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Abstract
Background: Weakness or damage to the pelvic floor muscles results in pelvic
organ prolapse (POP), which affects 50% of women >50 years old. Posture and gravity
impact organ position and symptom severity. Current limitations of clinical examination
and restriction to imaging in the supine position impact accurate diagnosis and disease
staging. Open upright magnetic resonance imaging (MRO), allows images of patients
sitting, standing, and supine. In this dissertation it is hypothesized that MRO images will
allow improved detection of the presence and extent of prolapse.
Methods: A Paramed Medical Systems 0.5 T upright Open MRI scanner (MRO)
was used to obtain axial and sagittal T2-weighted pelvic scans in women when supine,
sitting, and standing. Symptomatic women with POP and asymptomatic controls were
studied. The protocol developed obtains good quality images efficiently in all three
positions. Validated reference lines were used to identify where POP was present in the
same patient in different positions and to grade its severity. A manual segmentation
methodology was developed using Analyze 12.0 software to construct 3D models of the
female pelvis from 2D images to enhance the visualization of complex pelvic anatomy.
Results: Forty women (20 with POP and 20 asymptomatic controls) were
studied. Detection of POP in standing versus supine images in symptomatic women
was 50% vs. 5% for cystocele and 35% vs. 25% for vaginal prolapse, indicating
improved visualization of gravity-dependent POP with MRO standing imaging. Image
comparison indicated that the extent of prolapse is best evaluated in the standing
position using the pubococcygeal reference line. These images better identify
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downward movement in the anterior and posterior compartments. No appreciable
benefit was afforded by seated images.
Conclusion: The findings support the hypothesis that MRO imaging of POP
patients is relevant to improving the detection and quantification of POP. The MRO
protocol developed for standing images in women with POP demonstrated feasibility
allowing supine, sitting, and standing imaging of changes in pelvic floor anatomy in
upright positioning. When compared with supine images, standing images better identify
the presence and extent of POP. 3D image modeling allows more comprehensive
visualization of complex female pelvic anatomy.
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Lay Summary
Pelvic organ prolapse (POP) occurs in more than 50% of women over 50
because the supporting pelvic floor muscles are weak or damaged. Symptoms include
bladder, bowel, and sexual problems. Clinical evaluation is difficult because POP is
often made worse by upright posture. It is problematic that imaging is currently only able
to be done with patients lying supine. My research goal was to use upright open MRI
(MRO), which allows imaging of patients sitting or standing, to improve diagnostic
accuracy by detecting where posture and gravity affect POP. I developed a protocol for
MRO imaging of the female pelvis, improved diagnostic accuracy by adding established
reference lines to standing MRO images, and created 3D models from 2D MRO images
to enable clinicians and patients to better visualize the interplay of the pelvic structures,
to improve the diagnosis and staging of POP severity on which correct treatment
planning depends.
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Chapter 1. Introduction1
1.1. Pelvic floor anatomy
The essential supportive structures of the pelvis are made up of the pelvic fascia
(passive) and pelvic floor musculature (active). The fascial structure components are of
two types, parietal and visceral (endopelvic). Parietal fascia covers the pelvic skeletal
muscle and binds muscles to the bony pelvis. Visceral endopelvic fascia exists
throughout the pelvis as a framework that provides support for the internal pelvic organs
in the center of the pelvis and maintains their relationship with each other. The skeletal
muscles of the pelvic floor consist of the levator ani muscles, the coccygeus muscle, the
external anal sphincter, the striated urethral sphincter, and the superficial perineal
muscles [1].
1.2. Pelvic diaphragm
The pelvic diaphragm is a sheet of muscles that arise from the anterior pelvis at
the posterior portion of the symphysis pubis and connect to the ischial spine and
coccyx. The pelvic diaphragm consists of the levator ani, which is a combination of
three muscles, pubococcygeus, iliococcygeus, puborectalis, and coccygeus, with
various insertions (Fig. 1.1). The puborectalis muscle originates from the posterior
surface of pubic rami and arcus tendineus levator ani pass posteriorly to form a sling
around the vagina, rectum, and the perineal body. The pubococcygeus has an identical
origin and ends in the midline on the anococcygeal raphe. The iliococcygeal muscle
attaches along the arcus tendineus levator ani and then on the anococcygeal raphe to
make up the levator plate [1].
1
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Figure 1.1. 27-year-old asymptomatic woman without pelvic floor defect. Axial T1weighted fast spin-echo images show a normal pelvic diaphragm. (A) The
puborectalis muscles (white arrow) surrounding the urethra, vagina, and rectum
and the periurethral ligament (blue arrow) spanning anteriorly to the urethra
among the levator ani. Note that the H-shape of the vagina determines the
symmetric attachments. Note normal urethra (U), normal vagina (V), and normal
rectum (R). (B) Axial T1-weighted image shows the pubococcygeus m. part (white
arrow) of the levator m. and the coccyx (blue arrow). (C) Axial image shows the
iliococcygeus m. part (white arrows) of the levator and the coccyx (blue arrows).
(Original images from source subjects).

(A)

(B)
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(C)
1.3. Urogenital diaphragm
The urogenital diaphragm exists over the anterior pelvic outlet under the pelvic
diaphragm. However, there is debate over whether this structure consists of a
transverse sheet of muscle continuing across the pubic arch (deep transverse perinei
muscle) among superior and inferior fascia [2] or comprises three contiguous striated
muscles (compressor urethrae, sphincter urethrae, and urethra-vaginalis) and an
inferior fascial layer known as the perineal membrane [3, 4].
The most superficial ischiocaverosus and bulbocavernosus muscles, as well as
the thin slips of the superficial transverse perinei [4], continue the inferior aspect of the
urogenital diaphragm. The structure extends across the gap between the inferior pubic
rami bilaterally and the perineal body. It closes the urogenital (levator) hiatus. It adds
support and has a sphincter-like impact at the distal part of the vagina, and due to its
connection to periurethral striated muscles, contributes to continence. It also supplies
3

structural support for the distal urethra. At the posterior triangle encircling the anus there
is an identical diaphragm or membrane. The ischiorectal fossae are the areas lateral to
the anus under the pelvic diaphragm [2].
1.4. Perineal body
The perineal body, situated between the vagina and anus, is a focal element
among the urogenital and anal triangles of the perineum. A mass of interlocking
muscular, fascial, and fibrous components between the vagina and anorectum [5], it is
integral for continence and vulnerable to injury from episiotomy or tears during vaginal
delivery. It is the focal point for insertion of the muscles of the deep transverse perineal
muscle, which originates from the perineal body to the ischial tuberosity, the superficial
muscles of the perineal membrane, the external sphincter urethrae, and the external
anal sphincter, which passes posteriorly and is inserted onto the coccyx and the levator
ani. The importance of the perineal body is as an attachment point for the anorectum
and vagina and as a means of preventing stretching of the urogenital hiatus. The
urogenital hiatus is the U-shaped hiatus in the levator ani muscles through which the
urethra, vagina, and rectum pass [1].
1.5. Anterior compartment
Support of the urethra comes from the pelvic muscles and fasciae. The
endopelvic fascia condensations supply ligamentous support for the urethra. In a study
of the urethral support ligaments using high-resolution MRI and an endourethral MR coil
by Macura et al. [6], three groups of urethral support ligaments were defined in females:
the periurethral ligaments originate from the puborectalis muscle and pass ventral to the
urethra, the paraurethral ligaments originate from the lateral wall of the urethra to the
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periurethral ligaments, and the pubourethral ligaments. This group of ligaments and the
anterior vaginal wall give a hammock-like support to the urethra. These support
mechanisms, with the pelvic diaphragm, which raises the urinary bladder and prolongs
the urethra, all play a significant role in preserving urinary continence in women [3].
Several studies have reported that disorders of this hammock-like support component
are closely associated with the beginning of stress urinary incontinence [7, 8].
Yang et al. [9] demonstrated that the normal vertical location of the bladder neck
at strain should be less than 1 cm from the pubococcygeal line (PCL). The distal part of
the urethra is correlative with the anterior vaginal wall. In women with stress urinary
incontinence, the anterior vaginal wall support is diminished. Raised intraabdominal
pressure causes a downward motion of the bladder neck below the PCL and prolapse
of the urinary bladder out of the anterior vaginal wall, resulting in a cystocele (Fig. 1.2).
Because the bladder neck and proximal urethra are mobile, downward motion of the
bladder neck during straining can cause clockwise rotational displacement of the
bladder neck and proximal urethra. If the proximal urethra rotates more than 30°,
urethral hypermobility exists and may result in kinking of the proximal urethra that can
make stress urinary incontinence disappear [10]. In a study by Kim et al. [11], disruption
of the periurethral and paraurethral ligamentous supports were recurrently observed in
patients with stress urinary incontinence; they propose that a dysfunction of attachment
among the urethra and the puborectalis sling is one of the main reasons for urethral
hypermobility [10].
The naturalistic butterfly shape of the vagina can also be changed by a reduction
in the paravaginal ligamentous support. The vagina can have a flattened appearance
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because the vaginal wall will descend posteriorly as a consequence of defect of
paravaginal attachments. The loss to the paravaginal ligaments will debilitate support to
the urethra because the middle and distal thirds of the urethra are closely connected to
and supported by the anterior vaginal wall. The loss of the normal shape of the vagina is
therefore an important sign of paravaginal tears in women with urinary incontinence.
This finding will be relevant to the surgeon because repair of the cystocele alone will be
inadequate, and fascial repair might also be required [12].
Figure 1.2. A 70-year-old patient with pelvic organ prolapse. Sagittal FSE T2weighted image in the standing position shows prolapse of the bladder neck
(white arrow) below the pubococcygeal line (PCL) and outpouching of the
anterior rectal wall (blue arrow). (Original images from source subjects).

