, the ideal reference point as it is the only bony landmark visible in TPUS images.
Ultrasound measures were compared to measures from lateral chain urethrocystography, the gold
standard at the time. Measures of bladder neck descent made from TPUS were similar to those made
from urethrocystograms, using both the chain and the catheter methods. The authors noted the drawbacks
of urethrocystography, including radiation exposure, patient motion and parallax (projection) artifacts,
whereas TPUS was a safe alternative without the inherent error in measures caused by image projection.

The authors concluded TPUS is a preferable tool for measuring bladder neck descent.

Expanding on this work, in 1992 Creighton et al [88] conducted a reliability study of measures of linear
and angular displacement of the bladder neck taken from TPUS recorded during a Valsalva maneuver, as
performed by Gordon et al. [44]. Six women were examined, each on three separate occasions. No
significant differences were seen among repeated imaging sessions and the authors concluded that the
results were reproducible within the context of the sample. While the results of this study were positive,
there were several limitations associated with the study design. The low sample size limits the wide
spread applicability and the method of statistical testing was not consistent with a robust assessment of

reliability [89].

In a much larger study in 1995, Schaer et al [66] sought to assess the validity and reliability of measures
taken from TPUS images. To establish between-rater reliability, 40 incontinent women were examined in
the supine position, each by two separate observers, using TPUS. Between imaging sessions, intravesical
pressures and bladder volumes were standardized for each patient using a pressure catheter and saline
solution, respectively. To establish validity, 60 women were imaged in the standing position, using both
TPUS and urethrocystography. Intravesical pressures were not standardized in the second stage of the
study. In each stage, bladder neck position was measured at rest and peak Valsalva using an x and y
coordinate system centered at the dorso-caudal margin of the pubic symphysis. Their results showed no
significant differences between raters (p<0.05) and that measures taken using TPUS and
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urethrocystogram were similar at rest. At peak Valsalva, however, there were significant differences
(p<0.05) between measures of bladder neck position taken using TPUS and urethrocystography. The
authors attributed this difference to inherent error in urethrocystogram images (e.g. parallax and
superposition artifacts and unmonitored IAPs). Further, as the order of TPUS and urethrocystogram
imaging sessions was not detailed and the IAP measures were not recorded, there may have been
systematic bias introduced: a learning effect may result in higher IAPs being achieved in the second
imaging session, thereby confounding the results. Regardless, as in Gordon et al [44], the findings of
similar between-rater measures and comparable results at rest lead the authors to conclude that TPUS was
valid with respect to urethrocystography, and is a reproducible tool for measuring bladder neck position.
The authors also concluded that TPUS is superior to urethrocystography at peak Valsalva because it is
not subject to the inherent error and risks associated with X-ray — yet no validation against a gold
standard exists. Conclusions of reliability resulting from this study must be interpreted with caution as the

authors did not complete a robust reliability analysis.

Reflecting on the work of Schaer et al [66], more recent research provides further insight into these
results. TPUS probe motion during sagittal plane image acquisition has been shown to impact measures
of urogenital kinematics [37]. Instantaneous visual feedback provided by TPUS allows clinicians to
better maintain consistent probe orientation with respect to the patient, whereas this is not possible during
X-ray imaging. At peak Valsalva, the motion of the pelvis itself (i.e. posterior pelvic tilt due to the
“bearing down” task instruction) could cause changes in the orientation of the pubic symphysis, which do
not appear to have been compensated for using urethrocystography. Further, Schaer et al [66] presented
no quantitative method for alignment of the axes to the pubic symphysis and therefore differences
between TPUS and urethrocystogram measures could be due to misalignment of these axes. With this
perspective, it becomes clear that there are limitations inherent in measurements derived from both forms
of biomedical imaging. TPUS appears to better represent the resting state and natural motions of the soft
tissues of the urogenital system without the risks associated with more invasive procedures (i.e.
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urethrocystography), and with the added benefit of instantaneous visual feedback allowing for real time

image adjustment.

Following Schaer et al.’s [66] work, in 2001 Peschers et al [60] undertook a reliability study using similar
methods. Absolute displacement of the bladder neck was measured in 20 nulliparous women on two
occasions by two different examiners. Imaging was performed during cough and Valsalva tasks at
standardized IAPs. The between-session measures differed by 1+2mm and 1£3mm during coughing and
Valsalva, respectively, and measures showed excellent inter-rater reliability (ICCcougi=0.956;
ICCvatsanva=0.99). While the statistical analysis in this study was the most robust analysis of these
variables presented at this time, the methodological limitations regarding axis alignment were still

present.

Measures of urogenital kinematics from TPUS have been found to be concurrently valid with respect to
x-ray [66], [88] and also MRI and EMG [50], [57], [72], [90], and appear to have sufficiently adequate
inter- [35], [39], [91] and intra-rater [19], [37], [39] reliability to be used in both research and clinical
settings. TPUS may be an ideal tool to provide insight into important aspects of urogenital kinematics
that may increase our understanding of SUI in women. Further work is needed in this area, as much of the
research to date has not considered the problem of ultrasound probe rotation in the analysis of TPUS

video.

2.3.3 The Problem of Ultrasound Probe Motion in Urogynecological Research

Gordon et al.’s [44] method, using the bony pubic symphysis as a reference point for the measurement of
urogenital landmarks, has been used by several research groups and appears to have become the criterion
standard in urogynecology research using TPUS [59]. This method has been used for dynamic image
analysis [14] and in three-dimensional (volume) analysis [16]. Newly conceived TPUS measurements

meant to better characterize SUI and other PFDs, are regularly being tested for validity and
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reproducibility [13], [15], [68]. However, many of these measures are subject to error introduced by
motion of the ultrasound probe with respect to the perineum if not considered during image analysis [14],

[37], [45]. This problem has not been adequately addressed in the literature.

Reddy et al [37] were the first to consider the effects of probe motion relative to the patient and the
potential error it introduces into kinematic analyses. Thirty women were imaged in standing position at
rest, at peak Valsalva, at peak landmark excursion during coughing, and at peak PFM MVC. The pubic
symphysis, often treated as a bony landmark in the literature, was used to track probe motion [92], with
the assumption that its rigid nature makes its motion indicative of TPUS probe motion [14], [40]. The
distance and angle of bladder neck displacement were measured with respect to the pubic symphysis.
Errors in the measured distances and angles of bladder neck displacement specifically due to probe
motion were found to be 28% and 18% during Valsalva, 33% and 22% during cough, and 28% and 87%
during MVC, respectively. While these errors were notable, there were limitations to the methods chosen
to track probe motion. Measurements were taken with respect to a Cartesian coordinate system centered
at the posterocaudal margin of the pubic symphysis (Figure 2.14) however, the method of determining
alignment of the coordinate system was not explicitly stated. In order to define the placement of a line
(i.e. an axis) mathematically, two non-deforming reference points are required. However, Reddy et al
[37] only defined a single point: the posterocaudal margin of the pubic symphysis. This methodology
does not guarantee consistency between frames and so the measurements of error due to probe motion

may be inaccurate.

In an effort to more accurately track probe motion, Peng et al [45] used more robust image processing
techniques. Anatomical landmarks were identified in each frame using a semi-automated, reliable
segmentation method [45], [71]. A global coordinate system (xoy) with origin at the bottom right corner
of the frame and a local coordinate system (x’0’y’) with origin at the posterocaudal margin of the pubic
symphysis was established (Figure 2.15). By mathematically approximating the pubic symphysis as an
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ellipse, its position and orientation could be calculated in the global coordinate system using least squares
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Figure 2.14 Measurement of bladder neck (vesical neck) with respect to the pubic symphysis according to the methods of

Reddy et al [37]. Reproduced with permission.

estimation. In each frame, landmark positions were identified in the local coordinate systems (i.e. with

respect to the pubic symphysis) and probe motion was tracked in the global coordinate system (i.e.

displacement and rotation of the ellipse). Dimensions of the ellipse that approximated the pubic

symphysis were averaged across all frames to account for the rigidity of the landmark. While there were

strengths to this study, compensation for probe motion does not appear to have been conducted with

respect to the true center of rotation. In-plane rotation of the ultrasound probe with respect the body

during imaging may occur at the origin of the ultrasound generated by the TPUS probe (i.e. inside the
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Figure 2.15 Cartesian coordinate system used by Peng et al [45] to track anatomical landmarks and compensate for probe
motion.

ultrasound probe). If one wishes to model and compensate for this in-plane rotation, the true center of
rotation must be investigated. As well, least squares estimation to calculate rotations and displacements
without quantifying the quality of the fit introduces error into these measurements. Lastly, as noted
previously, it is difficult to maintain the postero-caudal pubic symphysis and anorectal angle visible in
the image during TPUS image acquisition and most often the entire pubic symphysis cannot be captured

[91]. If the pubic symphysis is not completely visible, the accuracy of the algorithm is unknown.

Following this publication, Peng et al [14] continued with dynamic mapping of landmark trajectories by
limiting in-plane probe rotation to +5° using visual feedback from a Flock of Birds device during
imaging, instead of attempting to compensate for this motion during image processing. This limited probe
rotation was deemed acceptable by the researchers, but appears to have been an arbitrary limit set without
any investigation into the actual mathematical effect of £5° of in-plane probe rotation on landmark
displacement measures from TPUS images. Translational probe motion was tracked using the postero-
caudal margin of the pubic symphysis and measurements of anorectal angle displacement were taken

with respect to the pubic symphysis. In addition to this, the authors applied a weighting factor, between
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0.7 and 0.8, to the computed motion of the anorectal angle to compensate for soft tissue deformation, yet
it is not clear how this weighting factor was derived. Although these studies presented a major
improvement to previous methods used to study urogenital kinematics, this final iteration of the approach
developed by Peng et al. [14] does not compensate for in-plane probe rotation. This, combined with the
use of what appears to be an arbitrary weighting factor could add an unknown magnitude of error to the

resulting trajectories.

Presently, there has been limited investigation into the effects of TPUS probe rotation and translation on
measures of urogenital kinematics. Additionally, the time consuming and complex nature of dynamic,
frame-by-frame TPUS analysis, a method providing large amounts of kinematic data, has likely limited
its use [14], [45], [46]. In the decade since Peng et al.’s work [14] no other group has investigated the use
of their algorithm and only one other conference abstract has reported an attempt to implement an
alternative automated segmentation algorithm to measure urogenital kinematics [93]. There is a distinct
gap in the literature regarding the effects of ultrasound probe rotation on TPUS measurements and in the
use of software designed to allow larger amounts of dynamic TPUS video to be processed and presented.
Innovations in methodology and software may reduce the time, effort, and specialized training needed for
researchers to analyze and present kinematic data from TPUS and may enhance the clinical utility of this

approach.

2.4 Summary

The PFMs, urethral support system, and the urethral sphincters are all integral to maintaining urinary
continence in women. TPUS is a relatively new technology to be applied to the study of these structures.
While there are many tools and methods available for obtaining data describing urogenital function,
dynamic 2D TPUS non-invasively yields objective and reliable biomedical data. Additionally, TPUS

acquired during MVC, cough, and Valsalva tasks is especially relevant to the female continence
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mechanism. Unfortunately, processing dynamic TPUS is a time- and labor-intensive task and, until there
has been sufficient research into the effects of in-plane TPUS probe rotation on measurements taken from
ultrasound images, the time required to process or develop automated algorithms to allow for further

interpretation is not justifiable.

Imaging healthy women has shown that PFM contractions should cause antero-cranial lift and then
postero-caudal recovery of the pelvic organs; coughs will generate an initial reflexive antero-cranial lift,
postero-caudal descent, and then antero-cranial recovery; and Valsalva maneuvers generate postero-
caudal descent, and then antero-cranial recovery [45]. However, bladder volume, patient position, and
other factors can influence these urogenital mechanics during dynamic imaging. In studies of coughing
tasks, women with SUI demonstrate an absence of reflexive anterior lift, larger urethral displacements,
and more convoluted paths of urethral displacement than their healthy, continent counterparts.
Unfortunately, small sample sizes and complex and labor-intensive data processing have limited

applicability of this approach in urogynecological research, leaving a large gap in the literature.

There has been extremely limited research into urogenital kinematics in women with and without SUL
Additionally, the only landmarks whose dynamic behaviors have been investigated are the anorectal
angle and bladder neck. The literature has yet to include research into the dynamic behavior of other
measurements and landmarks (e.g. the entire urethra, levator plate, etc.). Before this can be done, the
effects of probe rotation on measurements taken from dynamic TPUS must be understood such that
measurement error can be minimized. The use of urogenital kinematic analyses based on TPUS video
will not gain popularity until the speed and efficiency of analysis has been improved. The aim of this
thesis is to begin to address these issues. The first study, Chapter 3, presents the development and proof
of concept for a semi-automated software to compensate for in-plane TPUS probe motion which
automatically generates kinematic curves for key urogenital landmarks. Chapter 4 then presents a
mathematical derivation detailing the impacts of in-plane probe rotation on measurements of landmark
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motion made from TPUS. The contributions of these two studies are summarized in Chapter 5, which
also highlights the next steps for this work. The work presented in this thesis is essential to move us
toward our long-term goal of developing a clinically meaningful tool for the automated analysis of

urogenital kinematics for use in research and clinical applications in urogynecology.
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3 Refined Analysis of Sagittal Plane Transperineal Ultrasound to

Calculate Urogenital Kinematics with Improved Accuracy

3.1 Abstract

Midsagittal plane, transperineal ultrasound (TPUS) allows for objective quantification of urogenital
mechanics. Unfortunately, data processing methods currently in practice omit large amounts of
information available in TPUS video regarding dynamic motion of the urogenital structures. This work
details the development of UROKIN, a semi-automated software able to calculate kinematic curves
representative of urogenital landmark motion. A proof of concept analysis, performed using UROKIN on
TPUS video recorded from 20 women with and 10 women without stress urinary incontinence (SUI), is
presented. TPUS data were collected during three trials of a maximum voluntary contraction of the pelvic
floor muscles in all women. The anorectal angle and bladder neck were tracked while the motion of the
pubic symphysis was used to compensate for the error incurred by TPUS probe motion during imaging.
Kinematic curves of landmark motion were generated for each trial and curves were smoothed, time
normalized, and averaged within groups. Kinematic data yielded by the UROKIN software showed
statistically significant differences between women with and without SUI in terms of magnitude and
timing characteristics of the kinematic curves depicting landmark motion. The results presented here
provide insight into differences in pelvic floor muscle contraction mechanics between women with and
without SUIL. The UROKIN software offers improvements on methods described in the literature and

provides unique capacity to further our understanding of urogenital biomechanics.