6

1.6. Middle compartment
The middle compartment of the pelvic floor includes the reproductive structures,
i.e., the uterus, the cervix, and the vagina. Studies by DeLancey [7] defined vaginal
support as having three levels. The cephalic 2- to 3-cm part of the vagina, noted as
level 1, is suspended from the pelvic side wall by the parametrium and paracolpium,
condensations of the endopelvic fascia. Level 3 is noted as the level that begins at the
hymen ring and extends 2–3 cm cephalad to it, and level 2 is between levels 1 and 3.
Level 2 of the vagina is linked to the arcus tendineus, although level 3 is directly fused
anteriorly to the urethra, laterally to the levator ani muscles, and posteriorly to the
perineal body, instead of being attached to or suspended from the pelvic walls. The
distal third of the vagina has a different embryologic origin from the proximal two thirds
of the vagina.
Prolapse of the middle compartment in patients with hysterectomy is also known
as “apical prolapse” and is due to the descent of the vaginal apex. When the patient has
had a hysterectomy, the paracolpium is supplied as support to the vaginal apex, and the
vaginal apex should maintain at least 1 cm over the pubococcygeal line at strain [9].
Dysfunction of the paracolpium may then lead to apical prolapse.
Although loss of the normal butterfly shape of the vagina is widely noted to
indicate a defect of the paravaginal ligaments, loss of the normal shape on MRI may
also be observed in nulliparous asymptomatic women and in the absence of symptoms.
Consequently, the diagnosis of loss of vaginal support should not be made only on the
basis of loss of vaginal shape [1].
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The parametrium, a component of the uterosacral and cardinal ligaments,
suspends the uterus and cervix from the pelvic side walls. On midsagittal MRI,
downward movement of the uterus in addition to downward movement of the cervix and
vagina often suggests a defect of the uterosacral or cardinal ligaments. The horizontal H
and M lines can lengthen. On axial images, the transverse dimension of the levator
hiatus can be widened, the vagina may also be flattened or the symmetric butterfly
shape diminished. The size of the urogenital hiatus in the levator muscles, a length that
is defined clinically by physical examination, has been seen to be larger in patients with
pelvic organ prolapse [13].
1.7. Posterior compartment
The distal part of vagina is fused with the perineal body, which separates the
vagina from the rectum. The perineal body is a significant anchoring structure for the
muscles and ligaments of the urogenital diaphragm. The rectovaginal fascia, which is a
condensation of the endopelvic fascia that is connected to the perineal body, also acts
as a support diaphragm, avoiding posterior prolapse. The iliococcygeus muscle, which
is a flat horizontally oriented shelf within the rectovaginal fascia, forms a diaphragm
supporting the pelvic organs, particularly those in the posterior compartment. The
puborectalis muscle tightens the urogenital hiatus and keeps the pelvic organs in
position by forming a U-shaped sling between the pubis and the anus. An episiotomy
during vaginal childbirth can result in damage to the perineal body. Separation of the
perineal body or damage of the rectovaginal fascia or the iliococcygeus muscle may
permit the bowel and peritoneal contents to protrude inferiorly out of the posterior
vaginal wall, causing posterior prolapse.
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The levator plate, the midline raphe of the iliococcygeus muscle, is easily
recognized on midsagittal MR images. In normal women it should be parallel to the PCL
[10]. Caudal angulation of the levator plate on the MRI image by more than 10° with
respect to the PCL is an indication of a pelvic floor defect [12].
One of the main reasons for the presence of posterior vaginal bulge is anterior
rectocele, which happens by herniation of the anterior wall of the rectum into the
posterior vaginal wall as a consequence of weakness from defects in the rectovaginal
fascia. Rectoceles are measured as the depth of wall protrusion beyond the expected
margin of the normal anorectal wall, and they are clinically significant when the bulge
exceeds 2 cm during evacuation [14-18]. A rectocele is distinguished by a rectal bulge
of more than 3 cm, which is the distance measured between the anal canal and the tip
of the rectocele [19]. An anterior rectal bulge of up to 3 cm can happen in women
without creating a disruption deformity. The superior soft-tissue contrast of MRI permits
the posterior compartment to be clear images, with good details, such as the
hyperintense fluid-filled small-bowel loops in enteroceles, the hyperintense T2 bright
peritoneal fat in peritoneoceles, and the hyperintense gel-filled rectum or sigmoid colon
in rectoceles or sigmoidoceles [20].
Prolapse of peritoneal contents occurs because of dysfunction of the ligaments
providing support and the iliococcygeus muscle resulting in widening of the rectovaginal
space. In normal women, the rectovaginal space caudal to the upper third of the vagina
is closely apposed [20]. Widening of this space can permit inferior herniation of the
peritoneal fat, small bowel, sigmoid colon, and fluid in the pouch of Douglas. A
hysterectomy may result in disruption of the rectovaginal fascia and a high risk of
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enterocele occurrence [21]. A large enterocele can hide an existing cystocele or
rectocele owing to the narrow space in the pelvic floor. Enteroceles are measured as
mild, moderate, or severe when they extend 3 cm, 3–6 cm, or greater than 6 cm,
respectively, below the PCL [20]. Reduction of the enterocele can be required before
evaluation of the other compartments of the pelvic floor. Conversely, a constantly large
rectocele or incomplete evacuation of the rectal contents in a large rectocele can also
hide an enterocele or a cystocele [22]. Appropriate evacuation of the rectal contents
prior to the MR examination is needed to fully evaluate the pelvic floor [10].
1.8. Description of pelvic organ prolapse
Pelvic organ prolapse (POP) is one of the most prevalent and depressing
gynecologic conditions and can be hard to measure and relate to symptoms. In the late
nineteenth century several attempts at classifying POP were made [23]. It exists when
there is a weakness deformity in the pelvic floor supporting structures that keeps the
pelvic viscera from displacing. While generally not life threatening, prolapse causes
impaired quality of life as it can result in bladder, bowel, and sexual organ deformity
[24]. The etiology of pelvic organ prolapse is complicated and multifactorial. Risk factors
include pregnancy, childbirth, inherited or acquired connective tissue disruption,
hysterectomy, white race, denervation or weakness of the pelvic floor, obesity, smoking,
advancing age, estrogen deficiency, and actors related to chronically raised intraabdominal pressure. Weakening of the main supportive structures of the pelvis, which
are composed of the pelvic musculature and fascia, results in stretching and sometimes
tearing of the endopelvic fascia and prolapse of the now inadequately supported pelvic
organs [6].
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It is estimated that 50% of women over the age of 50 years have prolapse, but
only 10% to 20% of these women present seek assessment for their condition. [25] A
large demographic study by Luber et al. reported that the greatest incidence of
symptoms due to prolapse is among ages of 70 and 79, although POP symptoms are
still relatively prevalent in younger women [26]. Wu et al. [27] predict that by 2050 the
number of women with symptomatic POP in the United States will rise by a minimum of
46% (from 3.3 up to 4.9 million women) and in a “worst-case scenario” up to 200%,
which means 9.2 million women will be affected by POP [25].
1.9. Description of functional POP symptoms
Functional abnormalities caused by POP involve four main areas: (1) lower
urinary tract, (2) bowel, (3) sexual, (4) local symptoms, and (5) quality of life [28].
1.9.1. Urinary symptoms
Women with POP experience a variety of voiding symptoms, although most have
stress or urge incontinence [29-32]; these include stress incontinence, urgency,
frequency (diurnal and nocturnal), hesitancy, urge incontinence, weak or prolonged
urinary stream, feeling of incomplete emptying, a need for manual reduction of prolapse
to begin or complete bladder emptying, or for positional alteration to start or complete
voiding [33]. Manual reduction or altered position to urinate is most often needed with
large anterior wall prolapse [29, 32]. Prolapse repair may improve or cure both voiding
dysfunction, including stress and urge incontinence [33].
1.9.2. Bowel symptoms
There is no internationally accepted definition of fecal incontinence or
constipation. It is controversial whether constipation is caused by or an effect of
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weakness deformity in the posterior rectovaginal fascia [33]. Symptoms related to POP
include urgency of defecation, feeling of incomplete evacuation, incontinence of flatus,
incontinence of liquid stool, incontinence of solid stool, fecal staining of underwear,
hardness with defecation, inconvenience with defecation, digital manipulation of vagina,
perineum, or anus to complete defecation, and rectal protrusion during or after
defecation. Defecography is usually used to diagnose and assess defecation problems
that cannot be evaluated fully by clinical examination [33].
1.9.3. Sexual symptoms
Dyspareunia is a multifactorial and widespread symptom among elderly women
with POP; the feeling of a tight or shortened vagina is common [34, 35]. Other sexual
complaints due to urine leakage during intercourse, embarrassment, and vaginal
drought are more widespread in those with urinary Incontinence (UI) or POP compared
with normal women [36]. Other studies found that vaginal surgery, particularly posterior
colporrhaphy, is a risk factor for sexual problems and dyspareunia [34, 35]. It can be
hard to differentiate between the capacity to have vaginal intercourse and normal sexual
function [28].
1.9.4. Local symptoms
Local symptoms can occur due to the existence of a protrusion or bulge that may
be seen or felt [29, 30, 37-39] and include the following: vaginal or perineal pain, feeling
of tissue bulge in front of the vagina, vaginal compression or heaviness, abdominal
pressure or ache, low back ache, and observation or palpation of a mass [28]. The
absence of vaginal bulge symptoms post-surgery is an important element in a patient’s
evaluation of improvement in quality of life after surgery, whereas anatomical success
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alone does not [40]. Clinical assessment includes comprehensive visual inspection and
an evaluation of how these symptoms impact quality of life [25].
1.9.5. Quality of life
Quantification of health-related quality of life (HRQOL) may be categorized into
two types: generic and condition specific. Generic HRQOL tools are apply to estimate
quality of life in a wide range of diseases or populations while condition-specific
measurement systems are developed to measure the result of a particular problem on
HRQOL. Women with advanced stage POP (stage 3–4) have low generic and
condition-specific HRQOL in comparison with women with normal vaginal support [41].
It is recommended that researchers describe the results of POP surgical techniques on
HRQOL [25].
1.10. Pelvic organ prolapse staging
Correct staging of POP has an important place in clinical assessment, treatment
allocation, and outcome studies. The POP quantification (POP-Q) system [28] was
approved by the International Continence Society in 1996; however, other clinical
staging systems exist, as currently it remains hard to make a comprehensive diagnosis
on clinical examination alone in patients of posterior vaginal wall prolapse and/or a
multi-compartment deformity [42]. Problematically, underestimation of POP staging can
result in sub-optimal surgery [43], and is one of the causes for the high rate of
recurrence and need for repeat procedures after prolapse surgery [44-46]. Currently,
the lack of uniformity in staging complicates comparison of published reports and the
longitudinal assessment of patients [28].
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1.11. Early POP grading systems
Baden and Walker reported a classification system in 1972 that divides the
vagina into three segments: the anterior vaginal wall, the apex, and the posterior vaginal
wall, and then additionally subdivides each vaginal segment into two anatomic points, to
develop a vaginal profile employing six points, which are designated stages from 0 to 4
[47, 48]. In this classification system, a normal vagina with sufficient support of all six
segmentations has a vaginal profile that may be reported as "0-0---0-0---0-0". If an
urethrocele protrudes outside the hymen, a cystocele downward to the hymen, and
structure components of the superior and posterior segments are without problems, the
vaginal profile is described as "3-2---0-0---0-0". Each component is assigned stages 0
through 4. The hymen ring is utilized as a reference point. It is called the "half-way
system".
Another widely applied staging system reported by Beecham [49] is also in use.
Beecham thought that a urethrocele cannot be considered as a single existence. It can
be a portion of a primary cystocele. Most abnormal support of the anterior vaginal point
should be considered as a cystourethrocele. Utilizing the introitus as a reference point,
he graded the largest of vaginal supporting problem from first to third degree as the
following: cystocele, uterine prolapse, enterocele, rectocele, and prolapse of the vaginal
apex (Fig. 1.3).
The above two classification systems determine the supporting or suspension
anatomical problems as site specific. The patient is assessed during greater straining by
using a bidigital method or inserting the speculum or tenaculum inside the vagina.
However, these two systems are not fully accepted [47]. Therefore, in 1996 the POP-Q
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system was introduced by the Calibration Sub-committee of the International
Continence Society (ICS) in cooperation with the American Urogynecologic Society
(AUGS) and Society of Gynecologic Surgeons (SGS) [28].
Figure 1.3. Comparison of the three-validated pelvic organ prolapse grading
systems and a current simplified POP grading system suggested by the
Standardization and Terminology and Research and Development committees of
the International Urogynecology Association (IUGA) in 2006 adopted from (Swift
S, Morris S, McKinnie V, et al. [50] open access).

1.12. Pelvic organ prolapse quantification system POP-Q
The POP-Q system proposes that the clinical characterization of pelvic floor
anatomy should be defined through physical examination of the external genital and
vaginal canal. The POP-Q system utilizes segments of the lower reproductive tract to
change terms used in the two systems described above, such as cystocele, rectocele,
enterocele, or urethrovasical junction [51].
The POP-Q system confirms that the criterion for the end point of the
examination and the maximum protruding of the prolapse must be determined. The
criteria for defining a full extent of prolapse should involve one or all of the following:
protrusion of the vaginal wall becomes narrow during straining by the patient, traction on
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the prolapse causes no further descent, the size of the prolapse and the extent of the
protrusion are extensive, and a standing, straining examination emphasizes that the
maximum extent of the prolapse was seen in different positions [28]. The degree of
pelvic organ prolapse can be evaluated sufficiently in the dorsal lithotomy position with
the patient doing a maximum Valsalva maneuver. It is not essential to regularly repeat
the examination in the standing position [52]. Nine measurements of the defined points
comprise two on the anterior side, two on the posterior side, two externally, two
superiorly, and the total vaginal length; these should be registered during pelvic
examination [51].
Prolapse should be assessed by a standard system relative to obviously
determined anatomic points of reference. There are of two types: a fixed reference point
and defined points that are situated with respect to this reference [28]. The defined
points that are quantified in the POP-Q examination are shown in Figure 1.4, and the
grading system of the POP-Q is summarized in Figure 1.5.
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Figure 1.4. Points and landmarks used for POP-Q system examination adopted
from (Chen G-D, Ng S-C. [51] open access).

Figure 1.5. The scheme used for enrollment of the nine points adopted from
(Chen G-D, Ng S-C. [51] open access).

1.13. Limitation of the POP-Q system
Critics of the POP-Q system claim that it is hard to learn and does not address all
pelvic support abnormalities; problems like paravaginal dysfunction and relaxation of the
proximal anterior or posterior walls are usually forgotten by this system [53]. The clinical
POP-Q evaluation system is not conducive to discerning the full extent prolapse. In the
office setting, the patient is afraid of urinating or defecating while straining and
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conscious of someone watching, which makes it more likely that the patient will contract
the pelvic floor while straining. Additionally, not all patients understand how to Valsalva
[54]. There is anecdotal evidence from several members of the ICS and AUGS that the
POP-Q system is not being broadly used. The most common causes cited were that it is
time consuming and too confusing [55].
1.14. A new simplified POP classification system
A new simplified POP grading system was suggested by IUGA at the end of
2006 [50]. In the new simplified system, just four vaginal segments are specified to be
assessed: the anterior vaginal wall, the apex or posterior fornix, the cervix (when
present), and the posterior vaginal wall. The classified system for each segment is close
to that of POP-Q of 1996, but there are no specific measuring tools suggested for
quantitatively grading the prolapse segments.
The simplified POP-Q points for each segment are different from those of the
validated POP-Q system as follows: (1) the anterior vaginal segment is graded by using
point Ba, (2) the posterior vaginal segment is graded by using point Bp, (3) the cervix is
graded by using point C, and (4) the apex/posterior fornix is graded using point C in
non-hysterectomy women and point D in hysterectomy women.
1.15. Surgery
Surgical treatment of POP has increased as quality of life has become an
increasingly significant factor in patients’ lives. Accordingly, the annual incidence of
POP surgery is now 1.5 to 1.8 patients per 1000 [56]; by the age of 80 years 11% of
women have undergone POP surgery ; up to 30% require a repeat operation; and the
total cost of POP surgery is more 1 billion dollars per year in the United States [57].
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Repeat surgery implies surgical failure. However, reoperation commonly happens due
to successful operation in a single compartment predisposing the patient to worsening
prolapse in the other compartment or due to onset of UI [56]. When POP reoccurs after
hysterectomy, it often exists as vaginal apical prolapse. There are several surgical
reasons for vaginal apical prolapse [58].
1.16. Surgical procedures
1.16.1. Sacral colpopexy (open, robotic, and laparoscopic)
For a long time, abdominal sacral colpopexy (ASC) has been considered the best
intervention for vaginal vault prolapse. In this technique, the displaced vaginal vault is
fixed anteriorly to the longitudinal ligament of the sacrum by using polypropylene mesh.
After the vaginal vault is dissected and separated from the nearby organs, the bladder
and rectum, one end of the mesh is stitched to the vaginal vault while the other end is
stitched to the longitudinal ligament (Fig. 1.6) [59]. Because the mesh is helping support
the vagina, it has maximal stabilization consequences, with a great success rate and
minimum recurrence rate. On the other hand, ASC is a relatively long operation
associated with a long hospital stay, abundant blood loss, and elevated risk of
significant complications.
There are many vessels next to the sacrum, and a secure region to suture is
finite. To make matters more complex, vessel site differs between patients, and their
routes are hard to anticipate. Moreover, the ureter is very near to the promontorial
midsacral, which is a landmark for sacrocolpopexy, and its position varies between
patients [60]. Traditionally, sacrocolpopexy has been performed through an open
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transverse abdominal route; however, currently, robotic or laparoscopic sacrocolpopexy
is usually performed.