3.2 Introduction

Stress urinary incontinence (SUI), the leakage of urine with increased intra-abdominal pressure (IAP),
can occur during everyday tasks such as coughing, sneezing, and laughing [3]. Approximately half of all

women suffer from some form of urinary incontinence, half of which report symptoms of SUI [3]-[5].
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SUI has been linked to high cumulative costs to health care systems around the world [8], [94], [95] and
negatively impacts morbidity, mortality, quality of life, and psychosocial function [6], [9]. As the average
age of the population increases, SUI prevalence is predicted to rise [10], yet this condition remains poorly

understood and poorly managed.

During tasks involving physical exertion, there is a natural increase in IAP; the diaphragm descends and
the abdominal muscles contract, causing a postero-caudal compression of the abdominal organs. These
forces compress the bladder against the pelvic floor muscles (PFMs) and connective tissues [36], [46],
[47], thereby increasing bladder pressure. In women with SUI, the bladder pressure can exceed the force
holding the urethra closed, at which point urine leakage occurs. Biomechanically, SUI likely occurs due
to concurrent failures in urethral sphincter function [11], [17], [22] , urethral support [15], [16], [22], and
PFM mechanics [11], [14], [45], but the exact combination and interaction of these phenomena is not
well understood. Currently diagnosis is made primarily through the report of symptoms [96] and no

distinction is made regarding the underlying pathomechanics.

In order to investigate the pathomechanics associated with SUI and other pelvic floor disorders it is
necessary to objectively quantify urogenital mechanics. Two-dimensional, dynamic, sagittal plane
transperineal ultrasound (TPUS) is often used for this purpose, as it allows for objective, non-invasive
measurement of the morphology of various urogenital landmarks at rest and provides adequate time and
spatial resolution to study landmark motion during dynamic tasks (e.g. coughing, Valsalva maneuver).
Using TPUS, the kinematics of the anorectal angle [14], [46], [71], urethra [15], [16], and bladder neck
[14], [46] have been quantified and have been associated with PFM activity [35], [45], [57], urethral
mobility [15], [16], and bladder support [45], [61], [97], respectively. Further, analysis of TPUS video
clips captured during coughing tasks recently demonstrated differences in the kinematic curves of various
urogenital landmarks between women with and without SUI [14], [45], [46]. Unfortunately, landmark
motion detected from TPUS video is vulnerable to error caused by probe motion with respect to the
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imaging surface (i.e. the perineum) and the underlying structures, particularly because there is only one
rigid, non-deforming landmark. Out-of-plane probe motion (e.g. slight changes to the angle of incidence
of the ultrasound probe) cause landmarks to disappear and reappear, making this motion easy to detect
and avoid [86]. However, in-plane probe motion is more difficult to identify and can cause wide margins
of error [37]. In-plane probe motion is often corrected during measurements by creating a local
coordinate system in each TPUS image centered at the postero-caudal margin of the pubic symphysis
[14], [16], [37], [66] which is, as noted above, the only rigid, non-deforming landmark. In order for this
approach to be accurate, it requires consistent manual alignment of the coordinate system, and the

validity of this methodology is unknown.

To improve on this methodology, Peng et al [45] incorporated automated segmentation of urogenital
landmarks on TPUS video. In their methods, the pubic symphysis was mathematically modelled as an
ellipse and a coordinate system was subsequently constructed, based on the orientation of the modeled
pubic symphysis. The motion of various urogenital landmarks was calculated with respect to this
coordinate system. In a subsequent publication, Peng et al [14] limited in-plane probe rotation during
image acquisition to £5°, assuming that error incurred by this minimal rotation would be negligible. In
fact, the effects of in-plane ultrasound probe rotation during image acquisition on measures of urogenital
kinematics have, to our knowledge, not been investigated in the literature. While the methods of Peng et
al [14], [45] provide marked improvements over manual orientation of the coordinate system [37], [59],
[98], there are still many issues that need to be addressed. First is the difficulty of maintaining the
complete mid-sagittal profile of the pubic symphysis in the frame during image acquisition. In particular,
women with elongated pelvic floors, such as those with pelvic organ prolapse and those with obesity,
create a distinct challenge. With the inherent limitations on the view angles of the curvilinear ultrasound
transducers that are often used for this type of imaging, it is sometimes impossible to keep even a small
margin of the pubic symphysis visible in the imaging frame while also visualizing the other relevant
landmarks needed for measurement, such as the anorectal angle. The result is that only a small portion of

40



the pubic symphysis is visible on all frames acquired throughout the task. The impact of using only a
small margin of the pubic symphysis on automated segmentation of TPUS images is currently unknown.
Further, the error associated with such an automated segmentation algorithm when applied to TPUS
images is unknown and no approach has been presented to mitigate this potential error. Lastly, the impact

of probe rotation on measurement error in the context of studying urogenital kinematics is not known.

To better understand the biomechanical factors associated with SUI, valid and reliable measurements are
required. TPUS is a potential solution, having demonstrated high levels of reliability in measuring peak
excursion of urogenital landmarks [44], [58], [66]. However, for researchers to draw meaningful
conclusions about urogenital pathomechanics, the computation of full urogenital kinematic curves is
necessary and these curves must be valid and reliable. The purpose of this study was to develop a semi-
automated software, UROKIN, to compensate for in-plane probe motion during TPUS imaging in order
to provide a valid means of quantifying urogenital kinematics in the sagittal plane using 2D ultrasound
imaging. Here, we present the UROKIN software that has been designed for this purpose, and the results
of an analysis performed on TPUS video collected from 20 women with SUI and 10 healthy controls to

demonstrate the potential utility of the software.

3.3 Methods

3.3.1 Software Development

All computational methods were implemented using MATLAB 2015b (Mathworks, Natick, MA, USA).
The user first loads a dynamic 2D TPUS video into UROKIN. Using the UROKIN interface, the user
scans through the frames of the TPUS video and selects a frame in which the posterior margin of the
pubic symphysis is easily visible to set as the reference frame. In the reference frame, the user traces the
visible portion of the posterior margin of the pubic symphysis (Figure 3.1). This profile of the pubic

symphysis is then duplicated across all frames of the video and maximally aligned with the posterior
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margin of the pubic symphysis, as seen by the user, using the translation and rotation tools incorporated

into the UROKIN interface.

Once the pubic symphysis has been identified in all frames, UROKIN automatically generates a
coordinate system in each frame using the most postero-caudal point on the profile of the pubic
symphysis (Figure 3.2). This coordinate system in the reference frame is defined as the global coordinate
system (GCS), while the coordinate systems in all other frames are each termed local coordinate systems
(LCSs). At this point, UROKIN automatically constructs a transformation matrix for each frame using
the unit vectors of GCS (I,J,K) and of each frame’s LCS (i,j,k), as in Equation (3.1), where (p,q)
represents the x and y distances between the origins of the GCS and LCS. Using the transformation
matrix, any point in a given frame can be converted from the LCS to the GCS according to Equation
(3.2), where (x’,y’) represents the position of a given point in the LCS, (x,y) represents the position of the

same point in the GCS, and TR refers to the transformation matrix.

Figure 3.1 Identification of the pubic symphysis (PS), anorectal angle (ARA), bladder neck (BN), and urethra on a sagittal plane
transperineal ultrasound image.
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(3.1)

- 1

GCS = LCS

At this point, the user can trace or mark all relevant landmarks in the TPUS video (e.g anorectal angle,
bladder neck, urethra) using the UROKIN interface. It should be noted here that the anorectal angle was
treated only as a point landmark, not as an angular measure. As such, the linear kinematics of the
anorectal angle were tracked and not the angular kinematics. UROKIN then converts all landmarks to the
GCS, thereby eliminating any error incurred by in-plane probe motion. Linear and angular displacements,
velocities, and accelerations are automatically calculated in the GCS and all trajectories are automatically
smoothed using a low pass, effective fourth order, zero phase Butterworth filter (dual pass, zero phase,
2™ order effective 4™ order) with the cut-off frequency equal to the image acquisition rate of the TPUS
machine. The smoothing is performed in order to eliminate noise introduced into the kinematic curves by

the manual landmark identification process.

Figure 3.2 UROKIN’s automatic generation of a coordinate system constructed using a user-identified profile of the posterior
margin of the pubic symphysis. The x-axis intercepts the end and midpoint of the profile while the y-axis runs perpendicular to
the x-axis and intercepts the midpoint of the profile.
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The linear and angular displacements of all variables are calculated according to Equation (3.3) for the
case of the linear displacement of the anorectal angle from time (1) to time (i) (Figure 3.3). In this
scenario, the anorectal angle displacement at time (i) is represented by ARAisp(1), while the anorectal
angle’s position at times (1) and (i) are represented by vectors v(1) and v(i), respectively. Velocities and
accelerations are taken as the first and second time derivatives of the displacement, respectively.

ARAy;sp (1) = v(i) — v(1) (3.3)
While the kinematics of all point variables (e.g. anorectal angle and bladder neck) are presented for the
purposes of this chapter, UROKIN also calculates the kinematics of other variables describing urogenital
kinematics and morphology, including: the length of the levator plate, the distance from the postero-
caudal pubic symphysis to the anorectal angle; the displacement of the anterior and posterior margins of
the urethra running from the levator plate to the bladder neck; the displacement of six equidistant points
on the urethral midline, based on the urethral mobility profile of Shek and Dietz [16]; the distance
between the bladder neck and the pubic symphysis; and the perpendicular distance between the levator
plate line and the bladder neck. The kinematic data generated by UROKIN are exported into an Excel
sheet or can be saved and merged with other participant data for the purposes of batch analysis.
Additionally, UROKIN is able to automatically write a new video file with the relevant landmarks
permanently saved in each frame for later reference.

/- ARA (i+1)

v(i+1)

. v(i) ARAdgspfi)

Ps\
v(1) * ARA(1)

Figure 3.3 Calculation of landmark displacement for the anorectal angle (ARA) with respect to the midpoint on the posterior
trace of the pubic symphysis, i.e. the origin of the global coordinate system(GCS), at time (i). The X-Y positions of the ARA in the
GCS are represented at times (1), (i), and (i+1) by ARA(1), ARA(i), and ARA(i+1), respectively. The vectors v(1), v(i), and v(i+1)
represent the position of the ARA in the GCS at times (1), (i), and (i+1). ARAgisp(i) is then the displacement of the ARA at time (i).
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3.3.2 Experimental Protocol

To test the software, a secondary analysis of data from an ongoing study was performed. The study was
approved by the University of Ottawa Health Science and Sciences and the Queen’s University Health
Sciences and Affiliated Teaching Hospitals’ Research Ethics Boards. Women over the age of 18 who
presented to a local obstetrician/gynecologist reporting symptoms of SUI, and who were on a waiting list
for mid-urethral sling surgery were recruited through local hospitals in Kingston and Ottawa, Canada.
Healthy women over the age of 18 years and with no history of urogenital signs or symptoms were
recruited from the local community to serve as a control group. The criteria for exclusion from both
groups were: fecal incontinence, pregnancy or within the first post-partum year, pelvic organ prolapse
greater than ICS POP-Q stage II [70], any posterior compartment prolapse, the use of medications known
to increase or relieve incontinence, known neurological or connective tissue disorders, and known or
suspected detrusor muscle instability. Symptomatic participants completed a 3-day bladder diary [99] to
assess the frequency, amount and circumstances surrounding incidents of urine leakage over three
consecutive days representative of normal activities, and filled out the ICIQ-FLUTS questionnaire to

assess self-reported lower urinary tract symptoms [96].

Volunteers who met the screening criteria underwent a clinical exam administered by a registered
physical therapist. Participants underwent a standardized 30-minute pad test to confirm the presence and
severity or absence of urinary incontinence, whereby an increase in pad weight of >2g over the duration
of the test was deemed to indicate urine leakage [22]. Women then undressed from the waist down,
covered their lower body with a sheet and positioned themselves in a supine position on an examination
table. A digital palpation exam followed, which included sensory and reflex testing to rule out
undiagnosed neurological impairment involving the perineum, and palpation to rule out evidence of any
pelvic mass. PFM strength and function were scored using the Modified Oxford Scale and PERFECT
scheme, respectively [100]. Next, ultrasound images were acquired transperineally using a GE Voluson-i

ultrasound system (GE Healthcare Austria GmbH & Co OG, Zipf, Austria) in 2D real-time B-mode using
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a curvilinear probe (RAB 4-8 MHz). The probe was covered with ultrasound gel, a condom was stretched
over it, and more gel was placed on top. Imaging was performed after bladder emptying and with
participants in the supine position, with their hips slightly abducted and flexed approximately 30°, their
knees flexed approximately 30°, and their feet resting flat on the examination table. The transducer was
placed transperineally with the main transducer axis oriented in the mid-sagittal plane and the acquisition
angle set to its maximum of 85°. As a part of a larger protocol, the physical therapist captured dynamic
TPUS video of three repetitions of a MVC of the PFMs. MVCs were conducted with verbal
encouragement by the physiotherapist while observing visual feedback from the TPUS in real time.
Participants were encouraged to continue to increase the level of contraction until the physiotherapist no
longer observed motion of the anorectal angle or urethra on the ultrasound image for a period of at least
one second, at which time the participant was instructed to relax. MVCs were followed by a minimum of
90s rest before the next repetition or task. Visual feedback from the TPUS machine was monitored by the
physiotherapist during imaging to ensure the presence of the antero-cranial motion associate with MVC

of the PFMs.