Figure 1.6. The vagina is fixed by two pieces of mesh (one end of the mesh
extending farther down in the posterior portion). On the other end the two pieces
are jointly attached to the sacrum (adopted from Baggish and Karram [59] open
access).

1.16.2. McCall culdoplasty
Among the several techniques of suspending the vaginal apex while performing
vaginal hysterectomy, the most popular method is McCall culdoplasty. Although McCall
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culdoplasty was not primarily introduced for vaginal vault prolapse, it is recognized to
assist in avoiding prolapse recurrence after hysterectomy. McCall is performed by
obliterating the posterior cul-de-sac and placing the uterosacral ligaments across the
midline ( Fig. 1.7) [59, 61].
Figure 1.7. McCall stitches from internal and external (adopted from Baggish and
Karram [59] open access).

1.16.3. Sacrospinous ligament fixation
Sacrospinous ligament fixation (SSLF) is a popular technique for fixing apical
vault prolapse through a vaginal route. Sederl [62] in 1958 in Germany reported that
SSLF includes connecting the vault to the sacrospinous ligament, approaching via the
dissected pararectal space [59, 63]. The sacrospinous ligament is situated among the
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ischial spine and the lower portion of sacrum and coccyx. It lies within the coccygeus
muscle, which is often known as the coccygeus-sacrospinous ligament complex [59].
The vaginal vault can be attached unilaterally or bilaterally to the ligaments. When done
unilaterally, the end of the vagina deviates to one side. Despite the minimum recurrence
range, prolapse of the anterior compartment appears and can recur more readily than
that of the posterior compartment [64]. Many authors have proposed that this is
because of deviation of the vagina toward the posterior orientation. This moves the
anterior vaginal wall rearward and makes it more likely the anterior compartment must
support more weight [65].
1.16.4. Uterosacral ligament suspension
Uterosacral ligament suspension (USLS) is another technique of apical vault
fixation through vaginal approach. Miller’s USLS has become a popular technique since
it was first developed in 1957. When performing McCall culdoplasty, the uterosacral
ligament is also utilized to suspend the vaginal vault, followed by internal McCall sutures
[66]. In traditional USLS, the uterosacral ligament is plicated at or above the ischial
spine level (Figs) [59]. Currently, a changed technique, indicated to be a modified high
USLS, has been developed. The suture location is shown in Figure 1.8 [59]. High USLS
can involve passage of the suture via the coccygeus-sacrospinous ligament complex,
due to a part of the uterosacral ligament inserted into this structure [59]. Additionally,
subjective symptoms were felt to be relieved in 82% to 100% of patients, giving
evidence that USLS is a strongly efficient technique [67].
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Figure 1.8. Intraperitoneal suite of sutures in a cross-section of the pelvic floor for
(1) McCall culdoplasty, (2) traditional uterosacral suspension, and (3) adjusted
high uterosacral suspension. CSSL, coccygeus-sacrospinous ligament complex
(adopted from Baggish and Karram [59] open access).

1.16.5. Iliococcygeus fascia suspension
Iliococcygeus fascia suspension (ICG) was first developed by Inmon in 1963 [68]
for patients whose uterosacral ligament was too complicated to be determined or too
deficient to support the vaginal vault. It was modulated in 1993 by Shull et al. [69]. ICG
uses the fascia of the iliococcygeus muscle below the ischial spine and lateral to the
rectum, where there are fewer major blood vessels and nerves [70]. Because of this
location of vaginal fixation, the vaginal axis is not disfigured notably and there is no
deviation anteriorly or posteriorly, as in SSLF [71].
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1.16.6. Vaginal mesh to augment apical suspension
It is important to repair vaginal apical prolapse using the patient’s own tissue.
There is another method to fix the vaginal apex that utilizes mesh and a transvaginal
approach. However, when using mesh, there are several risks possible: erosion, pain,
vaginal immobility, and inconvenience. Three of five exposures demand a surgical
technique to take out mesh, and three patients had recurrent surgery for prolapse,
whereas no patient in the no-mesh group demanded a recurrent surgery (P =
0.017) [71].
1.17. Pessary
1.17.1. History of pessary
Over numerous centuries several civilisations, such as the ancient Egyptians,
Indians, and Chinese and through to the Christian and modern eras, have developed
their own unique treatments and potions for cure of prolapse. 2000 years before the
birth of Christ, scripts from the Kahun papyrus from ancient Egypt suggested standing
the patient over a variety of burning substances to compel the displaced organs to
return into the pelvis [72]. Many ingredients, including mould, fermented beer, and
compost, have been suggested either for usage on the displacement organs or for
consumption by the patient to cure prolapse. Hippocrates suggested succussion, where
the patient was overturned to be head down and was shaken to put back the displaced
organs into the pelvis with the assistance of gravity. Polybus, the Greek physician,
produced one of the earliest “pessaries”, half a pomegranate was inserted into the
vagina (Fig. 1.9) [73]. Then Soranus, another Greek physician, suggested other
techniques, including putting a linen tampon soaked with vinegar or a piece of beef into
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the vagina. In the late sixteenth century the first device to be utilized as a pessary was
developed, rather than using naturally occurring objects. Ambroise Paré developed
oval-shaped pessaries, followed by Caspar Bauhin (1588) and William Fabry of Hilden
in (1592), who devised pessaries of several shapes ranging from oval to globular. The
word “pessary” emerges from the Greek word “pessos”, meaning an oval stone used in
a checkers-like game. Oval stones were put into the uteruses of saddle camels using a
hollow tube to prohibit conception during long desert voyages. This technique was used
widely in both Arabia and Turkey and would have translated to insertion of all
intrauterine devices [74].
Figure 1.9. Treatment by Polybus of vaginal prolapse by inserting a halved
pomegranate soaked in wine into the vagina adopted from ( Lamers BH,
Broekman BM, Milani AL. [75] open access).

25

1.17.2. Indication for pessary usage
Today, the main indication for a pessary is the existence of a symptomatic
prolapse when surgery is not possible. As a result, pessaries are usually used in older
women, or in those with several comorbidities, for whom an operation is not possible
[76]. However, full data on the most common age groups utilizing pessaries are scarce.
Pessaries may be utilized as a diagnostic tool when there are unclear symptoms of
back pain or urinary urgency. The usage of a pessary before surgery permits the
gynaecologist to decide if an operation will effectively provide relief of symptoms. It may
be also temporarily utilized in cases of denudation of the vaginal walls because of a
severe prolapse or to promote the integrity of the vaginal tissues prior surgery. In cases
of prolapse during pregnancy, when the prolapse is usually temporary until after
childbirth when spontaneous return to a normal location can be predicted, a pessary
can be suggested [77]. There is no consensus opinion in regard to whether they should
be suggested as a first-line treatment for prolapse and which types are the most
suitable [78]. Manufacturers’ brochures provide common guidelines for the option of
pessary type used but do not give direction as to which one patients should use [79].
1.17.3. Types of pessaries
Of the great number of pessaries developed, only 20 models still generally apply
(Fig. 1.10) [80]. Modern pessaries are made of inert silicone-coated rubber and can be
utilized in patients allergic to latex. Vaginal pessaries can be widely divided into two
types: support pessaries and space-filling pessaries [74].
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Figure 1.10. Varieties of vaginal pessary types used adopted from (Thakar R,
Stanton S. [80] open access).

1.17.3.1. Support pessaries
Ring: The ring is the most widely used pessary. It is commonly successful in
women with first and second stage prolapse. Due to the opening, it has some limitation,
with the cervix protruding via the opening. The advantages of ring fitting are the
capability to continue penetrative intercourse and the capability to keep the ring in the
vagina for a long time; there is no need for daily removal [74].
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Gehrung: The Gehrung is a folding pessary that supplies support to the
rectoceles, cystoceles, and procidentia. It is useful in that it may be manually molded to
suit the patient’s type of prolapse.
Incontinence ring/dish: This is similar in shape to the ring pessary but with an
anterior protuberance that supplies support to the urethra and bladder neck. Intercourse
is possible with the incontinence ring but not the incontinence dish in place.
1.17.3.2. Space-filling pessaries
Gellhorn: This pessary is beneficial in several stages of prolapse. The Gellhorn
is not compatible with sexual intercourse. The concave surface should be located
against the vaginal cuff or the cervix, and the stem should be located posterior to the
introitus. Short-stemmed differences are obtainable for women with shorter vaginal
lengths. The Gellhorn will not stay in place if the perineal support is lax.
Donut: The donut pessary is successful for the severe staging of prolapse,
particularly if the perineal support is lax.
Cube: The cube pessary must be removed before penetrative sexual
intercourse. It is held inside the vagina by suction of its six concave surfaces on the
vaginal wall, and it is important to remove and replace it daily, as the suction can cause
of erosions and fistulas of the vaginal walls.
1.17.3.3. Inflatable pessary
These are a selection of flexible pessaries that can be self-adjusted and chosen
for certain or irregular use according to the patient’s conditions. As with the cube
pessary, the inflatable pessary, as a result of impaction against the vaginal walls, must
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be removed and replaced every 1–2 days. Its main disadvantage is that it cannot be
fitted in latex allergic patients because it is made of rubber.
1.17.4. Pessary maintenance and follow-up
There is a lack of uniformity concerning follow-up, as it is commonly based on the
patient’s capability to insert and self-remove, the integrity of the vaginal epithelium, and
potential for complications. Informing the patient about the symptoms and signs of
possible complications is necessary so that she is conscious of any alteration in her
voiding pattern. Any ulceration or vaginal excoriation observed should result in rapid
cessation of pessary use until the vaginal skin recovers and replacement with a smallersized pessary or another type of pessary. Mild vaginal irritation is most common and
does not require cessation of the pessary. Follow-up every six months is recommended
for self-inserting patients, with more frequent follow-up visits for patients who are
incapable to self-insertion [74].
Evidence is lacking on who should be responsible for cleaning and changing
pessaries and how often this should be performed [81, 82]. Ideally, the physician can
teach a patient how to remove and replace the pessary herself. This increases a
patient’s autonomy, allowing her to use it and clean it when needed [83, 84]. Patients
who are not willing or able to handle pessary auspices themselves require more
frequent doctor (or nurse practitioner) visits.
1.17.5. Guidelines for pessary fitting
In postmenopausal women, combining fitting with local estrogen therapy for a
minimum of 6 weeks enhances effective fitting [85]. However, there is a lack of evidence
about a combination of hormone replacement therapy (HRT) with the use of pessary or
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training using pelvic floor exercises [78]. Hormone replacement therapy is prescribed to
reduce vaginal irritation and ulceration because of pressure of the pessary in an elderly
and atrophic vagina [86]. Prior to pessary fitting, there should be post-void inspection for
remaining urine, as pessaries can result in obstruction of urinary flow. To fit a pessary,
first examine the vaginal vault size with two fingers. Then, choose a covered ring
pessary or the design suitable for the diagnosis. Next, lubricate the pessary on the end
and then place and tilt it up back to the symphysis pubis. A finger breadth should fit
between the pessary and the vaginal mucosa. As soon as the pessary has been fitted,
the patient should walk around and exercise in the clinic to confirm that it will not
instantly fall out. It is most important to confirm that patients are able to void and are
provided with sufficient education prior to leaving the clinic with their fitted pessary. If
pessaries are hard to remove, fishing wire or dental floss can be connected to the
pessary to assist in removal. Recent Canadian practice recommends that a woman who
is able to remove her own pessary should remove, clean, and replace it once per
week [87].
1.17.6. Effectiveness of pessary usage
There can be a reduction in the size of the genital hiatus with continuous pessary
wearing. The reduced size of the genital hiatus can be observed even after 2 weeks of
continued pessary use [88]. There is observed improvement in POP stage after 1 year
of pessary use. Such improvements may be due to a transient impact of using a
pessary [83].

30

1.18. Current imaging techniques
Evaluation using imaging modalities is recommended in international guidelines
when the appropriate indication(s), such as pelvic floor dysfunction, repeated
unsuccessful surgery on posterior vaginal wall, and suspected fixed urethra, are
present, and imaging is highly recommended in specific situations [89]. Imaging
modalities employed currently include 2D and 3D ultrasound, computed tomography,
and magnetic resonance imaging.
1.18.1. Ultrasound
Imaging the pelvic floor in cases of dysfunction dates back to the 1920s [90].
Radiological techniques were used first to show changes in the bladder’s location within
the pelvis and subsequently to demonstrate central and posterior compartment
prolapse. During the 1980s the advent of B-mode real-time ultrasound allowed a clear
image to be obtained by the transperineal or the vaginal route [91]. Translabial
ultrasound can define uterovaginal prolapse [92]. The inferior border of the symphysis
pubis works as a line of reference against which the higher descent of bladder, uterus,
cul de sac, and rectal ampulla on the Valsalva maneuver can be measured [92].
Ultrasound imaging for prolapse quantification is especially helpful in outcome
evaluation after pelvic reconstructive surgery, both clinically and in a research context,
and it has also led to a re-appraisal of what is meant by prolapse.
The structures used for evaluation of the three compartments are (a) the bladder
neck or the leading edge of a cystocele for the anterior vaginal wall, (b) the cervix (or,
within certain limitations, the pouch of Douglas) for the central compartment, and (c) the
rectal ampulla for the posterior compartment. All these structures are imaged in real
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time in the mid-sagittal plane. An exception is a high undescended uterus that may be
hidden by a rectocele [89]. Because of its non-invasive nature, ready availability, and
lack of distortion, perineal or translabial ultrasound is now commonly applied in clinical
practice [92], and almost all gynecologists and urologists are trained in its use [91].
Current developments such as the evaluation of levator ani muscle activity and
prolapse and the use of color Doppler to define urine leakage are further promoting the
clinical utility of ultrasound. Hopefully, improved standardization of parameters will
facilitate the ability of clinicians and researchers to compare data [92]. Ultrasound
imaging of the pelvic floor is safer, lower in cost, and better at providing visualization of
the pelvic floor structures in real time than MRI. This includes evaluation of levator
function and dynamic changes during contraction and Valsalva [93]. As yet, there are no
comparisons of pre- and postnatal results gained with MRI, possibly because of cost
and logistic problems. However, such a comparison is available for many hundreds of
women studied by 4D translabial ultrasound [90].
Disadvantages of ultrasound include that a large bowel-filled prolapse, i.e., an
enterocele or rectocele, may cause incomplete imaging of the cervix and vault if these
structures remain high. In addition, variable transducer pressure can result in an
underestimation of severe prolapse. Procidentia or complete vaginal eversion prevents
translabial imaging, and sometimes what appears to be anterior vaginal wall prolapse
will turn out to be due to a urethral diverticulum [94, 95].
1.18.2. Computerized tomography (CT)
CT scans are not usually recommended for imaging the pelvic floor because of
the level of radiation required. However, this modality can offer accurate visualization of
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the pelvic soft tissue and bony structures and has been used to increase the diagnostic
accuracy of pelvic floor anatomical disorders [96]. Although the soft tissue contrast with
CT is inferior to that of MRI, the bladder, uterus, small bowel, peritoneal fat, and rectum
are readily identified, and changes in position with the patient straining can be
visualized. Additionally, the contour of the levator ani muscles can be evaluated
effectively, and images of pelvic anatomy can be produced in multiple planes.
Therefore, in patients who cannot tolerate MRI and in whom rapid noninvasive
multiplanar assessment of the pelvis is desired, CT has a role [97].
With recent scanners, tube output can be modified depending on the patient’s
body thickness, and this may help to decrease the radiation dose given. The pelvic floor
and viscera can be visualized, and the addition of dynamic imaging can be applied to
determine prolapse [97].
1.18.3. Magnetic resonance imaging (MRI)
Techniques associated with urology have developed over the last 30 years. In
the 1990s MR techniques were improved with rapid and strong gradients and higher
readout bandwidth. The first study depicting the using of MR for imaging pelvic organ
prolapse was by Yang et al. [9] The increasing availability of MRI has added the benefit
of this form of diagnostic imaging to evaluation in urogynecology and female urology,
with more studies being done every year [92]. With the option of cross-sectional imaging
methods, MRI has emerged as an alternate method to fluoroscopy for assessing
patients with POP [9, 17, 98].
The benefits of MRI include multiplanar imaging and superior soft tissue contrast,
which permits evaluation of the pelvic floor levator ani muscle in detail. The anatomy of
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the levator ani is now known to be complex; it has been shown not to be a single
muscle, being composed of two functional components that differ in thickness and
function [93]. In addition, where there is organ prolapse, enhanced visualization of the
rectovaginal space improves diagnosis of peritoneoceles and enteroceles and of the
cervix clarifies cervical descent [97] . This allows demonstration of enterocele-type
defects or peritoneoceles where there is just herniation of peritoneal fat and not bowel,
comprehensive evaluation of the levator ani muscle, and visualization of the uterus.
The position and relationship of the pelvic organs are best visualized on MRI in
the midsagittal plane. The imaging technique for the pelvic floor involves imaging in
various pelvic floor positions. Firstly, the position of the pelvic organs is assessed at
rest. Then, the pelvic floor muscle images are recorded during squeezing to view the
contractility and the strength of contraction of the pelvic floor. In the third phase, pelvic
floor pathologies are assessed during straining and evacuation. In a recent study to
view the full extent of pelvic floor pathologies imaging was done during evacuation of a
contrast agent; a number of pathologic conditions would have been missed if these
defecation phase images had not been acquired [99].
Dynamic MRI techniques have been shown to be more sensitive than pelvic
examination in evaluating and grading pelvic floor displacement in supine women and
also for diagnosis of rectoceles [100]. In the case of an anorectal problem, MR
defecography can identify several components of pelvic floor dysfunction, including
rectal descent, enterocele, anterior proctocele, and internal rectal prolapse [101]. The
short acquisition time is relevant because patients do not need to keep on straining for
more than 1 to 3 s. Patients are instructed in the Valsalva maneuver before the start of
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the examination, and instructions are repeated frequently during the imaging sequence
[102, 103]. Dynamic sequences that permit the acquisition of images in 1 to 10 s are
helpful to obtain maximal strain [104].
Sometimes, patients cannot tolerate MRI due to claustrophobia, general
weakness, or the presence of medical equipment [97]. Positive elements of MRI include
the fact that filling the bladder, the vagina, or the rectum does not seem to be a
fundamental requirement because of to the high resolution of MRI, which prevents
distorting the anatomy of the pelvic organs. Also, in a research context, MRI is
acceptable to asymptomatic volunteers [105].
The expense of MRI imaging and limited access to scanning facilities has
impacted widespread application of this technology. Additionally, because of the
dynamic nature of pelvic floor pathology, it is controversial whether even fast MRI
imaging can capture reproducible results owing to the dissimilarity of Valsalva
maneuvers between studies and possible variations in levator activity [89].
The physical features of MRI systems make it complicated for the operator to
ensure efficient conduct of the required maneuvers by patients; over 50% of women do
not achieve a proper pelvic floor contraction during examination, and a Valsalva is very
often confounded by associated levator ani activation [106]. Without real-time imaging,
these confounders cannot be controlled for [90].
1.18.3.1. Upright open MRI (MRO)
This important technological advance provides the ability to replicate normal
functional posture and enables the effects of gravity on prolapse to be evaluated for the
first time. In POP, posture and gravity impact pelvic organ position, pelvic floor muscle
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integrity, degree of prolapse, and symptom severity, and the degree of prolapse may be
worse after time in the upright position and better when gravity is not a factor, e.g.,
when lying in the supine position [96]. In a MRO scanner the magnet is configured with
a vertical gap, which enables patients to be scanned in the seated and standing
positions as well as when supine, so MRO can replicate normal functional posture and
enable the effects of gravity on the body to be evaluated.
Near-real-time sequences allow images to be obtained every 1.5 s. These can be
stored and displayed on video, enabling a dynamic assessment of the pelvic floor from
the resting position through straining and contraction [105]. The gynecologic literature
proposes that straining in the lying position does not give sufficient deformity of the
pelvic floor for accurate delineation of prolapse.
MRO allows visualization of all the pelvic organs and the pelvic floor support
structures; obviously the technique combines the advance of allowing sitting and
standing imaging with the known benefits of conventional MRI. I believe that the
importance of this technique is that it enables comprehensive definition of the full extent
of organ prolapse due to the effects of posture and gravity [105].
MRO is currently only available as a research entity, but with the imaging
protocols developed as part of my research and the superiority of this form of imaging
as a means of comprehensively evaluating and staging POP now demonstrated it is
likely that as scanners are forthcoming that MRO will be used to improve the diagnosis
and staging of POP [107].
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1.18.3.2. Reference lines
Image interpretation from conventional and upright open MRI evaluates the three
compartments of the pelvic floor [108]. The three compartments are evaluated for
morphologic changes such as POP at various pelvic floor positions. To define the
existence and descent of POP, the use of a point of reference is beneficial. Several
points and lines of reference for measuring POP have been reported (Fig. 1.11) [109].
The more commonly used lines are the pubococcygeal line (PCL) and the mid-pubic
line (MPL), both applied on midsagittal images. The PCL introduced by Yang et al. [9] is
the line drawn from the inferior part of the symphysis pubis to the last coccygeal joint.
Extending the posterior portion of the PCL to the sacrococcygeal joint also has been
proposed because there is movability of the coccyx with straining [110].
In the early 2000s the MPL was introduced to define a common reference line for
both clinical staging and MRI staging of prolapse [109]. The MPL is a line extending
along the long axis of the symphysis pubis. The PCL represents the levator plate, while
the MPL correlates with the level of the hymen, which is the landmark applied for clinical
staging [111]. To measure pelvic organ prolapse a perpendicular line is drawn from the
reference line (PCL or MPL) to the bladder base (anterior compartment), the cervix or
vaginal vault (middle compartment), and the anorectal junction (ARJ) (posterior
compartment) [112].
Another classification system, H line, M line, organ prolapse (HMO), has been
proposed for measuring prolapse [100]. The H line is drawn from the pubis to the
posterior anorectal junction and measures the levator hiatus width. Organ prolapse is
measured relative to that line. The M line measures the descent of the levator plate from
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the pubococcygeal line. The angle of the levator plate relative to the pubococcygeal line
and the width and part of the pelvic hiatus on axial images can be measured as well
[113].
The choice of which reference line is used is mostly made by the radiologist
and/or the referring clinician, as neither of the two lines has shown distinct superiority
[109]. The PCL, however, is the most-used reference line, particularly by surgeons and
gastroenterologists. The MPL is better known among urogynecologists, as it is
compatible with their clinical staging system. Both reference lines display only moderate
to poor agreement with clinical staging of pelvic organ prolapse [103].
Congruity between this clinical standard and MRI imaging analysis should be
used to document the utility of MRI and the success of treatment [113]. However,
different criteria are currently used for diagnosing prolapse on MRI. Most research that
reported using the bony reference lines uses one of the following criteria: (a) descent of
the bladder base more than 1 cm inferior to the pubococcygeal line, (b) position of the
cervix or vaginal vault less than 1 cm over the PCL or below it, and (c) descent of the
posterior compartment more than 2.5 cm below the PCL (International Urogynecological
Association and International Continence Society) [96]. There are also other minor
differences in the diagnostic criteria applied for prolapse; cystocele has been defined as
when the bladder descends to any area below the PCL, and uterocervical prolapse and
enterocele are when the cervix or small bowel are below the PCL [17].
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Figure 1.11. Shows how the pelvic reference lines will be drawn adopted from
(Betschart C, Chen L, Ashton-Miller JA, et al. [250] open access).

1.19. Rationale
Pelvic organ prolapse (POP) exists when there is damage or deformity of the
natural supporting structures of the pelvic organs, usually with weakened integrity of the
pelvic floor musculature. The resulting loss of effective support of the pelvic floor causes
the descent of one or more pelvic structures, including the bladder, rectum, uterus and
cervix, or the vaginal vault and the small bowel [114]. POP has become a major health
issue, as it can affect approximately 50% of women over age 50 [114]. The lifetime risk
of requiring surgery for prolapse or urinary incontinence by 80 years of age is 11.1% in
the United States [115] and has been as recorded to be as high as 19% [116]. Even
with treatment, up to 30% of patients require repeat surgery [115]. The direct cost of
prolapse operations has been calculated as more than $1 billion per year in the United
States [117]. Etiologic factors for pelvic floor prolapse include pregnancy, childbirth
trauma, menopause, multiparty menopause, age, obesity, connective tissue problems,
smoking, and chronic obstructive pulmonary problems [10]. Current conservative
treatment uses a pessary; surgical treatment involves approaches based on the
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symptoms and grade of prolapse [118]. Patient position, posture and gravity are known
impact symptom occurrence and severity and affect the stage of POP [119]. However,
the current imaging modalities used for assessment can only provide images with
patients in the supine position. For this reason, to more accurately stage prolapse and
enable optimal treatment to be allocated, an improved imaging methodology is required
that enables patients to be evaluated so that the impact of posture and gravity on their
pelvic organs is evident.
My research addressed this need; the hypothesis and specific objectives follow.
Hypothesis: That an advanced imaging modality, upright open MRI (MRO), which
enables patients with POP to be imaged when supine, sitting and standing, will provide
images that enable patients with pelvic organ prolapse influenced by the effect of
posture and gravity to be more comprehensively evaluated, by aiding detection of POP
and improving the accuracy of disease staging. The following objectives describe my
approach in addressing this hypothesis: (1) to develop a protocol for obtaining supine,
sitting, and standing images of diagnostic quality using MRO in patients with POP; (2) to
use MRO to determine if anatomic changes that are posture- and gravity-dependent in
patients with POP are more readily detected in images taken when patients are sitting
or standing rather than supine; (3) to evaluate if having MRO images taken when
supine, sitting, and standing improves the staging of POP when using validated
reference lines; and (4) to develop methodology for creating 3D models of the female
pelvic floor from 2D MRO images in patients with POP, in order to improve definition of
the anatomy and enhance detection of the impact of posture and gravity.