3.3.3 Data Analysis

Two novice users, with no specific background in urogynecology or image processing, were trained to
use the UROKIN software. User 1 processed 57 TPUS videos capturing 10 SUI and 9 control participants
performing three trials each of a PFM MVC task. User 2 processed a group of 60 TPUS videos capturing
the same 10 SUI patients as previously processed, along with 10 more SUI patients, each acquired while
participants performed the three trials of the PFM MVC task. The users processed the videos as outlined
in Section 3.3.1. The data containing the linear and angular kinematic curves of all possible variables

were retained for bulk analysis, performed using Matlab.

The initial phase of the data analysis involved time normalization so that data could be averaged across

trials and participants. As there was no precedent for time normalizing urogenital kinematic curves
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obtained from MVC data captured using TPUS, the time normalization process was modelled after the
data alignment protocol used on urogenital kinematic curves obtained during coughing by Constantinou’s
group [14], [46]. In these studies [14], [46], the linear kinematic motion of each landmark was
decomposed into the (x) and (y) Cartesian coordinates, representing the anterior-posterior and the cranial-
caudal motion of a given landmark, respectively. Constantinou’s group initially aligned all variables
using the peak caudal displacement for each trial and participant [46]; however, in subsequent studies,
they began aligning all graphs based on the maximum caudal displacement of the anorectal angle [14]. As
a PFM MVC involves a cranial lift of the PFMs, rather than the caudal displacement seen during a
coughing task [45], we could not directly apply this approach. Additionally, our data were collected as a
part of an ongoing study such that the file duration of the TPUS video capture had not been optimized for
this purpose — specifically we did not capture the relaxation phase after the contraction. As such, we
chose to time normalize based on the length of the levator plate line, which is thought to characterize the
contraction of the PFMs in the sagittal plane [42], [64], [72]. All tasks were time normalized from rest
(t1), determined by taking the maximal levator plate length measured during the first half of the video
clip, up to 90% of the minimal levator plate length (t2) achieved throughout the MVC task. The 90%
peak was selected to omit the higher levels of variability observed in the position of soft tissue landmarks
at the point of maximal levator plate shortening due to directional changes in landmark motion occurring

as the levator plate nears its point of maximal shortening and, subsequently, the PFMs relax.

Root mean square error (RMSE), was used to quantify the between-rater variability for each variable
calculated, as in Equation 3.4, where R1(i) represents an average measure across three trials for patient
number (i) as calculated by data from the first rater, R2 represents an average measure across three trials
patient (i) as calculated by data from the second rater, and n is the total number of patients. Pooled
standard deviations (SD), was then used to quantify the biological variability across all patients for each
variable calculated, as in Equation 3.5, where SDri(i) represents the SD across three trials for patient
number (i) as calculated by data from the first rater, SDr2(i) represents the SD across three trials for
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patient number (i) as calculated by data from the second rater, and n is the total number of patients. Using
these calculations, RMSE and pooled SD were found across all relevant variables for the data from the 10
women with SUI that were processed by both users to quantify the between-rater variability and
biological variability, respectively. Comparing these values between users, we determined that the inter-
user reliability was acceptable as compared to the biological variability, which allowed us to pool the data
from the ten participants with SUI processed by User 1 and the ten participants with SUI processed by
User 2. This yielded data from a total of 20 women with SUI and 9 women without SUI who served as

control participants.

RMSE = \/ L0 - 20" (3.4)
n
\/(5%(1‘)2 — SDgy (1))
p 4=l 2
ooled SD = " (3.5)

Time-normalized curves for the relevant variables were averaged across the three trials for each
participant and the kinematic peaks and their timing were extracted. Peaks and peak-timings were then
averaged across each group and standard error values were calculated. The time-normalized curves
generated for each participant were averaged across each group (SUI and control). Standard error bands
were calculated along the length of the curves. Peaks and their timing were tested for normality using the
Shapiro-Wilk parametric hypothesis test of composite normality. The magnitude and timing of kinematic
peaks recorded from the SUI and control group data were compared using a Student’s t-test, in the case of
data showing parametric distributions, and using a Wilcoxon rank sum test, in the case of data showing
non-parametric distributions (a = 0.05). All variables were tested for correlation with PFM strength,

measured with the Modified Oxford Scale using Spearman’s rho (a. = 0.05).
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3.4 Results

Demographic and clinical assessment data are shown in Table 3.1. There were no significant differences
between women with and without SUI in terms of age or body mass index (BMI), however women with
SUI had significantly higher parity than those without SUI (p<0.01). The control group demonstrated
greater PFM strength on the Modified Oxford Scale (p<0.0001) and higher overall PFM function score

using the PERFECT scheme (p<0.001).

Control SUI
(N=9) (N=20)
Age (years) 380+34 46.8 2.4
BMI (kg/m?) 225409  26.1+12
Parity 0.8 £ 0.4* 2.5+0.3*%
ICIQ — FLUTS NA 22.8+1.8
PFM Strength (0-5) 44+0.1% 3.0£0.1*
PFM Function (0-35)  18.6 £ 1.0%* 13.7+£0.7*
Table 3.1 Results of the demographic and clinical assessment are displayed showing averages and standard errors for age, body

mass index (BMI), pelvic floor muscle (PFM) strength (Modified Oxford Scale), ICIQ - FLUTS scores [96], and PFM function
(PERFECT scheme) [100]. Significant differences (p<0.05) are indicated by *.

For the ten participants with SUI whose data were processed by both software users, a comparison of
between-user variability, characterized by RMSE, and biological variability characterized by pooled
standard deviation (SD), is shown for each relevant kinematic variable in Table 3.2. On average, the

variability between users was less than 18% of the biological variability seen across participants.

Landmark Variable Direction RMSE Pooled SD

(mm) (mm)
Displacement (mm) Anterior-Posterior 0.34 2.38
splaceme Cranial-Caudal 0.84 2.16

ARA . .
Acceleration (mm/s?) Anterior-Posterior 5.88 32.13
Cranial-Caudal 8.09 35.84
Displacement (mm) Anterior-Posterior 0.07 1.17
BN splaceme Cranial-Caudal 0.09 0.93
Acceleration(mm/s?) Anterior-Posterior 2.41 20.26
Cranial-Caudal 247 11.92

Table 3.2 Comparison of between-rater variability and biological variability between patients, represented by root mean square
error (RMSE) and pooled standard deviation (SD), respectively, for the anorectal angle (ARA) and bladder neck (BN) anterior-
posterior and cranial-caudal displacements and accelerations from 0% to 90% of the peak of a maximum voluntary contraction
(MVC). The three trials each for 10 participants were used to generate mean kinematic curves for each landmark. Ultrasound
videos were processed once each by User 1 and User 2.
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Figure 3.4 and Figure 3.5 show a comparison of the kinematic curves resulting from User 1 and User 2
tracking the anorectal angle and bladder neck in the same sample of ten women with SUI. The average
between-rater difference in displacements over time was 0.85 £ 0.34 mm and 0.11 & 0.030 mm for the
anorectal angle and bladder neck, respectively. The average between-rater difference in peak acceleration

over time was 3.8 + 9.4 mm/s” and 2.4 + 2.6 mm/s? for the anorectal angle and bladder neck, respectively.

Kinematic curves, averaged across three trials, for an MVC task performed by a single participant with
no history of SUI are shown decomposed into the anterior-posterior and cranial-caudal displacements and
accelerations of the anorectal angle, showing the identification of the peak of each respective motion, in
Figure 3.6. The kinematic peaks and the timing of the peak anorectal angle and bladder neck motion,
averaged across the SUI group and the healthy control group, are shown in Table 3.3. The anterior and
cranial peaks were determined as shown in Figure 3.6. No significant differences were found between
groups in the posterior or caudal kinematic peaks or timings. The control group demonstrated
significantly higher peak anterior displacement of the anorectal angle (p<0.01) and significantly later
timing of the peak cranial displacement of the anorectal angle (p<0.01). Peak cranial displacement of the
bladder neck was also found to be significantly higher in the healthy control group (p<0.05). Peak
anterior displacement (p=0.65, p<0.001), timing of the peak cranial displacement (p=0.48, p<0.01), peak
anterior acceleration (p=0.39, p<0.05) of the anorectal angle all correlated moderately and positively with

PFM strength. Bladder neck kinematics did not correlate with PFM strength.

The anorectal angle and bladder neck kinematics computed over the MVC task are shown in Figure 3.7
and Figure 3.8. Visual inspection of these figures suggests that the control group, as a whole, appears to
demonstrate higher anterior displacement of the anorectal angle during the task. The control group also
appears to demonstrate a cranial displacement of the anorectal angle that lasts significantly longer than
that of the SUI group. When the peak cranial displacement of the anorectal angle occurs in the control
group, the anorectal angle is already descending in the SUI group. As well, the anterior-posterior and
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o different users, indicated by purple (User 1) and blue (User 2) output. Polar plots show the average displacements (A) and accelerations (B), across the sample for the
ctal angle. Cranial-caudal displacements (B) and accelerations (E) and the anterior-posterior displacements (C) and accelerations (F) are also presented as mean curves \
ard error bands for the data as processed by each user.
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Figure 3.6 A sample of the decomposed kinematic data derived from the motion of the anorectal angle in a healthy female
participant performing a maximum voluntary contraction (MVC). Anterior-posterior displacement (A) and acceleration (C) and
cranial-caudal displacement (B) and acceleration (D) are shown from 0 to 90% of the peak of levator plate shortening.

. Control SuI Spearman’s
Variable (N=9) (N=20) p Rho
Anterior-Posterior P.eal.< (mm) 12.0 £ 0.9* 7.6 +£0.7* 0.65%
Displacement Timing (%) 90.0 +£ 0.0 90.0+0.0 NA
Cranial-Caudal P.eal.< (mm) 2.5+0.5 22+04 0.30
ARA Timing (%) 77.0+£8.7*%  558+7.1% 0.48%
Anterior-Posterior Pegk .(mm/sz) 96.0 +20.0 57.8+6.4 0.39%
Acceleration Timing (%) 17.6 £ 3.0 18.1+2.1 0.09
Cranial-Caudal Peak (mm/s?) 30.6 + 8.5 299+53 0.19
Timing (%) 23.1+£4.8 314+6.1 -0.04
Anterior-Posterior P.eal.< (mm) 5.0+£0.7 40=+0.5 0.30
Displacement Timing (%) 90.0 + 0.0 88.8+ 1.1 -0.08
Cranial-Caudal P.eal.< (mm) 2.4£0.6* 1.4+£03* 0.27
BN Timing (%) 78.5+£9.9 753+£52 0.03
Anterior-Posterior Pe?k .(mm/sz) 45.1£9.5 32.2+4.6 0.17
Acceleration Timing (%) 21.3+4.4 14.1+2.1 0.32
Cranial-Caudal Peak (mm/s?) 21.8+4.6 13.5+23 0.14
Timing (%) 20.2+4.3 17.0+£3.7 0.17

Table 3.3 Peak and timing of the anorectal angle (ARA) and bladder neck (BN) displacements and accelerations in the anterior-
posterior and cranial-caudal directions during a maximum voluntary pelvic floor muscle contraction performed by women with
and without (control) stress urinary incontinence (SUI). Kinematic data are presented from 0% to 90% of the maximum
shortening of the levator plate. Spearman’s rho measures the correlation between the given variable and the manually assessed
pelvic floor muscle (PFM) strength across all participants. Significant group differences are indicated by * and significant

correlations with PFM strength are indicated by Y.
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reliminary analysis by the UROKIN software comparing anorectal angle kinematics in 20 SUI patients (red) and 10 healthy control participants (green), during
soluntary contractions of the pelvic floor muscles from 0% to 90% of the peak of the contraction. Polar plots compare the average displacements (A) and

ns (B) of the anorectal angle in the sagittal plane. Cranial-caudal displacements (B) and accelerations (E) and the anterior-posterior displacements (C) and

ns (F) show the decomposed kinematics of the bladder neck. Shaded bars show standard error.
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Preliminary analysis by the UROKIN software comparing bladder neck kinematics in 20 SUI patients (red) and 10 healthy control participants (green), during maximum
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eck in 2D. Cranial-caudal displacements (B) and accelerations (E) and the anterior-posterior displacements (C) and accelerations (F) show the decomposed kinematics of
er neck. Shaded bars show standard error.
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cranial-caudal accelerations of the anorectal angle appear to be slightly out of phase in the SUI group
when compared to the control group. The control group appear to also exhibit higher cranial displacement

of the bladder neck and out of phase acceleration profiles when compared to the SUI group.