40

Chapter 2. An Integrative Review and Severity Classification of
Complications Related to Pessary Use in the Treatment of Female
Pelvic Organ Prolapse2
2.1. Introduction
Pelvic organ prolapse (POP) is a widespread and troublesome condition related
to loss of anatomic support of the pelvic organs [33, 120]. Recognition of the condition
can be traced back to Egypt in 1500 BC and treatment with pessary use was
demonstrated by Hippocrates in 400 BC [121, 122]. The word “pessary” derives from
the Greek word “peso” – an oval stone. The origin for all intrauterine devices is probably
the use of oval stones inserted into the uterus in saddle camels to prevent conception
during long desert journeys [74, 123-125].
The use of pessaries is common; more than 85% of gynecologists [126] and
nearly 98% of urogynecologists prescribe them [78]. They provide anatomic support and
can be used as a treatment of choice or in those who decline surgery (e.g., women who
plan future childbearing, require temporary relief of prolapse while waiting for surgery or
during pregnancy, or do not want surgical repair [127, 128].
Pessaries have few complications, although some authors suggest that they
require lifestyle modification [129, 130], and the variety of shapes and sizes available
affords choice and individual fitting [131]. However, data on complications relevant to
appropriate discussion of consent with patients and planning of long-term follow up
strategies are limited. The side effects of pessary use are not obvious; moreover, it is
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not clear whether the therapeutic impact is high enough to overlook possible risks or
which patients benefit the most from pessary treatment [75]. Few studies have tested
the relative value of different practice models for pessary use, although pessaries have
assumed growing importance in the treatment of POP [79].
A 2004 Cochrane review of pessaries use for POP and updated in 2013 [129,
132] found only one randomized controlled trial examining the efficacy of pessary use
[129] Complications were described as rare and there was no consensus on
complication management. Furthermore, there was no reference to complication
severity grading.
In this study, we conducted an integrative review of reported complications
related to pessary use and classified them according to a standardized severity scale.
Since pessaries were used as an alternative to surgical treatment, and are a physical
therapy akin to surgical therapy, the Clavien-Dindo [133] complication severity grading
system was used. Conceptually this provided a comparison to reported surgical
complications and also provided a means to appropriately inform patients about
complications in the context of informed consent. A secondary objective was to
categorize complications according to pessary shape, size, and material used.
2.2. Methods
2.2.1. Systematic review search strategy
A systematic search via MEDLINE and PubMed using the key terms
“complications,” “pessary,” “pelvic organ prolapse,” “side effects” was conducted for the
years 1952 to 2014 inclusively. Included articles had to have been published in English,

42

peer-reviewed journals, with the full-text available. Review articles were excluded
because they either did not contain original material or duplicated extant reports.
2.2.2. Analytic process
The authors reviewed each article to extract the following: complication(s) of
pessary use, number of subjects, age, type of pessary (ring, shelf, Gellhorn, and cube),
size, and material composition (silicon, polythene, gold, and metallic). In papers in
which the nature or management of the complication was described, I categorized
complication severity according to the Clavien-Dindo system [133]. In the instance of
multiple reports of a single complication, I reported the severity of the outcome in more
than 1 grade based on description of the management. Removal of a pessary as a
management strategy, or a change from the treatment plan of self-care to dependent
care was classified as a Grade 1 complication. This was felt to be akin to deviation from
a standard protocol in the surgical setting.
2.3. Results
In total, I identified 99 full-text articles. Of these, 61 met the inclusion criteria (Fig.
2.1): 25 original case studies and 36 case reports. I excluded 21 review articles and 17
additional articles due to duplication or unrelated content (Fig. 2.1).
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Figure 2.1. Flowchart of citation review and inclusion strategy.

In 34 papers, we were able to assess type, shape, size or composition of the
pessary with complications (Table 2.1). Thirteen papers discussed complications related
to pessary size [134-145]. By combining the data in both case reports and case studies,
I found that the most frequent complications were: vaginal discharge, bleeding,
vesicovaginal fistula, erosion, ulceration, and foul odor (Table 2.2). We graded the
reported complications using the Clavien-Dindo classification (Table 2.3).
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Table 2.1. Nature of complications of pessary use and frequency of reporting
classified

by

type

of

report

[83,

85,

146-154]

Case
report

Case series

Total

No. studies

34

25

61

No. total subjects

52

1138

1190

Erosion

11

44

55

Infection

6

13

18

Vesicovaginal fistula

16

18

34

Bleeding

19

10

29

Ulceration

10

4

14

Death

4

5

9

Pain and discomfort

2

60

62

Vaginitis

3

14

17

21

35

56

Foul odor

9

18

27

Cancer

9

0

9

Fibrosis

2

0

22

Rectovaginal fistula

2

0

2

Bilateral hydronephrosis with urosepsis

1

0

1

Bowel obstruction

1

0

1

Unilateral hydronephrosis

1

0

1

Ureteric obstruction

1

0

1

Hydronephrosis

1

0

1

Type of study

Vaginal discharge
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Table 2.2. Reported complications of individual pessary types [128, 134-145, 155171]
Type of
pessary

Gellhorn

Ring

Shelf Porcelain Doughnut Cube

Metallic
ring
Total

No. studies

6

15

8

1

1

1

2

34

No. patients

7

397

9

1

1

1

3

419

Erosion

2

40

2

0

0

0

0

Vesicovaginal
fistula

6

2

4

1

0

0

0

Infection

3

13

0

0

0

0

0

Ulceration

0

4

1

0

0

1

0

Bleeding

1

28

3

1

0

0

1

Death

0

0

2

0

0

0

0

Discomfort

1

10

1

0

0

0

0

Vaginal
discharge

1

47

2

0

1

1

2

Fibrosis

1

1

1

0

0

0

0

Foul odor

1

23

0

0

0

0

0

Slipped

0

16

0

0

0

0

0

Ureteric
obstruction

0

2

2

0

1

0

0

Cancer

1

6

0

0

0

0

0

Vaginitis

0

18

2

0

0

0

0

Rectovaginal
fistula

0

0

1

0

0

0

1
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Table 2.3. Classification of complications using the Clavien-Dindo system based
on management strategies reported in the literature.
Grades
(contracted form)

Definition

Grade І:

Deviation from the standard course
of therapy. Allowed therapeutic
regimens including drugs:
(antiemetics, antipyretics,
analgesics, diuretics, electrolytes)
and physiotherapy

Vaginal discharge
Ulceration
Pain
Bleeding
Constipation
Material allergy
Inability to self-replace or insert

Grade II:

Requiring pharmacological
treatment (drugs other than
allowed for grade I complications),
blood transfusions, total parenteral
nutrition

Vaginal discharge
Erosion
Vaginitis
Ulceration
Acute pyelonephritis

Grade III:

Surgical, endoscopic or
radiological interventions

Vesicovaginal fistula
Rectovaginal fistula
Ureteric obstruction
Retained pessary requiring
surgical removal
Decubitus ulceration of the uterus
Hydronephrosis – unilateral and
bilateral
Bowel obstruction
Vaginal fibrosis

Grade IV:

Life-threatening complication.
Single or multi-organ dysfunction

Vaginal cancer
Cervical cancer
Small bowel incarceration

Grade V:

Death of a patient

Incarceration
Enterovesical fistula
Obstructive uropathy urosepsis

*In the case where multiple instances of a single complication were reported, the complication may
appear in more than one grade based on how the complication was managed as reported in the
literature.
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2.4. Discussion
I systematically reviewed the complications of pessary use to treat POP. The
frequency of complications varied widely between individual reports and between case
series and case reports. Vaginal discharge, bleeding, and odor were frequently
reported; however, in rare instances, dangerous complications included death,
particularly if the pessary was neglected [134].
I have documented that all five Clavien-Dindo grades of complication occurred as
a consequence of pessary use. The Clavien-Dindo approach is based on the type of
therapy used to correct a specific complication and is a form of classification used
increasingly in surgical research to provide an objective and reproducible ranking for the
reporting of complication severity. Hence, extrapolation to pessary use was considered
justified, because, like surgery, pessaries offer a physical treatment which makes this
type of classification more suitable than those used for pharmacologic treatments.
Despite the frequency of pessary use, complication reports predominantly came
from case reports rather than case series [172]. Some authors described pessaries as
“outdated” and “risky” [173, 174]; there was even reference to the “dangerous pessary”
[74]. I felt it was not appropriate to state the overall frequency of complications related to
pessaries from the reviewed literature. As the denominator is either small or unknown in
most studies, I was cautious in our data interpretation. Others have reported that
complications affect <10% of patients [155, 175]. Overall, very few reports defined
pessary complications by type, shape, material, or size and objective classification of
severity was lacking. This information is important to ensure patients are properly
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informed and to ensure proper patient consent in patients undertaking long-term
pessary use and in their follow-up care.
It is important to discuss the following points with patients. A superficial vaginal
mucosal erosion is the most frequently reported complication of a pessary [136, 173,
174, 176-178] presenting as foul odor, purulent discharge, irregular blood-stained
discharge, and increased vaginal fluid. Localized pressure effects can result in
ulceration and abrasions of the vaginal mucosa [154, 179] and in rare cases reduced
local blood flow secondary to chronic pressure has caused decubitus ulceration of the
uterus [180]. Reported risk factors for erosion include long-term uninterrupted use or
placement of a pessary that was too large [145]. Recommendations associated with this
literature stress the need for proper sizing and performance of periodic examination
[142, 179].
Vaginal flora are affected by pessary use. Many patients have a physiologic
watery discharge; this finding is not considered an infectious process unless
accompanied by other symptoms (e.g., itching, burning, or foul odor) [179]. Vaginal
discharge and infection may affect as many as one-third of users [181]; bleeding, pain,
and constipation were also often reported [75, 182]. These issues have led to changes
in pessary shape design [122, 183].
Serious complications include fistulae. Unlike minor complications which occur
across all design types and materials, fistula frequency and location vary depending on
pessary shape and material. Vesicovaginal fistulas (VVFs), although uncommon, are
among the most serious complications of neglected pessaries [158]. The reports identify
Gellhorn and shelf designs most often [128]; rectovaginal fistula and VVFs appear more
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common with rubber or PVC pessaries when compared with polythene pessaries [155].
Fistula formation may also be associated with fecal impaction, hydronephrosis, and
urosepsis [172]; however, these complications were generally reported in the setting of
neglect [136, 137]. Although serious complications caused by neglected pessaries are
rare [159], in case reports describing VVFs, bowel fistulae, and incarcerated pessaries,
91% were correlated to neglected pessaries [128], and patients with dementia and
nursing home residents could be at higher risk [177].
Several reports implicated pessaries as a causal mechanism for both vaginal and
cervical cancer [139]. Chronic inflammation in association with viral infections has been
suggested to predispose patients to such cancers as the tumours appeared at the site
of pessary placement [184]. It has been proposed that wearing a vaginal ring or cupand-stem pessary for a long time may cause cancer of the vagina, ulcerative vaginitis,
or fistulae. Primary cancer of the vagina was reported in 6 women among a group of 13
with major pelvic complications correlated to long-term pessary use [156], and in a
women who developed vaginal and cervical cancer after 18 years of pessary use [184].
Other mechanisms proposed included the generation of metaplastic and subsequent
dysplastic change of the squamous mucosa [185], and the potential for personal
cleanliness to play a role in carcinogenesis [160]. Although, primary vaginal cancers are
uncommon (1%–2% of gynecological malignancies [185]) Jain and colleagues reported
that two vaginal cancers occurred in users of shelf pessaries among 9 cases of vaginal
carcinoma reported between 2003 and 2005 [160].
Death has resulted from pessary use. An 82-year-old woman with a ring pessary
developed vaginal bleeding; biopsies showed extensive surface ulceration, necrosis,
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and suppurative inflammation, and she died from acute pyelonephritis with
hydronephrosis [134]. A 77-year-old using a shelf pessary for 18 years reported vaginal
bleeding and a foul-smelling discharge; examination revealed a vesicovaginal and a
rectovaginal fistula, and she also died from acute pyelonephritis and hydronephrosis
[156]. Also, an 88-year-old patient died following erosion of a pessary into the upper
rectum [161].
The literature reviewed contained sparse information regarding the materials
used in pessaries causing complications. This is an omission as pessaries are
manufactured from an assortment of materials, including fruit, metal, porcelain, rubber,
and acrylic [186], with each material having certain advantages and disadvantages.
Most are made of medical grade silicone covering components of surgical steel [76];
some pessaries are radiolucent with elements of silicone, rubber, acrylic, latex, or
plastic [185]. Medical-grade silicone pessaries are long-lasting, biologically inactive, do
not cause allergy, and are not carcinogenic. Patients find them easy to wash and
disinfect, using autoclave, boiling water, or a cold sterilization product [183, 187, 188].
Pessaries rarely cause an allergic reaction. They may change color with use and their
material rarely fails or breaks, which would necessitate replacement [189].
No single pessary design was complication free. Historically, a large number of
physical shapes exist; the American Medical Association had identified 123 types of
pessaries by 1867 [76]. Pessary shapes can be classified as supportive or spaceoccupying, with or without mechanisms to reduce urinary incontinence. Supportive
pessaries consist of ring and lever designs, including the Smith, Hodge, Risser, and
Gehrung. Space-occupying pessaries for advanced prolapse include Gellhorn,

51

doughnut, and cube designs. Ring pessaries are generally easy to displace and
Gellhorn/shelf pessaries can be more difficult to remove, resulting in pain and bleeding
[187]. Sometimes anesthesia is required [190].
Our review has its limitations. It is limited to English literature. The overall
frequency of individual complications of pessary use is unclear as the literature consists
principally of case reports rather than prospective randomized studies. Although
literature from over 50 years was reviewed, the number of patients studied is not large;
hence the frequency of complications from pessary use may be underreported.
2.5. Conclusions
There are few detailed reports of complications of pessary use relative to the
estimated frequency of pessary use worldwide. High-grade complications appear
related to longevity of pessary use and lack of appropriate maintenance care. The
incidence of complications in general also mandates follow-up of all women using
pessaries in the long-term. Prospective studies documenting pessary complications by
shape, material, and size, and objective classification of severity are required to further
the scientific literature related to pessary use. Death, although rare, is a reported
compilation and should be included in the informed consent of patients undertaking
long-term pessary use.
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Chapter 3. Relevance of Open Magnetic Resonance Imaging Position
(Sitting and Standing) to Quantify Pelvic Organ Prolapse in Women3
3.1. Introduction
The pelvic floor is a complex anatomic and functional structure that is integral to
the support of the pelvic organs, maintenance of fecal and urinary continence and for
normal coordination of relaxation during defecation and urination. The structural
components of the pelvic floor are the endopelvic fascia and ligaments, the pelvic
diaphragm, and the urogenital diaphragm [191].
The pelvic diaphragm incorporates four muscles groups: the levator ani muscle
comprising the puborectalis, the pubococcygeus muscle, the iliococcygeus muscle, and
the ischiococcygeus muscle [191]. The soft tissues of the pelvic floor include the
endopelvic fascia, the levator ani muscles, the perineal membrane, the external anal
sphincter, and the external genital or perineal muscles [192]. Functionally, the pelvic
floor muscles combine sphincteric, supportive, and sexual actions [193]. The PFM have
ability to contract voluntarily [194]. Contraction results in elevation and closure of all soft
tissues of the pelvic floor and occlusion of the pelvic hiatus to resist descent forces
through the pelvis [193].
Loss of integrity of these supportive structures can cause urinary and fecal
incontinence, pelvic organ prolapse (POP) with descent of the anterior vaginal wall
(cystocele), posterior vaginal wall (rectocele), and vaginal apex (enterocele, vaginal
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A version of Chapter 3 will be published. Abdulaziz, M, Stothers L, Lazare D, and Macnab A. Relevance
of open magnetic resonance imaging position (sitting and standing) to quantify pelvic organ prolapse in
women, Can Urol Assoc J, in press.

53

vault, or uterus) [47, 195]. Failure in one compartment is most often combined with
disorders in other compartments [196-199].
The pathogenesis of POP is complex, with multifactorial causes involved; these
include age, menopausal status, pregnancy, vaginal delivery, previous hysterectomy,
chronic cough, chronic constipation, congenital factors, and obesity [196, 197]. Vaginal
delivery is by far the most robustly associated factor, with over 90% of patients with
prolapse being parous [27]. The proper staging of POP is essential for appropriate
clinical care and accurate outcome studies [96]. Clinical examination alone is not
sufficient to identify POP, particularly in the case of posterior vaginal wall prolapse or a
multi-compartment problem [42].
Additional entities used in the diagnosis and staging of POP include dynamic
magnetic resonance imaging (MRI) [102], which allows quantification of the degree of
POP by relating pelvic organ descent to reliable anatomic landmarks [17, 100]. Other
benefits are the lack of ionizing radiation and the clearer anatomical details of the soft
tissue, such as muscles and pelvic viscera [109]. However, the lack of a standardized
protocol for MRI grading of POP makes it difficult to relate clinical and MRI staging,
which complicates clinical care [200].
Also, MRI assessment of POP has been restricted by the closed architecture of
conventional MR technology which limits patient positioning to the horizontal plane [53].
With the recent advent of open magnetic resonance imaging (MRO), imaging in different
positions including sitting and standing in addition to supine allows multiplane imaging
of all three compartments and observation of their reciprocal relationships. Hence, MRO
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provides superior visualization of the pelvic organs and musculofascial supportive
structures [201].
Previous studies have reported that patient position affects the degree of POP
observed on clinical examination. Barber et al. [202] noted that the degree of prolapse
manifested in the dorsal lithotomy position corresponds well with a 45° upright
quantification in a birthing chair. However, a greater extent of prolapse was observed in
the upright position. A comparable finding was reported in a separate study [203]. Also,
Visco et al. [204] reported a much greater degree of prolapse in the standing
examination as compared with the supine lithotomy position [205]. Swift and Herring
[52] made a comparison of POP quantification method assessments in the standing and
lithotomy positions, and found that there was no statistical significant difference
between the stages or any of the quantification POP measured method points in the
dorsal lithotomy and standing orientations [205].
The purpose of this study was to use MRO to determine the anatomic differences
in pelvic floor anatomy that occur in POP in relation to the position of the subject, by
comparing imaging when sitting and standing to supine images, and relating organ
position to validated reference lines. The hypothesis was that imaging in the standing
and sitting position would identify POP not apparent in the supine position due to the
effect of posture and gravity on the pelvic organs.
3.2. Materials and methods
A prospective study, carried out in the Department of Experimental Medicine and
Department of Urological Sciences, University of British Columbia, Vancouver. Ethical
approval was obtained from Vancouver Coastal Health (ethical review #V14-03507).
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The study cohort was recruited from the urogynecology clinic and included women
presenting with symptoms of POP and asymptomatic controls. All subjects signed
informed consent and completed a screening sheet for metal devices; patients were
included only if they were willing to be available for the time required for imaging. All
medical charts were reviewed; clinical data, including symptoms of pelvic floor
dysfunction and pelvic organ prolapse staging using the pelvic organ prolapse
quantification system (POP-Q) were noted (POP-Q measurements were performed
under the supervision of a urogynecologist). The MRO imaging protocol did not require
oral or intravenous contrast agents, or bowel preparation; all subjects emptied their
bladder prior to entering the scanner.
The scanner was an Open MRI unit made by Paramed Medical Systems (Italylan
experimental unit located at the Center for Hip Health at Vancouver Coastal Health
Research Institute (VCHRI). The field strength is 0.5 Tesla, and MRO imaging scans of
the pelvis were obtained with patients positioned in the scanner when supine, sitting,
and standing (Fig. 3.1). The source MR images were obtained in the axial and sagittal
plane. Parameters used were: Sagittal Fast Spin-Echo with an echo train length of 9
(FSE9), Field-of-view (FOV) = 30cm x 30cm, Slice thickness =10mm, Gap = 1mm,
Number of slices = 5, Number of excitations (NEX) = 1, Echo Time (TE)=120 ms,
Repetition time (TR)=2500 ms and acquisition time = 1m50s. Axial T1 Gradient Field
Echo (GFE) pelvis images, which are normally known as Gradient Echo (GRE) (the
manufacture of this scanner called the sequence as GFE.), FOV = 24cm x 24cm, Slice
thickness = 5mm, Gap = 1mm, Number of slices = 40, Theta = 0 deg, Phi = 0 deg, The
slices were prescribed in an oblique way to make the plane parallel/perpendicular to the
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orientation of the spine or along the disc. NEX = 1, Flip angle = 80 deg, TE =
10ms,TR=470ms, and Acquisition time = 3m 1 5s (x2). To address the risk of fainting or
dizziness during the standing scan we applied a deep venous thrombosis external
pneumatic compression device around the legs of all patients scanned (Fig. 3. 2) and
used a protocol that limited the time required for image capture in each position to 2
min. After the MR imaging was completed, the images were electronically transmitted to
a workstation MRO Storage at UBC) for model generation.
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Figure 3.1. Open magnetic resonance imaging. The MRO unit is shown in
position to scan the pelvic floor with the patient (A) supine, (B) sitting, and
(C) standing. The scanner’s safety straps are shown across the abdomen to
secure the patient. adopted from (http://www.hiphealth.ca/facilities/ourlabs/upright-open-mri/Upright_Open_MRI).

(A)

(C)

(B)

58

Figure 3.2. A patient in the standing position of open magnetic resonance
imaging (MRO) examination with a compression cuff around each leg. (source:
original photograph taken for my thesis).

3.2.1. Reference lines
The reference lines used to assess POP are shown in Fig. 3.3. Pubococcygeal
line (PCL) measurements for each examination were performed by drawing a
midsagittal line from the inferior margin of the symphysis pubis to the last joint of the
coccyx [206, 207]. I also used an H line (HL), a straight line between the inferior rim of
the pubic and posterior wall of the anal canal on the level of the impression of the
puborectal sling [208, 209]; a perineal line (PL), a line from the internal surface of the
symphysis pubis down to the caudal end of the external anal sphincter [102]; a midpubic line (MPL), a line drawn through the longitudinal axis of the pubic bone and
passing through its midequatorial point [102, 210]; and an M line (ML) drawn as a
vertical line extending perpendicularly from PCL to the posterior limit of H line [45]. The

59

sacrococcygeal–inferior pubic point (SCIPP) line extends from the posterior surface of
the pubis to the junction between the fifth sacral and first coccygeal bone [211].
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Figure 3.3. Sagittal T2-weighted midline views of the female pelvis in a 51-year-old symptomatic subject
demonstrating evidence of POP when the patient is imaged standing. The three images (A) supine, (B) sitting,
and (C) standing show the pelvic reference lines (PCL, SCIPP, PP, HL, ML, MPL, and ML) used in the diagnosis of
POP. (Original images from source subjects).

(A) SUPINE

(B) SITTING

(C) STANDING
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3.2.2. Anatomical landmarks and clinical measurement points
The MRO images taken in a supine, sitting, and standing position were assessed
for POP with reference to anatomical landmarks in three pelvic compartments using the
previously mentioned reference lines. The three pelvic compartments are identified
based on anatomical landmarks: the most posterocaudal point of the bladder base
(anterior compartment), the most anterocaudal point of the cervix or vaginal vault
(middle compartment), and the anorectal junction and the most anterocaudal point of
the anterior rectal wall (posterior compartment). The perpendicular distances from each
reference line to these three different points were assessed using PCL. If the
anatomical landmark is located above a reference line, the distance has a negative
value; below the reference line it has a positive value [212].
3.2.3. Image analysis
Image analysis was done with Radiant software. RadiAnt DICOM Viewer [213] is
an application for processing and showing medical images in format Digital Imaging and
Communications in Medicine (DICOM), version 3.4.2, format. (Maciej Frankiewicz
Poznan, Poland). An Intel (multicore Intel processor) or AMD 1GHz or faster processor
is recommended) with 512MB of RAM (2GB is recommended). All images were
analyzed by the same examiner, who was blinded to group status. Image analysis was
based on all sagittal source images for the comparison of length of the pelvic reference
lines between the patient group and control group (PCL, SCIPP, pubopromontoreal
(PP), HL, ML, MPL, and PL) in the supine, sitting, and standing positions.