3.5 Discussion

The UROKIN software allows users to investigate urogenital morphology and kinematics in the sagittal
plane while improving upon the limitations of previous works and providing robust kinematic data that
are necessary to answer complex questions about urogenital biomechanics. UROKIN is capable of
generating data that can be used to detect significant differences in urogenital kinematics among different
patient populations. This software allows for time normalization of kinematic curves across trials and
patients, such that phase and amplitude characteristics of the curves may be investigated. The preliminary
analysis presented here suggests that outcomes generated by the software have the capacity to
discriminate between women with and without SUI when they perform PFM MVCs. Although only data
for PFM contractions are presented here, UROKIN may be useful in evaluating urogenital kinematics
during a wide range of tasks including coughing, Valsalva maneuvers and more. The results of this study

provide support for continued research using UROKIN.

The inter-rater variability outcomes from the UROKIN software, when used to analyze an MVC task
performed by women with SUI, and when characterized by RMSE, was less than 18% of the biological
variability, characterized by the pooled SD. The high between-user agreement in outcomes resulted in
variability far less that reported in the only other algorithm to calculate dynamic profiles of urogenital
mechanics during coughing [14], [45], [71]. Based on Peschers et al [40], we calculated the minimum
detectable change (MDC) in bladder neck decent during coughing (MDC=1.8mm) and Valsalva
(MDC=2.5mm) tasks in nulliparous, continent women. While our data represent bladder neck and

anorectal angle displacements observed during a different task (ie. MV C), the between-user RMSE for
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both of these landmarks fell well below the MDC values calculated from Peschers et al [40]. Though this
is not a thorough reliability analysis, for the purposes of this work the between-rater reliability was
deemed satisfactory, allowing us to pool data analyzed by two different users to increase our sample size
of women with SUI to n = 20. An essential next step with the software is to complete a comprehensive

between- and within-user reliability analysis on outcomes generated by the UROKIN software.

Displacements of urogenital landmarks, measured using TPUS, have been used to provide insight into
PFM function in men and women [50], [64], [101] and have contributed to our understanding of the
PFMs as a structural support mechanism, primarily limiting urethral displacement, and thereby enabling
the force transmission necessary for complete urethral closure [21], [36], [46], [47], [58], [85]. Relative to
women with SUI, our control group demonstrated larger anterior displacement and longer duration of rise
in cranial displacement in the anorectal angle during the contraction, and higher cranial displacement of
the bladder neck. The differences in peak amplitudes of anterior anorectal angle displacement and cranial
bladder neck displacement between women with and without SUI were larger than the between-rater
variability and the biological variability for the respective variable (i.e. RMSE and pooled SD,
respectively) in both cases. Further, these findings were consistent with the significantly higher PFM
strength in the control group relative to the women with SUI, measured by manual assessment. These
results may reflect that the PFMs of the women in the control group may have more capacity to alter the
bladder neck trajectory in the absence of increased AP, potentially facilitating the greater urethral and
bladder stability exhibited by the control group. The significant differences in urogenital biomechanics
exhibited by the women with SUI confirm suggestions throughout the literature that women with SUI
have lower PFM strength and/or altered PFM control in comparison with healthy controls [14], [46], [49],
[79], [102]. In contrast, however, while aspects of anorectal angle kinematics correlated significantly
with PFM strength, there was no correlation between bladder meck motion and PFM strength. This is
likely because connective tissue also plays a large role in stabilizating the bladder and urethra. The only
studies of sagittal plane urogenital kinematics, to date, have shown that women with SUI experience
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posterior descent of the anorectal angle during the first half of a coughing task whereas healthy controls
demonstrate an anterior displacement [14], [45], [46], [71]. The findings of these studies suggest that
women with SUI may have difficulty overcoming the downward forces caused by the increased IAP
generated during coughing [46]. Reduced PFM strength or altered PFM control may be implicated.
During a cough, concurrent contraction (descent) of the diaphragm and abdominal muscles causes an
increase in IAP that is not present during a PFM MVC. Regardless, our results are complementary to
those reported by Constantinou’s group [14], [45], [46], [71]. In the SUI group, the PFMs appear to be
unable to achieve and maintain the cranial displacement throughout the first 90% of the MVC, as
evidenced by the significantly earlier timing in peak cranial displacement of the anorectal angle with
respect to the control group. From approximately 70% to 90% of the MVC, the women with SUI appear
to be still actively contracting their PFMs (i.e. shortening the levator plate), yet while the anorectal angle
continues to displace anteriorly, it has also begun to descend caudally, which is not the case in the control
group. Additionally, women with SUI exhibited significantly less cranial displacement in the bladder
neck with respect to the controls. Taken together, these results suggest that the capacity to generate and
maintain a cranial displacement of the pelvic structures during PFM contraction may be an important

feature in the pathomechanics of SUIL

While the kinematic curves presented here are only artifacts, not an exact measure, of the PFM MVC, the
differences in urogenital mechanics observed between the SUI and control groups may indicate
differences in strength, neuromuscular control, and/or morphology between groups. Although palpation is
not the ideal means of evaluating PFM force generating capacity [12], [98], women with SUI exhibited
weaker PFMs than the women in the control group. Additionally, PFM strength was moderately
correlated with the magnitude of the anterior displacement and acceleration of the anorectal angle, as well
as the timing of the peak cranial displacement of the anorectal angle. The literature has suggested that
some women with SUI demonstrate differences in motor control compared to women without SUI.
Specifically, they appear to co-contract their abdominal muscles during PFM MVCs [58], [82], [101],
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which would raise the IAP and could consequently limit the cranial displacement of the anorectal angle
and bladder neck. It is important to remember that differences in the motion of the anorectal angle and
bladder neck during PFM contraction may be equally influenced by connective tissue morphology. For
example, levator avulsion or connective tissue infiltrates may limit the extent of the anterior displacement

of the anorectal angle during PFM contraction.

Although definitions vary, the PFMs consist of the levator ani and the coccygeus muscles [48]. The
levator ani, in turn, consist of three muscular components, the paired puborectalis and pubococcygeus
muscles, whose contraction result primarily in anterior motion of the urogenital structures, and the
iliococcygeus muscles, whose contraction result primarily in a cranial displacement of the urogenital
structures. Weakness or damage to the puborectalis and/or pubococcygeus muscles, seen in
approximately 15% of parous urogynecological patients [103], could explain the significantly lower
anterior displacement of the anorectal angle exhibited among women with SUI in this study. Damage to
the iliococcygeus muscle is less likely to occur due to childbirth [104], [105], and more likely occurs due
to repetitive or sustained straining loads, such as would occur in women with obesity, chronic cough, or
those who routinely perform high impact exercise activities. Therefore, the group differences in the
timing and magnitude of the cranial displacement of the anorectal angle and bladder neck, respectively,
are not likely attributable to parity, but potentially may be attributable to neuromuscular or connective
tissue damage sustained both during pregnancy and throughout the lifespan. Further investigation is
needed to understand the differences in urogenital kinematics demonstrated between women with and
without SUI, and among different subgroups of risk factors. With the UROKIN software now developed,

such investigations are possible.

As with any research, there are some limitations to this methodology. Inter- and intra-user reliability of
the UROKIN software must be formally established using intra-class correlation coefficients and Bland-
Altman analysis before the clinical and research utility of the software is known. Such analyses are
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beyond the scope of the present chapter but are necessary prior to establishing UROKIN as a clinical or
research tool. Additionally, although the UROKIN software corrects for in-plane probe rotation using a
co-ordinate system established based on the location and orientation of the pubic symphysis before the
start of any motion, the rotation actually occurs about a point inside the TPUS probe rather than the pubic
symphysis (Chapter 4). This modification will be incorporated into future versions of the UROKIN
software. As well, there is currently some concern with aligning coordinate systems in which calculations
are made to anatomically relevant and consistent coordinate systems across TPUS videos. This is a

common problem and we are currently working to further improve our methods.

The inherent limitations on time and spatial resolution of 2D dynamic ultrasound also cannot be ignored.
Further, shadows cast across a TPUS image drastically reduce the user’s ability to identify urogenital
landmarks. While we saw high levels of preliminary inter-rater reliability, the users reported difficulty
with visual identification of landmarks in many cases. The use of low-pass filtering to smooth kinematic
curves is able to mitigate minor between-frame variability in landmark identification and positioning,
however it is not a complete solution. Three-dimensional TPUS video would provide a more
comprehensive visualization and vastly increase the amount of data available to ensure correct
identification of soft tissue landmarks. Unfortunately, limitations on both time and spatial resolution are
even more severe for 3D TPUS imaging. Newer systems would likely yield more reliable results due to
improved image quality and the UROKIN software can easily be modified to perform analysis of 3D

urogenital kinematics.

The user-input required to generate outcomes using the UROKIN software makes it very time- and labor-
intensive in its current form. Beyond the improvements required in centering and orienting coordinate
systems, future work will focus on determining the minimum sampling rate required to generate
kinematic curves of urogenital landmarks, in order to optimize efficiency and avoid aliasing. Our current
data set will be useful for this purpose; however, we must also analyze images acquired during cough
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tasks, which likely result in higher frequency components in the kinematic data than those produced
during a PFM MVC and Valsalva tasks. An obvious future step is also to incorporate methods for
automated landmark detection, which is essential if the UROKIN software is to be clinically useful.
Lastly, it is important to remember that SUI is a multifactorial disorder that requires data from many
different sources to provide a complete explanation of the associated pathomechanics. Results from data
processed using the UROKIN software are unlikely to be useful in isolation and should be interpreted in
the context of other evaluations including intravaginal dynamometry, urethral sphincter pressure

generating capacity, as well as subjective and objective measures of incontinence severity.

The UROKIN software provides us with the capacity to gain significant insight into PFM mechanics and
continence system mechanics more broadly, as well as insight into other conditions such as pelvic organ
prolapse, conditions such as urinary retention, chronic constipation and dyspareunia, associated with an
overactive pelvic floor [106], and even postural control [107]. Research has shown that underlying
morphological or pathomechanical factors may be relevant in the selection of successful interventions for
women with SUI. SUI patients exhibiting strong PFMs and urethral hypermobility are less likely to
benefit from PFM training [28], [108]. Additionally, women with smaller urethral cross-sectional areas
are less likely to see improvement with mid-urethral sling insertion [29] and would perhaps be more
likely benefit from PFM training or the use of urethral bulking agents [30]. A better understanding of
urogenital kinematics throughout dynamic tasks may provide insight needed to better direct course of

treatment in certain cases.

Regardless of current limitations, the UROKIN software allows for complete analysis of 2D urogenital
kinematics and can identify significant differences between healthy women and women with SUI.
Further, the UROKIN outcomes are logical in the context of published clinical findings. The UROKIN
software yields improved functionality for more complex analysis than has been used to date to aid in our
understanding of urogenital biomechanics. If UROKIN is deemed to have acceptable reliability, we plan

61



to make it available as an open source software to provide a consistent tool for researchers to use to

analyze dynamic, sagittal plane TPUS images.
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4 In-plane probe rotation during transperineal ultrasound: How

much is too much?

4.1 Abstract

Transperineal ultrasound (TPUS) allows for dynamic measurement of urogenital kinematics and
morphology, which are essential to our understanding of continence mechanics. However, ultrasound
probe rotation during dynamic image acquisition may incorporate error into these measurements. The
purpose of this work was to identify factors influencing the error incurred in measures of urogenital
kinematics by in-plane TPUS probe rotation. TPUS probe motion was mathematically modelled and
found to be dependent on: r, the radius of rotation; ©, the in-plane angular rotation of the TPUS probe;
and a, the angular deviation between the anatomical coordinate system and an arbitrary reference
coordinate system in which error was calculated. In a group of 12 healthy women and 20 women with
stress urinary incontinence, average measures of r ranged from 35 to 70 mm and average measures of o
ranged from 320° to 350°, depending on the continence status, anatomy, and position of the participant
during imaging, and on the task being performed. Moreover, in a single healthy female, © was found be
up to 20° during imaging depending on the latter three factors. Variables r and © were found to be more
influential on the magnitude of error than a. Researchers using measures of urogenital mechanics from
TPUS should be aware of these sources of error and attempt to limit or compensate for them where

possible.

4.2 Introduction

Transperineal ultrasound (TPUS) imaging is gaining popularity as a tool for quantifying female and male
urogenital function and morphology [11], [22], [39], [42], [44], [57], [66], [68], [80], [88]. Using
dynamic TPUS, measurements can be made from video acquired during tasks relevant to urogenital

function, such as landmark motion generated by maximal pelvic floor muscle (PFM) contractions [39],
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[50], [58], [72], [91], coughing [39], [60], [72], [88], and Valsalva manoeuvers [35], [39], [44], [50], [57],
[60], [66], [88], [91]. These measurements, mainly involving anorectal angle, bladder neck, and urethral
trajectories, can also be used to generate kinematic curves for the investigation of the pathomechanics
associated with complex and multifactorial pelvic floor disorders [14], [45], [46], [65], [71], [109], [110].
However, dynamic image acquisition involves the use of an unrestricted TPUS probe, held against the
perineum by a skilled technician to capture ultrasound video of an unrestrained patient while he or she
performs a dynamic task. This approach provides many opportunities for motion of the patient with
respect to the probe, or vice versa, which incorporates unknown error into the measurements taken from

the resulting TPUS image frames.

The extent of anorectal angle, bladder neck, and urethral excursion measured in the sagittal plane during
functional tasks may provide valuable information regarding PFM function and the integrity of the
connective tissues. For example, the urethral mobility profile has been used to characterize changes in the
extent of urethral excursion on Valsalva maneuver observed after childbirth [16], presumably as the result
of acute soft tissue strain. Similarly, the extent of bladder neck descent during Valsalva maneuvers has
been suggested as a measure to define pelvic floor integrity in women [16]. Changes in levator plate
length and anorectal angle position during coughing have been correlated with urethral closure pressure
[35], and have demonstrated differences in the urogenital mechanics of women with and without SUI
[14], [46]. Yet, potential errors in these measurements incurred by in-plane probe rotation have not been

adequately addressed in the literature.