62

Perpendicular distances between the PCL and the bladder base, vaginal apex,
and anorectal junction were used to grade the degree of downward descent in the
anterior, middle, and posterior compartments, respectively. In the supine position with
respect to the PCL, the grading system used suggests severity as mild, moderate, and
severe. Degree of prolapse below the PCL by 3 cm or less was graded as mild,
between 3 and 6 cm as moderate, and more than 6 cm as severe. Also, the distance
from each of the anatomical landmarks mentioned above to the PCL was measured in
the standing position. A rectocele is graded as follows: absent (displacement inferior to
the PCL of less than 1 cm); mild (displacement of 1–2 cm); moderate (displacement of
2–4 cm); and severe (displacement of more than 4 cm) [96].
3.3. Results
Forty women, 20 with organ prolapse and 20 asymptomatic controls, were
recruited and underwent MRO. Table 3.1 summarizes their clinical data (age, parity,
mode of delivery, prior surgery, symptoms, and body mass index). Comparison data
from applying the pelvic reference lines on midsagittal MRO images in women with and
without POP when imaged standing, supine, and sitting are summarized in Tables 3.2,
3.3, and 3.4, respectively. (Images from three symptomatic women were excluded due
to movement artefact compromising image quality.)
The standing image data (Table 3.2 and Fig. 3.4) show significant differences in
the mean lengths of PCL, SCIPP, HL, ML, MPL, and PL between the control group and
the POP group. However, the PP line measurement was not significantly different
between the two groups. The differences between the women with and without prolapse
were predominantly evident in the standing position.
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Forty women, 20 with organ prolapse and 20 asymptomatic controls, were recruited and
underwent MRO. Table 3.1 summarizes the clinical data (age, parity, mode of delivery,
prior surgery, symptoms, and body mass index) for the symptomatic women with POP.
Controls by definition through screening had no prior pregnancy, no lower urinary tract
or protrusion symptoms and no prior pelvic surgery. These were exclusion criteria. The
age range of controls were 26 to 40 (mean 30 years).
Table 3.1. Summary of clinical data on the 20 symptomatic subjects.
Age
Subject (years) Pregnancy Delivery

Prior surgery

Symptoms

BMI

(kg/m2)

1

53

1

Vaginal
delivery

No

Incontinence

22

2

48

3

Vaginal
delivery

No

Urinary
frequency

26.3

3

65

1

Vaginal
delivery

No

Urinary
frequency

19.5

4

53

2

Vaginal
delivery

No

Protrusion

22.6

5

51

4

Vaginal
delivery

Hysterectomy

Incontinence

29.8

6

46

4

Vaginal
delivery

No

Frequent UTI

25.1

7

56

3

Vaginal
delivery

No

Protrusion

26.8

8

61

2

Vaginal
delivery

Mastectomy

Protrusion

26

9

54

3

C-section

No

Urinary
frequency

32.5

10

51

3

Vaginal
delivery

Mastectomy

Incomplete
bladder
emptying

30.8

11

52

2

Vaginal
delivery

No

Constipation

23.7

12

46

2

Vaginal
delivery

Dilation and
Frequencycurettage (D&C) Urgency

19.3

64

Age
Subject (years) Pregnancy Delivery

Prior surgery

Symptoms

BMI

(kg/m2)

13

72

5

Vaginal
delivery

No

Incontinence

35.5

14

76

3

Vaginal
delivery

No

Incontinence

29.8

15

77

1

Vaginal
delivery

Hysterectomy

Incontinence

25

16

43

2

Vaginal
delivery

No

Urinary leakage

19.1

17

63

2

Vaginal
delivery

No

Incontinence

30.5

18

73

2

Vaginal
delivery

No

Incontinence

24.1

19

73

2

Vaginal
delivery

No

Protrusion

25.6

20

61

3

Vaginal
delivery

No

Stress
incontinence

27.3

BMI, body mass index
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Table 3.2. Comparison of data from pelvic reference line length (cm) between
subjects symptomatic for POP and the control group obtained in the standing
position.

Lines

Mean difference
of control group
in cm
(N = 20)

Mean difference
of POP group in
cm
(N = 20)

R value

SD

PCL

9.96

10.83

0.61

0.01

SCIPP

11.80

12.58

0.55

0.01

PP

13.92

13.65

0.18

0.41

HL

5.79

7.80

1.42

0.00

ML

1.79

3.54

1.23

0.00

MPL

7.36

9.56

1.55

0.00

PL

8.19

10.89

1.91

0.00

Figure 3.4. Sagittal MRO midline views of the female pelvis obtained in the
standing position. A) Midsagittal T2-weighted image of a 27-year-old control
subject with measurement of reference line lengths. B) Midsagittal T2-weighted
image of a 66-year-old symptomatic subject with measurement of reference line
lengths.

R < 0.05

(Original

(A)

images

from

source

subjects).

(B)
66

The images taken in the supine position (Table 3.3 and Fig. 3.5) used the HL,
ML, MPL, PP, and PL measurements; the increases in mean lengths between the two
groups were statically significant. However, the PCL, and SCIPP line of each reference
remained stable with no significant change in length between the control group and
POP group.
Table 3.4 and Fig. 3.6 show that there were no statistical differences in the sitting
position for PCL, SCIPP, MPL, and PL between controls and POP. I did not find it
possible to use the HL and ML for the sitting position; the HL extends from the most
inferior surface of the pubis to the posterior wall of the anal canal at the level of the
anorectal junction, and ML is drawn as a vertical line extending perpendicularly from
PCL to the posterior end of the H line. The effect of the sitting position is to cause an
upwards movement of anorectal junction location above the PCL, which interferes with
measurement using both these reference lines.
Table 3.3. Comparison of data from pelvic reference line length (cm) between
subjects symptomatic for POP and the control group obtained in the supine
position.

Lines

Mean difference
of control group
in cm (N = 20)

Mean difference
of POP group in
cm
(N = 20)

SD

R value

PCL

9.72

10.34

0.44

0.06

SCIPP

11.66

12.07

0.29

0.20

PP

14.34

13.77

0.41

0.04

HL

4.87

6.11

0.88

0.00

ML

1.45

2.12

0.47

0.00

MPL

6.57

7.70

0.80

0.00

PL

7.12

8.97

1.30

0.00

R < 0.05
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Figure 3.5. Sagittal MRO midline views of the female pelvis obtained in the supine
position A) Midsagittal T2-weighted image of a 27-year-old control subject with
measurement of reference line lengths. B) Midsagittal T2-weighted image of a 66year-old symptomatic subject with measurement of reference line lengths. (Original
images from source subjects).

(B)

(A)

Table 3.4. Comparison of data from pelvic reference line length (cm) between
subjects symptomatic for POP and the control group obtained in the sitting
position.

Lines

Mean difference of
control group in
cm (N = 20)

Mean difference of
POP group in cm
(N = 20)

SD

R value

PCL

10.34

10.69

0.23

0.30

SCIPP

12.34

12.38

0.03

0.90

PP

14.21

13.56

0.46

0.04

MPL

6.61

6.78

0.12

0.44

PL

7.45

7.66

0.15

0.53

R < 0.05
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Figure 3.6. Sagittal
obtained in the sitting
(A) MRO midline views of the female pelvis
(B)
position. (A) A 27-year-old control subject midsagittal T2-weighted image
showing measurements of reference lines. (B) A 51-year-old symptomatic subject
midsagittal T2-weighted image showing measurements of reference lines.
(Original images from source subjects).

The grading of symptomatic subjects for POP from images obtained using MRO
in the standing and supine positions is summarized in Tables 3.5 and 3.6; the PCL
reference line (Fig. 3.7) was used to grade POP (cystocele, vaginal prolapse, and rectal
prolapse) as absent, mild, moderate, or severe. The occurrence of prolapse in the
anterior and posterior compartments in the standing position was moderately higher
than in the anterior and middle compartments in both positions. Our results suggest that
the extent of prolapse is best evaluated in the standing position using HL, ML, MPL, and
PL as reference lines.
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Table 3.5. Detection of POP in MRO standing images from the symptomatic
subjects using reference line parameters.
PCL

Absent (%)

Mild (%)

Moderate (%)

Cyctocele

10

50

30

10

Vaginal prolapse

45

35

20

0

0

10

80

10

Rectocele

Severe (%)

Table 3.6. Detection of POP in MRO supine images from the symptomatic
subjects using reference line parameters.
PCL

Absent (%)

Mild (%)

Moderate (%)

Severe (%)

Cyctocele

95

5

0

0

Vaginal prolapse

75

25

0

0

0

55

40

5

Rectocele

Figure 3.7. The perpendicular distances from the pubococcygeal reference line
(PCL) to the bladder base, vaginal apex, and anorectal junction, which were applied
to grade the degree of downward descent in the anterior (A), middle (B), and
posterior (C) compartments, respectively; (A) supine, (B) standing. (Original
images

from

(A) Supine

source

subjects).