One of the first reported uses of TPUS to evaluate urethral kinematics was by Gordon et al. [1] in 1989
who measured bladder neck descent during Valsalva maneuvers performed by women with urinary
incontinence [44]. To combat the problem of a limited view angle combined with only a single rigid
landmark in the image frame, the pubic symphysis, measurements of bladder neck position were taken
with respect to the pubic symphysis at rest and at peak Valsalva effort to demonstrate the efficacy of
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TPUS as a tool for evaluating urogenital function. In this analysis, the pubic symphysis, a secondary
cartilaginous joint between the lateral pubic bones, was treated as a rigid body and became the origin of a
coordinate system used for taking measurements of various urogenital landmarks. In 1995, this method
was refined by Schaer [66]: a centerline was drawn longitudinally along the pubic symphysis to form an
x-axis while a perpendicular line intercepting the postero-caudal margin of the pubic symphysis formed a
y-axis (Figure 4.1). The authors reported that the use of a consistent coordinate system could minimize
error caused by in-plane TPUS probe motion and would allow for valid comparisons across tasks and
between patients. This method has been applied by several researchers in the two decades since its
publication [35], [36], [39], [42], [66], [80], [111]. Unfortunately, there is inherent error in measurements
made using this methodology. Because it is difficult if not impossible to capture the entire pubic
symphysis in the image frame along with all other urogenital landmarks needed for evaluations, defining
the locations of these longitudinal and vertical axes with respect to the pubic symphysis can be difficult.
Variability in the shape and symmetry of the pubic symphysis, low image resolution, particularly during
dynamic tasks, and human error in the manual identification of these points further complicate this

process.

Caudal
y-axis

X-axis

Anterior Posterior

Cranial

Figure 4.1: Graphical representation of Shaer et al’s [66] methodology for standardizing the position and orientation of the
pubic symphysis between image frames. The pubic symphysis is approximated by an ellipse with a longitudinal centerline
drawn as the x-axis. The y-axis is drawn perpendicular to the x-axis and intersects the postero-caudal margin of the pubic
symphysis. Orientation of the cranial, caudal, anterior, and posterior directions are shown in italics.
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In 2001, Reddy et al [37] used Schaer et al’s methodology [66] to investigate whether probe motion,
during TPUS image acquisition, with respect to the patient had a significant effect on the calculated
excursions of urogenital landmarks during dynamic tasks. From a sample of 10 primiparous, continent
women and 10 women with incontinence, they estimated that probe motion with respect to the person
caused 28%, 33%, and 37% error in the magnitude of bladder neck displacement during Valsalva, cough,
and PFM contraction, respectively, when tasks were performed in standing. Even with the methodical
approach employed by Reddy et al [37], the limitations of Schaer et al’s work [66] still apply in this case.
As well, these error values were never validated, leaving unknown levels of uncertainty in measurements
taken using this method. The validation and optimization of measures of urogenital kinematics in the

sagittal plane is essential if such data are to be used clinically or in research.

In 2007, Peng et al [14] used an electromagnetic tracking system to monitor probe motion during image
acquisition while women performed coughing tasks in supine and in standing. Peng et al [14] stated that
with the probe rotation limited to 5° in all planes, there was no need to track or compensate for error
caused by probe rotation during image capture. However, there was no justification or explanation given
for this claim. In subsequent studies, Peng et al [14] proceeded to omit any compensation for probe
rotation and simply measured the positions of urogenital landmarks of interest (mainly the bladder neck,
urethra, and anorectal angle) with respect to the postero-caudal margin of the pubic symphysis similarly

to the approach outlined by Schaer [3].

Despite these seminal works, which have outlined and greatly improved methods for evaluating
urogenital biomechanics, there has been limited methodical investigation into the effects of in-plane
TPUS probe rotation on measures of urogenital kinematics. Thus, the purposes of this work are to (1)
characterize the mathematical error induced in measurementss of urogenital kinematics taken from 2D
TPUS videos captured during dynamic tasks, (2) investigate biological variability of parameters found to
influence error (Experiment 1), and (3) demonstrate, through a single case study, how the magnitudes of
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these parameters might impact the error in measures of urogenital kinematics in women (Experiment 2).
This work provides a basis for understanding the extent of measurement error that results from in-plane
probe rotation during TPUS image acquisition and processing, and will enable users to make more

informed decisions regarding the processing of data from TPUS images and video.

4.3 Methods

4.3.1 2D Model of In-Plane Probe Rotation

In constructing a mathematical model to calculate the theoretical error incurred by in-plane probe
rotation, the point about which the pelvis (i.e. the pubic symphysis) rotates during image acquisition must
be defined. Theoretically, this center of rotation would exist at the origin of the ultrasound wave
emission, though in reality waves are emitted along the entire surface of the probe. In the case of 2D
imaging using a curvilinear probe, the situation is simplified and the center of rotation can be assumed to
exist at some point along the main transducer axis inside the head of the ultrasound probe. Further, in a
2D TPUS image acquired using a curvilinear probe, this origin can be theoretically extrapolated by
extending the edges of the ultrasound image until they converge (Figure 4.2). The scale that is provided
in a standard ultrasound image can then be used to calculate the distance of various urogenital landmarks

in a TPUS image frame relative to this center of rotation.

Knowing the theoretical point about which in-plane probe rotation occurs and using the postero-caudal
margin of the pubic symphysis as a reference point, a 2D model of in-plane ultrasound probe rotation can
be developed. The postero-caudal margin of the pubic symphysis and the center of rotation define the x-
axis, while the y-axis runs perpendicular to the x-axis, intercepting the center of rotation to form the
origin of this arbitrary reference coordinate system (Figure 4.3A). The pubic symphysis, the center of
rotation, and an arbitrary urogenital landmark are sufficient to model in-plane probe rotation (Figure

43B).
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Figure 4.2: Manual extrapolation of the edges of a 2D mid-sagittal plan transperineal ultrasound image (A) to converge at the
theoretical center of rotation (O) and (B) a schematic showing midsagittal anatomy of the female urogenital system. The pubic
symphysis (PS), anorectal angle (ARA), and bladder neck (BN), urethra and bladder are shown on both images, while the
vagina, rectum, and uterus are only identified on (B). Distance between ticks on scale is 5mm.

If Figure 4.3B represents the initial position of the pubic symphysis, P1, and an arbitrary landmark, L1,
then their final position, after in-plane probe rotation of © degrees and unknown soft tissue deformation
have occurred, can be defined as P2 and L2, respectively (Figure 4.4). This model assumes that the pubic
symphysis rotates about a theoretical fixed center of rotation located inside the ultrasound probe at a
fixed radius, r, from the origin of this arbitrary reference coordinate system to the postero-caudal margin
of the pubic symphysis. Using this model, the displacement of the arbitrary landmark can be calculated,
accounting for probe rotation: the pubic symphysis moves to position P2(rsin©,rcos©), while probe
rotation and soft tissue deformation together cause the landmark to move to position L2(c,d)).
Conversely, if probe rotation is assumed to be negligible, the pubic symphysis would then remain at

P1(r,0) while the arbitrary landmark would move to position L2(c,d)).
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Figure 4.3: The coordinate system used to model in-plane probe rotation is established using the theoretical center of rotation
(O) and the postero-caudal margin of the pubic symphysis (PS), indicated by the red square, to construct the x-axis, while the y-
axis intercepts the center of rotation (A). In-plane probe rotation can be modelled using O and the postero-caudal margin of
the PS, indicated by a black square, located at a distance, r, along the x-axis, to define a coordinate system (B). The motion of
any arbitrary anatomical landmark, marked by a black square at position (a,b) can be tracked from one frame to the next. The
position of the postero-caudal margin of the PS is represented by vector P1(r,0) and the position of the arbitrary landmark is
indicated by vector L1(a,b).

Equation 4.1 shows the calculated error associated with in-plane probe rotation, where vectors represent
the position of the soft tissue landmark with respect to the pubic symphysis, initially (Py;), the end
position neglecting probe rotation (Pi¢), and the end position while incorporating the effects of probe
rotation (Prso). Vectors Adr and Adyr represent the displacement of the landmark from its initial to final
position, neglecting and including in-plane probe rotation, respectively. The error between the landmark
displacement calculated with and without including the effects of in-plane probe rotation is represented

by Ex and Ey in the x- and y-directions, respectively.

Measures of urogenital morphology and kinematics reported in the literature are often taken using a

coordinate system aligned with the anatomical planes [16], [22], [37], [66]. In the derivation presented
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Figure 4.4: Initial positions of the pubic symphysis (PS) and a landmark of interest are shown in black, initially represented by
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the vectors P1(r,0) and L1(a,b), respectively. The final positions, after in-plane probe rotation about O, are shown in grey, and

are represented by the vectors P2(rsin©,rcos®) and L2(c,d), respectively. This model assumes that the individual’s pubic

symphysis moves about the center of rotation (0), inside the ultrasound probe, at a fixed radius.
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here, however, there is an angular deviation (o) between the arbitrary reference coordinate system, in
which theoretical error has been calculated, and a coordinate system of anatomical significance (Figure
4.5). By applying a 2D rotation of a degrees, the theoretical error incurred by in-plane probe rotation is
converted to an anatomically significant coordinate system (4.2, 4.3), where (Ex, Ey) represents the
theoretical error in the original, arbitrary reference coordinate system and (Exa,Eva) represents the
theoretical error in the anatomical coordinate system. Alternatively, the effects of a and © can be
expressed in terms of r and two functions in the x- and y-directions (K,Ky). From this model, it is

apparent that the theoretical error due to in-plane probe rotation is a function of: r, the distance between

Caudal

Anterior Postenor

y-axis

¥-axIS

X-axis

Figure 4.5: The angular deviation (a) between the coordinate system in which displacements of urogenital landmarks are
measured (red) and the coordinate system in which error incurred by in-plane ultrasound probe rotation is calculated.
Measures of urogenital kinematics are taken in a coordinate system aligned to the pubic symphysis (PS) with the positive ex-
axis aligned to the anterior direction and the positive y-axis aligned to the cranial direction x-axis, such that the measures have
anatomical meaning [42].
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the theoretical center of rotation and the postero-caudal margin of the pubic symphysis, where coordinate
systems for measuring urogenital kinematics are traditionally centered [14], [16], [37], [45], [66]; O, the
magnitude of in-plane probe rotation; and a, the angular deviation between the arbitrary reference
coordinate system and the anatomical coordinate system. Further, the absolute error (or magnitude of
error) incurred due to probe rotation, Ewma, can be expressed, as in Equation 4.3. The calculation of
absolute error yields an expression which is greatly simplified from the directional expression of error
and in which the only factors impacting error are r and ©. It should be noted that, as our group and others
often take measures only in terms of lengths, displacements, and other kinematic variables, there is no
need to incorporate the translational deviation between the arbitrary reference and anatomical coordinate
systems into this derivation. In order to perform a case analysis of error incurred by in-plane probe

rotation, motion capture was conducted concurrently with TPUS imaging.

Ey, = \/(r(l — cosf)cosa — rsinfsina)? + (r(1 — cosf)sina + rsin 6 cos a)?

= \/7‘2(1 — cosB)?(cos?a + sin2a) + r? sin 26(cos 2 + sin ?a)

= \/2712(1 — cosb)

= 1/4rzsin2(g)

—2r sin(g) (43)

4.3.2 Experiment 1

TPUS image data from 20 women with stress urinary incontinence (SUI) and 12 women with no signs or
symptoms of urogenital disorders were randomly selected from our database. These data had been
acquired for the purposes of two ongoing studies which included the use of TPUS data for the purposes
of developing strategies to measure urogenital kinematics. Approval was granted by the University of

Ottawa Health Sciences and Science Research Ethics Board and the Queen’s University Health Sciences
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and Affiliated Teaching Hospitals’ Research Ethics Board. All women provided written informed consent
prior to participating. Women with SUI were recruited from surgical wait lists for mid-urethral sling
surgery through local hospitals and physiotherapy clinics in Kingston and Ottawa, Canada. Women
without any urogenital symptoms were recruited from the local Ottawa community using word-of-mouth
and recruitment flyers. All women were over the age of 18. The exclusion criteria for both studies were
current or recent pregnancy (within six months), symptoms of fecal incontinence, pelvic organ prolapse
beyond stage I on the pelvic organ prolapse quantification scheme (POP-Q) [70], the use of medications
known to increase or alleviate symptoms of incontinence, the presence of known neurological

impairments, connective tissue disorders, or detrusor muscle instability.

A research physiotherapist trained in TPUS imaging and pelvic floor physiotherapy, and with six years of
experience, conducted all clinical examinations and image acquisition. Participants underwent a clinical
urogynecological exam, which included palpation and sensory and reflex testing to rule out the presence
of pelvic masses and/or sensory alterations affecting the spinal segmental dermatomes from S2 to S4,
then had their PFM strength assessed using the Modified Oxford Scale (MOS, [100]) and their PFM tone
assessed using a seven point scale [98]. Patients were also trained by the physiotherapist on how to
correctly perform PFM contraction, Valsalva maneuvers, and maximal effort coughs using intravaginal
palpation and visual inspection of the perineum [78]. Additionally, symptomatic participants underwent a
standardized pad test to confirm the presence of SUI and if the pad weight gain after the test was less than

2g, they were excluded from participating [22].

Ultrasound imaging was performed after women emptied their bladders. The physiotherapist prepared the
ultrasound probe by covering it in ultrasound gel, placing a latex-free condom over the probe head, and
then applying more gel over the condom. Ultrasound images were acquired using a GE Voluson-i
ultrasound system (GE Healthcare Austria GmbH & Co OG, Zipf, Austria) in 2D real-time B-mode using
a 3D curvilinear probe (8-4MHz). Women were initially in the supine position with their hips slightly
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abducted and flexed approximately 30°, their knees flexed approximately 30°, and their feet resting flat.
The transducer was placed transperineally with the main transducer axis oriented in the mid-sagittal plane
and volume acquisition angle was set to its maximum of 85°. Before data acquisition began, the
physiotherapist, again, verified that the participants could perform a correct PFM contraction, evidenced
by an antero-cranial displacement of the anorectal angle, and a correct Valsalva maneuver, evidenced by
an postero-caudal displacement of the anorectal angle, using instantaneous visual feedback from the
TPUS. The physiotherapist then captured dynamic TPUS video of three repetitions each of a maximum
voluntary contraction (MVC) of the PFMs, a maximum Valsalva manoeuver (MVM), and a maximal
effort cough. The participants then moved to a standing position with a plinth raised in line with their
posterior-superior iliac crest to minimize postural sway. The participant repeated three repetitions each of
the MVM and cough tasks in standing while the physiotherapist captured TPUS video. All tasks were
conducted with standardized verbal encouragement by the physiotherapist while also observing visual
feedback from the TPUS screen. Women were encouraged to increase the intensity of the MVCs and
MVMs until the physiotherapist observed no further change in landmark motion for at least for one

second. All tasks were followed by a minimum of 60s rest between repetitions.

4.3.3 Experiment 2

During one 2D TPUS imaging session, a healthy female with no history of urogenital dysfunction, who
was already participating in Experiment 1, consented to be instrumented with a motion capture device
(3D Guidance trakSTAR, Ascension Technology Corporation, Milton, VT, USA) and to have the
investigator (C.C.) present during data collection. After the physical exam, the investigator was invited
into the assessment room to instrument the ultrasound probe and the participant with a 3D
electromagnetic tracking system in order to track the 3D positions and orientations of the ultrasound
probe and the participant. A single sensor was placed on the lateral face of the ultrasound probe so as not
to interfere with the physiotherapists hand position during TPUS imaging. The local x-axis of the probe

sensor was aligned with the main transducer axis, such that in-plane probe rotation during mid-sagittal
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plane imaging would occur in the local xy-plane about its local z-axis. A second sensor was then placed
on the female patient’s left anterior-superior iliac spine (ASIS), identified by the investigator using
manual palpation, in order to monitor the motion of her pelvis, and, as such, the motion of the pubic
symphysis during imaging. The local z-axis of this sensor was aligned to the probe sensor’s local z-axis.
This alignment provided instantaneous feedback on the sensor positions in a global coordinate system
(GCS). Three dimensional positions and yaw/pitch/roll angles of the sensors in the GCS were digitally
sampled at 240Hz. With these sensors in place, the participant performed the protocol as described above

(Section 4.3.2).

4.3.4 Data Processing

4.3.4.1 Motion Capture Data

Custom Matlab software (The MathWorks™, Natick, MA, USA) was used to process the motion capture
data. All position and orientation data were first down-sampled to 30Hz. The yaw/pitch/roll angles were
used to build the rotation matrix for each data point in order to transform from the global coordinate
system (GCS) to the local coordinate system (LCS) of each sensor. These rotational matrices were then
used to build a new rotational matrix that converted the pelvic LCS to the probe LCS as in Equation 4.4,
where vector Xg represents a GCS vector, Ryeivis represents the rotational matrix that transforms from the
GCS to the LCS of the pelvic sensor, vector Xipevis represents a vector LCS of the pelvic sensor, Rprobe
represents the rotational matrix that transforms from the GCS to the LCS of the probe sensor, vector
Xiprobe TEPresents a vector in the LCS of the probe sensor, and Ryew represents the rotational matrix that
transforms the LCS of the pelvic sensor to the LCS of the probe sensor. In this way, the yaw/pitch/roll
angles of the pelvis with respect to the probe could be calculated where the roll angle (i.e. © from 4.1),

represents the in-plane angular displacement of the TPUS probe (©) during image acquisition.

75



— —
XG‘ Rpelvis — XLpelm's
—F —3
Xe Rp'robe = Xy, probe
—3 3
XLpelvis Ryey = XLp'robe
Rnew - (Rpelm's ) B Rprobe (4.4)

4.3.4.2 TPUS Data

TPUS video analysis was conducted offline using ImageJ (version 1.49; http://imagej.nih.gov) software.

With the understanding that that the perineum is composed of soft tissue and that the pressure of the
TPUS probe upon the perineum may vary during image acquisition, a maximal and minimal r value were
measured for all TPUS videos. The TPUS video was visually scanned to identify the frame in which the
postero-caudal margin of the pubic symphysis sat the most cranially, or furthest from the theoretical
center of rotation, and then scanned again to identify the frame in which the pubic symphysis sat the most
caudally, or closest to the theoretical center of rotation. In each frame, two lines were drawn along the
edges of the ultrasound image to extrapolate the theoretical center of rotation as in Figure 4.2. The
investigator then identified the postero-caudal margin of the pubic symphysis and measured the distance
between this point and the center of rotation in each of the two frames to yield a maximal and minimal
radius (i.e. r from Equation 4.1). Additionally, the coordinates of the theoretical center of rotation and the
position of the postero-caudal margin of the pubic symphysis were used to calculate the angular deviation
between the arbitrary reference coordinate system and the anatomically significant coordinate system (o)
for the purposes of quantifying the error incurred by in-plane probe rotation in the x- and y-directions.
The anatomically significant coordinate system was assumed to have a horizontal x-axis. This process

was repeated for all tasks performed by all participants in supine and in standing.

All statistical analyses were conducted using Matlab 2015b (Mathworks, Natick, MA, USA). For the

TPUS data collected from women with and without SUI (Experiment 1), measured values of r were
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compared between groups and within groups between positions (i.e. standing vs. supine). Data were first
tested for normality using the Shapiro-Wilk parametric hypothesis test of composite normality. Data
showing parametric distributions were compared using a student’s t-test, while data showing non-
parametric distributions were compared using Wilcoxon rank sum test (alpha = 0.05). Between-group
comparisons were conducted using unpaired t-tests, while within-group comparisons were conducted

using paired t-tests. Group, position, and task difference for a were tested using a three-way ANOVA.

For the TPUS data acquired during the motion capture (Experiment 2), maximal excursion (i.e.
displacements) of the anorectal angle and bladder neck were measured for each task. Net displacements
from rest to maximum excursion were calculated as in [42], where the vector describing the change in
levator plate length is recognized as a measure of the displacement of the anorectal angle. The peak value
of © during each task, and the values of rmax and o at rmax, 'min and o at rmin were used to calculate peak
values of error (in mm) in the x- and y-directions, as in Equation 4.3, for this specific case. In order to
understand how error incurred due to in-plane probe rotation compared to the measured values for
urogenital landmark displacement, error was expressed as a percentage of landmark displacement for

each landmark.

4.4 Results

4.4.1 Experiment 1

Randomly selected TPUS data records included twelve healthy women with no history of urogenital
signs or symptoms (age = 41£13 years; body mass index (BMI) = 2243 kg/m?; Parity = 11 child) and
twenty women with SUI (age = 47+11 years; BMI = 26+5 kg/m?; Parity = 3+1 child). Measurements of r
and a are presented in Table 4.1. The groups demonstrated significant differences in terms of BMI
(p<0.05) and parity (p<0.001). Between-group and between-position (i.e. standing vs. supine) effects

were seen in the measures of rmin and rmax for many of the tasks. In many cases, women with SUI
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exhibited higher measures of r than those without SUI (p<0.05, Table 4.1) and measures of r were higher

in standing than in supine for both groups (p<0.05, Table 4.1).

I'min (MmM) Imax (INM)
Task SuI Control SuI Control
Cough Supine 43 £ 3%7 40 +£3*% 51 +47 47 +5%
Cough Standing 55+ 6%Y 48 £5*%Y 60+ 6*Y 53+ 6%Y
MVM Supine 43 +4Y 41+5Y 51+6% 48 +6Y
MVM Standing 57+ 6*Y 50£4*Y 63 £7*Y 53 £ 8*Y
MVC Supine 42 +4 40+ 5 43+ 4 41+5

Table 4.1 Measures of radius of rotation in women with (N=20) and without stress urinary incontinence (SUI; N=12).The
distance between pubic symphysis (PS) and theoretical center of rotation (r) was measured. Maximum values of r (rmax) were
measured in the video frame in which the PS appeared most cranial. Minimum values of r (rmin) were measured in the video
frame in which the PS appeared most caudal. Mean (+ standard deviation) is presented for each group and task. Significant
differences between groups (SUI vs Control) are indicated by * and significant differences within groups, between positions (i.e.
supine vs. standing position) are indicated by .

There were no differences in o by group, task, or position (Table 4.2).

o at rmin (°) o at rmax (°)
Task SUI Control SUI Control
Cough Supine 3377 330+5 339+8 339+6
Cough Standing 330+ 6 3315 332+7 3367
MVM Supine 338£8 330+ 6 336 £8 3387
MVM Standing 3306 327+4 329+6 329+£5
MVC Supine 336+ 7 331+6 337+7 336+5

Table 4.2 The angular deviation between the anatomical and arbitrary reference coordinate systems (o) were measured in a group
of women with stress urinary incontinence (SUIL, n = 20) and a group of women with no urogenital signs or symptoms (Control, n
= 12) at maximum values of r (rmax), the distance between pubic symphysis (PS) and theoretical center of rotation, and at
minimum values of r (rmin). Mean (+ standard deviation) is presented for each group and task.

4.4.2 Experiment 2

The data for this experiment were acquired from a single healthy, nulliparous female volunteer (age 23;
BMI 22.3 kg/m?) who had no history of urogenital signs or symptoms. Table 4.3 shows the maximum
and minimum observed r measured during each task, rmax and rmin, respectively. Additionally, values of o
were measured at I'max and rmin, peak values of © were measured during each task, and the error incurred

by probe rotation was calculated at rmax and rmin in the anatomical coordinate system (Table 4.3).

Values at rmin Values at r'max o Error at rmin Error at rmax
Task r o r o (op)k Exa Evya Ema Ex Ey Ema
(mm) © (mm) © (mm) (mm) (mm) (mm) (mm)  (mm)
Cough Sup 37.0 3249 41.6 330.1 2.4 0.9 1.2 1.5 0.9 1.5 1.7
Cough St 42.5 329.1 450 334.5 5.1 2.1 3.1 3.7 1.9 3.5 4.0
Valsalva Sup 37.2 325.0 402 330.6 11.6 49 5.7 7.5 4.7 6.6 8.1
Valsalva St 46.8 3277 485 326.5 15.8 8.3 9.8 12.9 8.8 10.0 13.3
MVC Sup 36.0 3323 375 333.8 3.7 1.1 2.0 2.3 1.1 2.1 2.4

Table 4.3 Parameters effecting error measured during transperineal ultrasound imaging. Data was collected from a single
participant performing coughing and Valsalva tasks in supine (Sup) and standing (St), and pelvic floor muscle maximum
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voluntary contractions (MVC) in supine. The distance between the pubic symphysis and the transperineal ultrasound (TPUS)
probe was measured at its maximum (rmax) and minimum (rmin) during each task. Angular deviation between the anatomical and
arbitrary reference coordinate systems (o) was measured at rmin and rmax, and peak in-plane angular displacement of the TPUS
probe (Opk) was also measured during each task. These values were used to calculate error in the anatomical Cartesian coordinate
system (Exa and Eva) and the absolute error (Ema) incurred by probe rotation, in mm, for each task.

TPUS video from the same patient was analyzed to yield the peak excursion of the anorectal angle and

bladder neck, during each task in the x- and y-directions of the anatomical coordinate system (Figure

4.5). Table 4.4 shows these measures along with the error calculated at rmax and rmin, expressed as a

percentage of respective landmark excursion, each in the x and y directions of the anatomical coordinate

system.
Anorectal Angle Bladder Neck
ARAuisp (mm) Error at rmin Error at rmax BNaisp (mm) Error at rmin Error at rmax
Task Dxa Dya Exa Eya Exa Evya Dxa Dya Exa Evya Exa Evya
(mm) (@mm) (%) (%) (%) (%) (mm) (mm) (%) (%) (%) (%)
Cough Sup. -4.4 203 29.1 43 34.5 4.1 -3.7 -7.6 34.6 11.4 41.1 11.0
Cough St. 4.2 1.2 78.0 144.6 86.5 125.6 13.6 9.5 243 18.7 27.0 16.3
Valsalva Sup. 23 104 2853 35.1 3239 312 15.0 -6.2 43.6 59.2 495 52.6
Valsalva St. 17.6 -0.7 66.5 753.7 68.3 817.0 9.7 -8.3 121.0  64.1 124.1 69.5
MVC Sup. -11.8 26.1 177 39 18.6 3.8 -1.6 1.4 131.5 71.7 138.6  70.6

Table 4.4 Peak excursions and error for the anorectal angle and bladder neck were measured in the anatomical x-direction (Dxa)
and the anatomical y-direction (Dya) and are expressed in mm. Error incurred by probe rotation, measured at the maximal and
minimal sagittal distance between the pubic symphysis and the transperineal ultrasound (TPUS) probe, rmax and rmin, respectively,
are expressed as a percentage of ARA and BN excursion in the anatomical x- and y-directions (Ex. and Eva).

Using the data presented in Table 4.4, the absolute displacement of the anorectal angle and bladder neck

were calculated in order to quantify the absolute error incurred by probe rotation as a percentage of

landmark displacement at rimax and Imin (

Anorectal Angle Bladder Neck
ARAdis . Error at rmax BNdisp . Error at rmax
p Error at rmin Error at rmin
Task DMa EMa EMa EMa EMa DMa EMa EMa EMa EMa
(mm)  (mm) (%)  (mm) (%)  (mm) (mm) (%) (mm) (%)
Cough Sup. 20.7 1.5 7.4 1.7 8.4 8.4 1.5 18.3 1.7 20.6
Cough St. 4.4 3.7 85.1 4.0 90.2 16.6 3.7 22.6 4.0 24.0
Valsalva Sup. 10.6 7.5 70.3 8.1 76.1 16.2 7.5 46.2 8.1 50.0
Valsalva St. 17.6 12.9 73.0 13.3 75.6 12.7 12.9 101.0 13.3 104.6
MVC Sup. 28.6 2.3 8.1 2.4 8.4 2.1 2.3 109.2 2.4 113.7
Table 4.5).
Anorectal Angle Bladder Neck
ARAuisp Error at rmin Error at rmax BNuisp Error at rmin Error at rmax
Task Dma Ema Ema Ema Ema Dma Ema Ema Ema Ema
(mm) (mm) (%) (mm) (%) (mm) mm (%) (mm) (%)
Cough Sup. 20.7 1.5 7.4 1.7 8.4 8.4 1.5 18.3 1.7 20.6
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Cough St. 44 3.7 85.1 4.0 90.2 16.6 3.7 22.6 4.0 24.0

Valsalva Sup. 10.6 7.5 70.3 8.1 76.1 16.2 7.5 46.2 8.1 50.0
Valsalva St. 17.6 12.9 73.0 133 75.6 12.7 12.9 101.0 133 104.6
MVC Sup. 28.6 23 8.1 24 8.4 2.1 2.3 109.2 2.4 113.7

Table 4.5 Absolute displacement and error for the anorectal angle (ARA) and bladder neck (BN), were calculated in mm.
Absolute error (Ema) incurred by probe rotation, at the maximal and minimal sagittal distance between the pubic symphysis and
the transperineal ultrasound (TPUS) probe, rmax and rmin, respectively, is expressed as a percentage of absolute excursion of the
ARA and BN.

Group averages and standard deviations, combined with the single case study data presented here, show
that o ranges from approximately 320° to 350° (Table 4.1), r ranges from approximately 35mm to 70mm
(Table 4.1), and, in the single-patient data collection, © ranged from approximately 0° to 20° (Table 4.3),
depending on the task. With the understanding that in-plane probe rotation, ©, can occur in the positive or
negative direction, the range of © can be expanded from -20° to +20°. Using these ranges, surface plots
of the functions Kx, and Ky can be used to visualize the impacts of changes in © and a on error in the x-
and y-direction measures taken (Figure 4.6). The magnitude of the K function, at given values of © and o,
will act as a multiplier on the measured r value (see Table 4.1).
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Figure 4.6: Error incurred by in-plane transperineal ultrasound (TPUS) probe rotation in (A) the anatomical x-direction (Kxa,
antero-posterior) and (B) the anatomical y-direction (Ky,, cranial-caudal) are expressed as functions of angular deviation
between the anatomical and arbitrary reference coordinate systems (a) and peak in-plane angular displacement of the TPUS
probe (©), with color moving from darker to lighter as the value of the K function increases. Ranges of a and © are based on the
experimental data presented in Table 4.1, Table 4.3, and Table 4.4.

Further, because the magnitude of error or absolute error incurred by in-plane probe rotation is a factor of

r and O alone, a surface plot can be used to characterize this error (in mm), as in Figure 4.7. This figure
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provides a visualization of how the error incurred by in-plane probe rotation changes with each of its

independent variables, r and ©.
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Figure 4.7 The absolute error, incurred by in-plane transperineal ultrasound (TPUS) probe rotation (En), in millimeters, is
expressed as a function of the radius about which this rotation takes place (r) and peak in-plane angular displacement of
the TPUS probe (8), with color moving from darker to lighter as the value of the value of Ey, increases. Ranges of r and ©
are based on the experimental data presented in Table 4.1 and Table 4.4

4.5 Discussion

This work aimed to characterize the error incurred in sagittal plane measures of urogenital kinematics
taken from TPUS images due to in-plane rotation of the ultrasound probe during image acquisition.
Additionally, we aimed to generate a set of error values that can be expected during dynamic tasks
commonly investigated using TPUS. The mathematical analysis performed here demonstrates that the
error incurred by in-plane probe rotation is a factor of not only the in-plane angular displacement of the

TPUS probe (O), but also of the radius about which the in-plane rotation occurs (r) and the angular



deviation between the anatomical coordinate system in which measures are taken and the arbitrary
reference coordinate system used to derive expressions of error (a). The error incurred by in-plane probe
rotation can also be expressed an absolute value, in which case it is a factor of only r and ©. In a group of
women, the measured r can vary from 35 to 70 mm and o can vary from 320° to 350°, depending on the
task being performed, the continence status of the woman, and the position in which the TPUS images are
acquired. An additional case analysis showed that peak © can vary by almost 20° in a healthy female
depending on the position and on the task. As well, © and o can be absorbed to create the functions Kxa,
Kya, which are multiplied by r to produce the magnitude of error in the x- and y-direction, respectively.
Depending on the continence status of the woman being imaged, and the task being performed, Kx. and
Kya, can vary between approximately -0.2 to 0.3 and -0.4 to 0.4, respectively, resulting in errors ranging
from 4% to over 100% of peak landmark excursion in the x- and y- directions. As an absolute value, the
error incurred by in-plane probe rotation can be quite high, depending on the anatomical morphology of
the women being examined, the task being performed, and the magnitude of in-plane probe rotation.
These results have widespread implications for researchers using measures of urogenital kinematics [14],
[65], [93] or net displacements of urogenital landmarks [42], [43], [50] to characterize healthy and

pathological urogenital biomechanics.

Based on data from a sample of women with (n=20) and without (n=12) SUI, both minimum and
maximum r values during a task are larger when images are captured in standing compared to supine.
Measurements in the literature have shown that the bladder neck sits significantly more cranially in the
supine position as compared to the standing position [22]. Additionally, vaginal closure forces, vaginal
resting pressure, and bladder pressure are significantly higher in standing than in supine [112], [113].
These results have been attributed to the increased IAP in the standing position due to the effects of
gravity on the internal organs. The r defined in the current study reflects the distance measured in the
sagittal plane between the postero-caudal margin of the pubic symphysis and the center of rotation within
the TPUS probe. With this in mind, the consistently larger distance between the pubic symphysis and the
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TPUS probe observed in the standing position with respect to the supine position could also be attributed
to the same phenomenon. Between a supine and a standing position, the caudal excursion of the pubic
symphysis should be minimal due to the bony nature of this landmark. However, in the standing position,
gravitational forces causes the urogenital organs to sit more caudally in the body, resting more heavily on
the PFMs which function to support the internal organs [47], presumably leading to the significantly
higher vaginal resting pressure in standing position [113]. The results here combined with information
from the literature may suggest that in the standing position the soft tissue of the perineum actually sits
more caudally with respect to the pubic symphysis, leading to a higher rin the standing position with
respect to the supine position. Additionally, in the standing position the technician may not be holding the
TPUS probe as firmly against the perineum as when the patient is in the supine position due to the effects
of gravity and the added difficulty of capturing TPUS in standing rather than supine [58]. Knowing that
the measured r contributes substantially to the magnitude of error, researchers should attempt to minimize
this value, somewhat, by ensuring that the ultrasound probe is placed firmly against the perineum
throughout data collection. Beyond this, r will be mainly a function of a woman’s anatomy and cannot be

controlled.

The differences in the r values measured across the different tasks may also be attributable to the different
urogenital biomechanics associated with each task. During a coughing task, there is an increase in IAP as
the diaphragm and the abdominals contract. Similarly, during a Valsalva maneuver, “bearing down” is
achieved by a conscious increase in AP generated by the patient. In contrast to this, a PFM MVC
involves a lift and squeeze around the urethra, vagina, and rectum [72]. With this in mind, it then follows
that the higher maximum r values measured during coughing and Valsalva tasks with respect to the MVC
task, each in the supine position, for both the control and the SUI women, could be attributed to the
increased IAP generated during the former two tasks. Conversely, minimum measures of r did not differ
between tasks in supine or in standing for either group. During coughing and Valsalva tasks, increased
IAP could result in the descent of urogenital tissues and the perineum thereby increasing the value of r
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towards the peak of the task. This would result in rmin likely occurring at rest. However, the MVC
involves a “lift and squeeze” [21]; antero-cranial motion of the PFMs [45] combines with concurrent
abdominal contraction [82] which, while having a clear impact on the urogenital structures [45], may not
result in any significant lift occurring at the perineum in the supine position. As such, our results showing
similar values of rmin across each group for the standing tasks and, separately, for the supine tasks, appear
to be logical. It should be noted, however, that an MVC performed in standing may not necessarily yield
similar rmin values to either standing coughing or Valsalva maneuvers. The significantly higher r values in
the SUI group as compared to the control group, especially in standing, may be the result of the
differences between groups in terms of BMI and parity. Further investigation is required to understand

the nature of this difference.

Mathematically, the variable o may change depending on TPUS probe orientation, pressure of the probe
on the perineum, the anatomy of the participant, and potentially other factors. It does not appear to vary
between cohorts, tasks or positions, yet it is still an essential element in the calculation of the error
associated with urogenital kinematic analysis if we are to consider landmark excursions in terms of their
x- and y-components. As such, measures of a were collected simply to investigate biological variability
of this parameter and differences between groups, positions, and tasks were not tested. Further, all factors
that could impact the value of o may also impact the magnitude of either r or ©. With this in mind, o may
be mathematically dependant on either r or ©, or potentially both. As such, it may be more reasonable to
consider landmark excursions as absolute values with an angular direction in order to eliminate the

effects of the o on the error incurred by in-plane probe rotation.

Tasks performed in standing yielded larger © values than the corresponding task performed in supine.
This may be attributable to the difficulty associated with imaging women in the standing position rather
than supine [58]. Specifically, the technician must hold the ultrasound probe securely against the
perineum, but move with the perineum if there is any motion — which takes strength, skill, and co-
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ordination that is not required when imaging in supine. Further, the technician often purposely rotates the
probe in order to keep the pubic symphysis and the anorectal angle visible in the image frame as these
landmarks move apart. The values of in-plane probe rotation measured in the coughing task, in both
standing and supine, were in line with those reported by Peng et al [14]. The coughing and MVC tasks
performed in supine generated the lowest magnitudes of probe rotation, whereas the Valsalva task
performed in standing yielded the highest ©. This could be as a result of the combined straining effort
and the increased IAP that characterize a Valsalva, combined with the added difficulty of capturing
TPUS images in the standing position. During a properly performed Valsalva maneuver, the increased
IAP, perineal descent, and straining effort from the patient could all contribute to increased motion during
the task which could result in higher © values. While data from a single participant are not adequate to
draw generalized conclusions, the results here suggest that researchers taking measures of urogenital
kinematics from TPUS images must be aware of the potential for probe motion depending on the task

being performed, the position of the woman, and her continence status.

The K functions were devised to act as multipliers on r for the quantification of error in the x- and y-
directions (Figure 4.6), whereas the nature of absolute error incurred by in-plane probe rotation allows for
the complete visualization of this phenomenon as a factor of its independent variables (Figure 4.7). While
positive and negative O values will affect the direction of the error differently, the absolute error function
(Figure 4.7) best describes the effects of © and r on error. Where there is no probe rotation (O = 0), the
error function will be zero regardless, while in situations where © # 0 changes in o and r can have
marked effects on the directional and absolute error. Regardless of the direction of in-plane probe
rotation, higher values of © will yield higher magnitudes of error. With this in mind, and with an
understanding that our ability to control for variations in r and o may be limited, at this point researchers
should focus on minimizing © and should consider expressing measures of landmark excursion as
absolute values with an angular direction as opposed to expressing measures in anatomic or Cartesian co-
ordinates.
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Considering these results, it is clear that larger values of r and © will inherently lead to higher error in
measures, however if the measures being taken are small to begin with (e.g. caudal displacement of the
anorectal angle during a Valsalva performed in standing by a woman with a healthy pelvic floor) then
error quickly explodes to a higher percentage of the measure itself, and the measure no longer has clinical
value. Though the motion capture data collected during the various tasks were not synchronized to the
TPUS video, the data suggest that professionals using TPUS images as a basis for measuring urogenital
landmark excursion should do so with caution. Additionally, while some groups have implemented a
manually aligned coordinate system to minimize the error incurred due to probe rotation [16], [37], [66],
if the coordinate system is misaligned by even a few degrees (e.g. MVC supine), depending on the task,
the error resulting from this misalignment can be quite large. With this understanding of TPUS image
analysis and the results present here, the much lower magnitudes of error presented by Reddy et al [37]
may in reality have been calculated compensating only for probe motion, but not for probe rotation. It
should also be noted that depending on the task and the biomechanics in a given patient, general trends
can be expected. Healthy control patients tend to exhibit more stability in their urogenital organs and thus
lower displacements during tasks such as Valsalva and coughing [11], [14], [36], [71]. As such, the
impacts of error caused by in-plane probe rotation will likely be higher in healthy women during
coughing and Valsalva due to the small magnitudes of the measures being taken. Additionally, in MVC
tasks, women with weaker PFMs who exhibit lower levels of soft tissue deformation [12] will be more

likely to yield higher magnitudes of error in measures taken from TPUS.

While this work provides valuable insight into the effects of in-plane probe rotation on measures taken
from TPUS images, there are several inherent limitations, the most prominent of which is sample size.
This work is meant to present a mathematical model that allows for error calculation and a single case
analysis showing the potential effects of error in a specific data collection. As such, data from a single
patient do not necessarily represent population effects. Although there is obvious need for follow-up
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work with a larger sample size, the results of this single case analysis suggest that there is a need to
develop strategies to limit the parameters contributing to error in measures taken from TPUS.
Additionally, our motion capture was not synchronized to the TPUS image acquisition. While the data
collection was carefully controlled by the investigator (C.C.), there is potential that peak values for ©
may have occurred slightly before or after image acquisition rendering the values non-representative of
probe rotation during the actual data collection. Use of an ultrasound system that can be triggered
externally will provide further insight and should be used in subsequent studies. The alignment of the
anatomically significant coordinate system with the horizontal, regardless of orientation of the pubic
symphysis must also be acknowledged as another limitation. Lastly, as explained in the methods section,
modelling the origin of ultrasound wave omission in the sagittal plane as a single point may be an
oversimplification of the situation. Despite these limitations, the mathematical model and data presented
here serve the intended purpose: to inform of the potential for error in a method used by many researchers

around the world.

This study demonstrates that error in measures of sagittal plane urogenital kinematics incurred due to in-
plane TPUS probe rotation varies depending on the dynamic task being performed, the continence status,
the position, and the anatomy of the patient. Additionally, higher levels of in-plane probe rotation will
yield a higher magnitude of error. In the standing position and during tasks involving increases in IAP or
straining, researchers can expect the impacts of this error to be potentially quite large. Additionally, the
smaller the expected measures, the larger the impact of error due to in-plane probe rotation will be. In the
case of researchers using manually aligned coordinate systems, misalignment of the coordinate system
can also impact measures in the same way as in-plane probe rotation. Moving forward, researchers are
advised to either monitor and compensate for in-plane probe rotation when taking measures from TPUS
video, or to employ visual feedback monitoring in-plane probe rotation during image acquisition, such
that the technician can limit probe rotation to a range deemed acceptable by the research team based on
the expected magnitude of landmark motion.
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5 Discussion

There are critical gaps in the literature in terms of our understanding how TPUS probe motion influences
the calculation of sagittal plane urogenital kinematics and the validity of these measures. This work
aimed to (1) develop a semi-automated software (UROKIN) that compensates for in-plane TPUS probe
motion and calculates kinematic curves of relevant urogenital landmarks, and (2) characterize and
quantify the error incurred in measures of urogenital system kinematics due to in-plane TPUS probe
rotation. The results presented within this thesis have achieved these aims and show tremendous promise

for UROKIN as a valuable tool, able to answer relevant clinical and research questions.

5.1 Summary of Results

The development of the UROKIN software is described in Chapter 3. TPUS video captured from twenty
women with SUI and nine women with no history of SUI while they performed three repetitions of a
PFM MVC task in a supine position were used to complete preliminary testing of the UROKIN software.
Specifically, two users processed the same 30 TPUS videos, three PFM MVC trials each from ten women
with SUI, and the between-user variability, reported using RMSE, was found to be well below the
biological variability among the women. As such, we were able to pool videos processed by the two
users, to generate complete kinematic curves for all women in the sample. The output of the UROKIN
algorithm was able to distinguish both timing and amplitude differences in the kinematic curves of
anorectal angle and bladder neck motion between women with and without SUI. Specifically, from
normalized, ensemble-averaged curves; we found that the anorectal angle exhibited a lower peak anterior
displacement and an earlier peak in cranial displacement in women with SUI, while the same group
demonstrated significantly lower cranial motion of the bladder neck, as compared to the healthy control
group. All of these variables correlated significantly with PFM strength measured using manual digital

palpation.
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In developing a mathematical model to characterize the impact of in-plane TPUS probe rotation on
measures of urogenital kinematics in the sagittal plane, error incurred in measures of urogenital landmark
displacement by in-plane probe rotation was found to be a factor of: r, the distance from the postero-
caudal margin of the pubic symphysis to the theoretical mid-sagittal origin of the TPUS probe; and O, the
magnitude of in-plane ultrasound probe rotation. Additionally, when considering the directional impact of
error in its x- and y- components, a third variable contributed to error incurred in measures of landmark
excursion: a, the angular deviation between the anatomical coordinate system and an arbitrary reference
coordinate system oriented with the x-axis running from the postero-caudal pubic symphysis to the
theoretical origin of the TPUS probe. In the derivation for directional error presented, the expression is
simplified such that r acts as a multiplier on K, a function of © and a. Plots of the K function demonstrate
that the value of K in the x-direction, y-direction, and as an absolute value varied to a larger degree with
changes in O than with changes in a. When error was considered as an absolute value, a simple
expression could be used in which r and © acted as the independent variables and absolute error could be
visualized as a 3D surface plot (Figure 4.7). Using ultrasound image data from women with and without
SUI, average values were found to range from 35mm to 70mm for r, and from 320° to 350° for a. In a
case analysis on a healthy female, values of © were found to vary between 0 and 20°. All of these values
are dependent on the continence status of the woman, the task being performed, and the position of the
woman during image acquisition. Tasks in the standing position were found to yield higher r and ©
values than in supine, likely due to the confounding influences of postural control and inherent difficulty
stabilizing the probe surface firmly against the perineum using consistent pressure. Between tasks,
Valsalva maneuvers were found to yield the highest values of © among all tasks in both the standing and
supine positions, likely because the clinician must deliberately rotate the probe in order to keep relevant
anatomical landmarks in view. During Valsalva maneuvers, clinicians must also adjust the amount of
pressure applied by the probe on the perineum as it descends, which may affect magnitudes r and ©.

Based on the analysis presented, error in measures of urogenital landmark displacement can vary from
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4% to over 100% of the measure depending on the task, the position of the patient, and the landmark

being traced.

5.2 The UROKIN Software

The UROKIN algorithm provided extremely positive results in our proof of concept. Our initial reliability
evaluation of UROKIN software outcomes yielded an average between-user variability, characterized by
RMSE, of less than 5% of the mean between-user difference in kinematic outcomes computed for a
coughing task, identified by Peng et al.’s algorithm [45], [71]. Admittedly urogenital landmark motion
observed during PFM MVCs may have less between-participant variability than what is observed during
coughing, however this level of between-user variability is also much smaller than the biological
variability we observed in our sample. These results provide justification for completing a thorough
reliability analysis on kinematic outcomes computed for different urogenital landmarks and throughout

different tasks.

The UROKIN algorithm was able to identify significant differences between women with and without
SUI in both time and amplitude characteristics of the urogenital landmark kinematic curves. The findings
of this study are complimentary to the only other results presented in the literature thus far. During
coughing, women with SUI were observed to initially experience a caudal decent of the anorectal angle,
perhaps indicative of a difficulty in the PFMs ability to overcome downward forces generated by the
increase in IAP [14], [46]. Our women with SUI demonstrated lower anterior motion and a lower and
earlier peak in cranial motion of the anorectal angle, as well as less cranial motion of the bladder neck
compared to the control group. These results suggest that, although the women with SUI were actively
contracting their PFMs, as evidenced by the shortening of the levator plate, the cranial aspect of their
contraction ends prematurely. This may suggest that the women with SUI experience difficulty

generating and maintaining the lifting component of the PFM contraction, which may translate to less
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stability of the urethra seen during coughing [14], [46]. The outcomes of this work provide sufficient
evidence that this line of investigation is worth pursuing, and that once the reliability of UROKIN has
been established, we can proceed to investigate larger samples of women performing different tasks in

different positions.

5.3 The Effects of In-Plane Probe Rotation

The mathematical model of in-plane probe rotation showed that r, and © are all relevant to the magnitude
of error, while a third factor, a, is relevant to directional error. This finding was in line with our
expectations. The independent variables r and © appear to have the most prominent effect on the
magnitude of error. The variable o appears to be dependent on variety of factors including an individual
woman’s anatomy, probe pressure, probe orientation, and other factors, making it difficult to control.
Higher values of r measured in the standing position support evidence in literature that the bladder neck
[22] rests more caudally and that forces in the caudal portion of the urogenital system are higher in the
standing position than in supine [113], presumably due to the weight of the abdominal and pelvic
contents resting on the pelvic floor, and the increased IAP generated by the abdominal muscle contraction
required for postural stability. As expected, our results suggest that the entire perineum rests more
caudally in standing compared to supine, leading to an increased distance between the pubic symphysis
and the ultrasound probe (ie. our r value) when TPUS images are acquired in standing. Additionally, the
measured values of r generally tended to be higher in the SUI group with respect to the control group.
This may be due to the significantly higher BMI of the SUI group, which has been linked to increased
IAP and increased urethral mobility [18]. Unfortunately, there is little to be done during image
acquisition to mitigate the impact of r or a. The imaging technician should ensure that the TPUS probe is
resting firmly against the perineum, without causing pain, but beyond this, r and a are factors of the

patient’s anatomy and cannot be closely controlled.
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There is little research presented in the literature investigating the magnitudes of probe rotation during
sagittal TPUS imaging. The values presented in Chapter 4 during the coughing task were in line with the
+5° of probe rotation observed by Peng et al. who also investigated a coughing task [14]. Beyond this,
there is no published literature providing estimates of probe rotation measured during the acquisition of
TPUS video during Valsalva or MVC tasks. Although we recorded probe motion during imaging in only
one woman, we observed higher magnitudes of probe rotation during the Valsalva maneuver compared to
PFM MVC or coughing. This is likely due to the nature of the Valsalva maneuver itself, in that it requires
a woman to increase her IAP and relax the pelvic floor — causing the urogenital structures to move
postero-caudally in the mid-sagittal plane. The descent of the perineum itself, which was observed in our
sample, may alter the orientation of the TPUS probe, potentially increasing magnitudes of probe rotation.
We observed higher magnitudes of probe rotation in the standing position with respect to supine. It is
well known that imaging in standing can impact the stability of the TPUS transducer [58], however PFM
mechanics do vary from the supine to the standing position [22], [113], [114]. As such, it is necessary for
researchers to consider how these factors may impact TPUS acquisition in standing and thus influence
outcomes. Tracking and minimizing the magnitude of © during image acquisition would minimize error

incurred in computations of urogenital kinematics by TPUS probe rotation.

5.4 Contributions to the Literature

The literature review completed at the outset of this study identified significant gaps with respect to the
limitations of TPUS as it has been used in research to date, the validation of software designed to take
measures of urogenital kinematics, and urogenital kinematic measures themselves. The mathematical
model of in-plane probe rotation presented here has quantified a previously uninvestigated phenomenon.
Using this derivation and measures detailed here, we now have a better understanding of the impacts of
patient anatomy, probe design and orientation, and in-plane probe rotation on the measures being taken.

For those who do not compensate for the effects in-plane probe rotation, the evidence here suggests that
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this variable may be worth monitoring and limiting. For those who already compensate for the effects in-
plane probe rotation in their analyses, the effects of small rotations on their results can be quantified. The
UROKIN algorithm has demonstrated improvements upon some of the previous limitations in the
literature, provides promising preliminary evidence of acceptable inter-user reliability, and was able to
distinguish urogenital kinematic differences between continent women and women with SUIL. While there
are still many improvements to be made, this body of work has eliminated some of the uncertainty
associated with TPUS of the urogenital system and has provided a unique solution in the form of

UROKIN.

5.5 Future Work

Although the research presented in this thesis has made valuable contributions to knowledge, there is
much room for improvement. In terms of the UROKIN software, angular rotations in the algorithm,
currently calculated with respect to the pubic symphysis, must be updated to incorporate what we have
learned through the error analysis presented in Chapter 4. In-plane probe rotation should be compensated
for with respect to the theoretical origin of the ultrasound probe. The method of tracing the pubic
symphysis to generate a local coordinate system for each video, while generally in line with the
anatomical directions, is not perfectly aligned between patients or trials. Finding a way to align
coordinate systems consistently between TPUS videos will improve the validity of these measures.
Further, the two users of the software who processed images for this study have suggested many
improvements which will be implemented to speed up data processing. These two users are currently
participating in a formal reliability analysis which we are hoping to present in the near future. As well,
we have completed the pilot testing to assess the validity of the UROKIN algorithm and will present this

in future works.
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The use of the UROKIN software, in its current form, is very time consuming. One video, that is one
trial of one MVC task, can take upwards of 6 hours to process. An obvious direction for this research is to
incorporate automated segmentation into the UROKIN algorithm. The last group to employ automated
segmentation of urogenital structures in sagittal TPUS video analysis, published their algorithm in 2006
[45] and there have been many breakthroughs in image analysis since then. Once we have refined
UROKIN based on the results of this thesis, we are next planning to optimize the sampling rates by

performing an in-depth frequency analysis of kinematic curves obtained using the UROKIN algorithm.

5.6 Conclusion

While there is still much to be done, the mathematical derivation and the UROKIN software presented in
this thesis have yielded essential additions to the literature. This formulation of error and investigation
into its contributing factors will provide researchers with information required to better understand
research involving the motion of urogenital landmarks. As well, the initial development and testing of the
UROKIN software has provided the exciting capacity to investigate the kinematics of urogenital mobility
and morphology. This software will be instrumental in future investigation into the continence
mechanism, SUI and many other PFDs. Continued work to further develop the UROKIN software is
definitely warranted, and has the capacity to change how we evaluate and intervene to improve

continence function in women — thus having a major impact on both their health and quality of life.
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