(B) Standing
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3.4. Discussion
In this study, I have used MRO images obtained with patients standing, sitting,
and supine to quantify the extent of POP using pelvic reference lines. We hypothesized
that imaging in the standing and sitting position would identify prolapse not apparent in
the supine position in patients reporting symptoms of POP, as the effect of posture and
gravity on pelvic organ position would be detected. Currently, POP is assessed on
midsagittal images using particular pelvic anatomic landmarks [214] and quantified and
graded using reference lines [215]. In the literature, various reference lines have been
introduced to assess POP during dynamic MRI. However, validation of these reference
lines is lacking [109]. Hence, in this study I made used of multiple lines for comparison
(PCL, SCIPP, PP, HL, ML, MPL, and PL).
Our data indicate that in standing MRO images the extent of descent of POP in
all three compartments was greater than that seen in supine images, when the PCL,
HL, ML, MPL, and PL were used for reference; hence standing position does provide a
more comprehensive way of detecting POP and defining the extent of prolapse than any
of the existing imaging tools, including conventional supine MRI, as the extent of
descent of POP in all three compartments was greater when assessed using the HL,
ML, MPL, and PL for reference. This confirms previous findings that the frequency of
detection of anterior and posterior compartment downward prolapse can be best
assessed when using MRO in the standing position. I have also reported the enhanced
diagnostic information generated by creating 3D models of the pelvic architecture from
2D MRO upright imaging [107].
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However, imaging in the sitting position did not demonstrate benefit in the context
of POP. This was principally due to anatomical landmarks necessary for defining the HL
and ML reference lines being obscured by upward movement of the anorectal junction
above the PCL. While our hypothesis was only true for standing images, sitting MRO
images could benefit POP evaluation in symptomatic patients confined to wheelchairs,
such as those with spinal cord injury, even though the information added is less than
from standing images.
Prior studies compared dynamic MR imaging and colpocystodefecography
(CCD) in the diagnosis of prolapse in each compartment [216]. Their results concluded
that dynamic MR imaging in the lying orientation was not precise in the assessment of
pelvic floor prolapse [109]. In contrast, a study done by Swift et al. [52] reported no
significant difference in prolapse grading between supine and standing positions.
Another study reported that a higher extent of prolapse was observed in the standing
orientation as compared with the supine examination, although another finding did not
show this relationship [52, 202]. However, the effects of bladder fullness and patient
posture have not been formerly examined [205].
The optimal choice of reference line is a subject of ongoing debate [109]. The
PCL is commonly used because it is readily drawn on sagittal images [9] and was used
in initial studies of MRI for POP because it is based on fixed bony points of reference
[200]. The PCL also provides an assessment of the pelvic floor, as it is positioned along
the plane of the pubococcygeal and puborectalis muscles [9]. Lienemann et al. [28]
found the PCL was a beneficial reference line for prolapse in the anterior compartment
only; however, Pannu et al. [217] described the PCL to be superior. In this study I found
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no significant change in the length for the supine and the sitting positions between the
two groups. However, the mean length of the PCL in the standing position was
significantly different between the groups.
Lienemann et al. [207] also used the mid-pubic line in their study and reported
that the mid-pubic line should only be applied for staging in the posterior compartment.
Singh et al. [218] introduced the application of the MPL on MRI grading of POP. They
concluded, upon cadaveric dissection, that the MPL passing through the plane of the
vaginal hymen should be used in clinical examination. However, two different studies
defined poor correlation between clinical assessment and dynamic MRI [102, 210], and
some authors have uncertainty about the validity of this line to represent the hymenal
level in vivo during maximum strain [102]. An inconvenient aspect of using the MPL for
grading POP is that two separate measurements are needed: at rest and during strain
[101, 209]. Importantly, in previous studies Woodfield et al. [200] and Singh et al. [218]
found that the MPL yielded a much greater frequency of prolapse than the PCL, and our
findings indicate that the MPL and PL measurements were significantly different
between the control and the patient group for the standing and supine positions.
The SCIPP line has been used to quantify the distance to the perineal body and
the angle of the levator plate when comparing women without prolapse and POP
patients, grading anterior vaginal wall prolapse, and assessing levator ani recovery
following vaginal birth [219]. However, the data I present indicate that for the SCIPP line
the increase in length between the control group and POP patients was statically
significant in the standing position but not in the supine or sitting positions.
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Comiter et al. [100] introduced a new grading system for dynamic MRI scanning.
The H line, M line, organ prolapse (HMO) classification system assesses the levator
hiatus (LH), the muscular pelvic floor movement downward, and organ descent [53].
MRI and ultrasound studies have demonstrated that a levator ani muscle defect is a
significant factor that is clinically related to POP [220]. It is reported that patients with
prolapse have enlarged genital hiatuses [13]. This hiatal enlargement might be either
the reason for or the outcome of prolapse. Defects and weakening of the levator ani
muscle, as observed in prolapse, could lead to inability to keep the hiatus closed [220].
The length of the levator hiatus H line is 5 cm in normal women without pelvic floor laxity
[1]. The M line is a line that extends perpendicularly from PCL to the posterior end of H
line, and an average length of 2 cm is considered normal [45].
Dietz et al. [221] concluded that there is an association between LH and pelvic
organ displacement, even in young nulliparous women. Likewise, a study by DeLancey
and Hurd [13] also reported that uroginal hiatus size is related to prolapse size [222]. In
this study, MRO images displayed significant elongation in dimensions of H and M lines
that was seen in all POP patients in standing and supine positions but not in the control
group.
I recognize that movement artefact compromised image quality in three subjects;
however, our protocol does limit imaging time, and attention to this and attention to
patient comfort in the scanner did improve quality image capture. Also, the ongoing
debate over reference lines applied to MRI is a limitation that impacts our study. It
remains hard to choose which pelvic reference lines would supply the best reference
landmark for the MRO assessments of POP. But further MRO studies are required and
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are pending. In this context the fact that few MRO systems are available currently for
patient assessment also limits the relevance of our findings. However, the apparent
superiority of MRO as an imaging entity for POP predicates that as more units become
available clinicians and their patients should benefit from this advance in technology.
3.5. Conclusion
In conclusion, using MRO to image patients with symptoms of POP in an upright
position shows that greater levels of downward movement in the anterior and posterior
compartments, labeled as cyctocele and rectocele, occur under the influence of posture
and gravity. The maximal extent of downward movement is best evaluated in the
standing position; use of the HL, ML, MPL, and PL reference lines most readily
identified downward prolapse, while organ position in the sitting position precluded use
of the HL and ML lines. I suggest that as access to MRO becomes available benefits
will accrue from the enhanced diagnostic and grading ability of upright imaging in POP.
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Chapter 4. Methodology for 3D Image Reconstruction of the Female
Pelvis from Upright Open MRI (MRO) 2D Imaging4
4.1. Introduction
Magnetic resonance imaging (MRI) of the pelvic organs and pelvic floor muscles
is an important element in the evaluation of women with pelvic floor dysfunction. Pelvic
organ prolapse (POP) is assessed and staged on the basis of the morphologic features
of the levator ani seen on MRI; and the imaging contributes to defining the type of
surgery to be offered to a patient with POP and evaluating if and when repeat surgery is
required [223].
POP involves the displacement and descent of the female pelvic organs such as
bladder, uterus, and intestines [224]. The pelvic floor muscles, ligaments and related
connective tissue keep the pelvic organs in place [225], but with childbirth and effects of
the menopause the pelvic floor support structures lose their integrity and weakness at
different levels results in the evolution of POP [226]. Symptoms include vaginal pain,
pressure, urinary incontinence, incomplete bowel evacuation, and sexual disorders
[227]. POP is principally classified as a cystocele, rectocele, uterine, or vaginal vault
prolapse [227]. More than 55% of women aged 50 to 59 have various grades of
prolapse [228].
A problem when evaluating women with POP currently is that images of the
pelvic anatomical structures currently obtained using conventional MRI do not always
provide the level of detail required to reliably detect and grade the degree of POP
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accurately, because many patients with chronic weakness or damage to their
supporting pelvic floor muscles only develop organ prolapse in response to changes in
posture and the effects of gravity on organ position. Hence patient management based
on supine MR imaging is not always optimal [229].
However, the recent evolution of open-configuration magnetic resonance imaging
(MRO) now enables patients with POP to be imaged when sitting and standing upright
in addition to conventional supine imaging. This is particularly relevant because of the
known effect of posture and gravity on the position on the pelvic organs, the degree of
prolapse, and the integrity of the pelvic floor musculature [230], and the fact that many
women only experience symptoms of urinary incontinence associated with POP when
standing [89]. Initial studies using MRO indicate that the standing and sitting images can
add important diagnostic detail regarding the effect of posture and offer improved
accuracy to the classification of POP severity based on established pelvic reference line
methodology [89, 230].
I now suggest that further refinement can be added by reconstructing the original
2D MR images into colored and rotated 3D images [229]. Such 3D models are helpful
because they provide a topographical overview that aids in visualizing the complex
structure of the levator ani, and displays details of the pelvic floor musculature at its
origin and insertion [231]. Furthermore, spatial analysis in 3D models can provide
information beyond the level that can be obtained from two-dimensional studies.
Therefore, models generated using 3D reconstruction methodology will allow better
definition of the morphological features of the bony pelvis, pelvic organs and levator ani
in women [231], and provide clinicians with the ability to achieve greater diagnostic
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accuracy because of the level of detail in 3D images of the urinary bladder, vaginal
canal, uterus, rectum, pelvic floor muscles and connective tissue [225].
Initially, modeling of the pelvic organs focused mainly on the pelvic floor muscles.
In 2003, Janda et al. [224] modeled the pelvic floor from dissection of a cadaver to
compare the geometric measurements with MRI data [227]. The focus has since moved
to the generation of 3D models to investigate pelvic mechanics and prolapse [227].
Rubod et al. [232] created a simple 3D model of the bladder, vaginal canal, and the
rectum using an MR image stacking technique to assess the impact of bladder pressure
and rectal load on the vaginal canal [227]. In 2004 Lien et al. [233] created a 3D model
to evaluate the stretching of levator ani during childbirth. In 2008 Noakes et al. [234,
235] showed normal defecatory mechanisms in the female pelvic floor by developing an
anatomically accurate 3D model from MR imaging data. In 2014, Chen et al. [236]
generated a 3D model in which a finite down descent load on the uterus was
reproduced to study prolapse.
The goal of achieving advanced imaging is relevant in POP as this condition
affects millions of women, the resulting symptoms negatively impact their quality of life
and approximately 200,000 surgical procedures to correct POP are performed yearly in
the USA [109. 172], at a cost of over one billion dollars [117]. The benefits of sitting and
standing images over supine imaging in the evaluation of POP have been reported
separately [237]. The purpose of this paper is to report our development of methodology
for 3D modeling of 2D open MR images of the female pelvic floor in the context of POP,
to improve definition of the anatomy and enhance definition of the effects of posture and
gravity.
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4.2. Methods
4.2.1. Upright open MRI
The study that provided the imaging from which 3D images were generated was
conducted at the open MRO unit at the Centre for Hip Health and Mobility in Vancouver.
The unit is a 0.5 T scanner (Paramed Medical Systems, Italy); this MRO unit is reserved
for researchers and clinicians working to find new ways to image the human body to
solve pressing healthcare challenges. In addition to the investigation of the effect of
posture and gravity in POP, this unit is also being used to obtain novel views of the hip,
knee, spine, and abdomen when patients are upright, weight bearing, and their organs
are subject to the influence of gravity.
Images were obtained in the supine, sitting and standing position in two different
planes (axial, and sagittal). Transverse T1 pelvis images were obtained at 5-mm slice
thickness, with a field of view of 24 cm x 24 cm and matrix of 224 x 192. Sagittal T2
images were obtained at 5 mm slice thickness, with a field of view of 30 cm x 30 cm and
matrix of 192 x 160.
4.2.2. Subjects
Women attending a university urogynecology clinic were recruited for a study
evaluating the potential for MRO to improve detection of gravity-dependent POP [237];
the cohort included symptomatic women with different levels of prolapse and controls
who were healthy premenopausal women without symptoms of POP and who had
never undergone pelvic surgery. All signed informed consent as approved by ethical
review (#V14-03507). A standardized evaluation of their grade of prolapse was
conducted according to the International Continence Society grading system and they
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answered questions relating to symptoms of prolapse using a standardized
questionnaire [238].
4.2.3. Image acquisition
The source MR images were obtained in the axial and sagittal plane. Obtaining
good quality source images is an essential first step in generating a 3D model. Images
were obtained using the following MRO parameters: sagittal FSE9, FOV = 30 cm x 30
cm, slice thickness =10 mm, gap = 1 mm, number of slices = 5, NEX = 1, TE = 120 ms,
TR = 2500 ms, and acquisition time = 1 min 50 s; axial T1 GFE pelvis images, FOV =
24 cm x 24 cm, slice thickness = 5 mm, gap = 1 mm, number of slices = 40, Theta = 0
deg, Phi = 0 deg, NEX = 1, flip angle = 80°, TE = 10 ms, TR = 470 ms, and acquisition
time = 3 min 1 5 s (x2). To avoid anatomical distortion, no contrast agent or surface
body coil was used. To address the risk of fainting or dizziness during the standing scan
we applied a deep venous thrombosis external pneumatic compression device around
the legs of all patients. This device was originally developed to prevent deep vein
thrombosis by applying oscillating external pneumatic compression to the legs to
increase the blood velocity in the deep veins [239]. As some POP patients find standing
for a long time uncomfortable we chose a short scan time of 2 min. Also, as undesirable
and unpremeditated movement during the standing scan decreases image quality
because of motion artefact, patients were secured using the scanner’s safety straps and
the pressure pump until the scanner returned to the supine position. To reduce any
perception of discomfort during the weight-bearing scans, patients were offered the
choice of watching TV or listening to music and wearing earplugs to avoid excessive
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noise. After the MR imaging was completed, the images were electronically transmitted
to a workstation for model generation.
4.2.4. Generation of 3D models
I created three-dimensional surface models from our high-quality 2D MRO
images of the pelvis. Axial and sagittal slices of the pelvic organs were manually
segmented (i.e., of the bladder, urethra, vagina, uterus, and cervix, and major pelvic
floor muscles, including the levator ani, piriformis and obturator internus). Additionally,
the pubic bone was segmented for use as a fixed bony reference point. Segmentation
was based on an amalgamation of knowledge of the anatomic structures and variation
in grey-scale contrast. The software used was Analyze 12.0 (Analyze Direct, Inc.
Overland Park, KS, 66005 United States). This is one of a number of sophisticated
programs that can generate 3D models from different imaging modalities (X-ray
computed tomography, ultrasound tomography, and magnetic resonance imaging)
[240]. Others include 3D-Doctor (Able software Corp, Lexington, USA). For image
generation, ease of viewing, and image comparison a monitor that provided a large
display area was used (Huion Animation Technology Co, China)
Figure 4.1 summarizes the sequence for 2D image analysis and 3D model
generation. I began our reconstruction with Analyze 12.0 by loading the image data
using the load module Import/Export from the file menu in the main window. The volume
tool was used to generate a volume file from the existing manifest of 2D images files.
Once the required data is loaded it becomes visible as an icon in the workspace and is
ready for manual segmentation. Next, I selected the segment icon and chose “Image
Edit”. Then, I selected the file icon to generate an object map that has all the segmented
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structures and the colors of all the structures of interest by choosing the image to edit. I
segmented the bony pelvis slice by slice through the slice slider for transmission to Slice
40 (Fig. 4.2), outlining the pelvic bones in slices that encompassed the pelvis. The
segmented slices were composited to develop a model of the bony pelvis as one unit.
This model serves as a framework, which allowed us to build on other structures in the
region and display them from any viewpoint in 3D.
Figure 4.1. A flowchart of the image analysis method to convert 2D MRO images
into 3D models of the female pelvis using the software Analyze 12.0. (Original
images from source subjects).

Once segmentation of the bony pelvis is completed the pelvic structures of
interest are added using the same method. I started by adding the muscles in the pelvic
walls. These consist of the muscles that form the lateral walls (obturator internus
muscles), the pelvic floor (the levator ani muscles) and the posterior walls (piriformis
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muscles) (Fig. 4.3). These muscles are the most substantial; they define the boundaries
of the pelvis and give a framework from which the internal relationships of other pelvic
organs can be added and visualized. Adding the pelvic muscles to the bony pelvis in
sequence allows the individual muscles to be recognized and their relationships to other
structures distinguished.
Figure 4.2 (A) Axial T2-weighted MR image of the female pelvis as exported to
Analyze 12. (B) Once “segmentation” is complete, colored markings are drawn
manually slice by slice around the structures of interest. The segmented
structures shown are identified as follows: yellow = pubic bone, blue = obturator
internus muscle, red = femoral head, and green = ischium. (Original images from
source subjects).

(A)

(B)

4.2.5. Surface rendering
3D renderings of the pelvic organs, supporting pelvic muscles and bones were
reconstructed using the surface-rendering method. To do this open the Surface Render
module and load the object map already generated to develop a surface map in the
surfaces window. Click “Yes” in the dialog box to create the surface map from all
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previous active objects generated. The objects that have their “Display” feature set to
“On” in the Objects window will be tiled and a surface map created. Click the “Render”
button to display the results. Clicking the “generation” button and “change view” rotates
the 3D model, and then clicking the “change view” icon allows simultaneous
visualization and measurement of the 3D model created (Fig. 4.4).
Figure 4.3. Examples of three-dimensional models generated of the female pelvis:
(A) 3D anterior view of pelvic bone, (B) 3D anterior view of the pelvic floor
muscles, (C) 3D inferior view of the pelvis which identifies significant pathology
— detachment of the levator ani has occurred (arrows). The segmented
structures are identified by color in the legend. (original images sourced from
study subjects).

(B)
(A)

(C)
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Figure 4.4. An example of a 3D model being generated; (A) the model was viewed
on a workstation and then through the “generate” < “change view” < “render”
command sequence was rotated to create the final image shown in (B), a 3D
model of the anterior view of the female pelvis. All 10 structures identified in this
segmentation are color coded in the legend (original images sourced from study
subjects).

(A)

(B)

4.2.6. Image interpretation and grading of POP severity
The presence of POP and grading of severity is determined by overlaying
established reference lines on mid-sagittal pelvic images. The pubococcygeal reference
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line (PCL) was drawn to define and grade the degree of prolapse in the three separate
pelvic compartments. The PCL is a line drawn from the inferoposterior border of the
pubic symphysis to the last visible coccygeal joint [230, 241]. Perpendicular distances
between the PCL and the bladder base, vaginal apex, and anorectal junction are used
to grade the degree of downward descent in the anterior, middle, and posterior
compartments, respectively. MRI-detected prolapse is graded as follows: negative
(displacement inferior to the PCL of less than 1 cm); mild (displacement of less than
3 cm); moderate (displacement of 3–6 cm); and severe (displacement of more than
6 cm) [237].
4.3. Results
MRO image sets from 31 women (13 with POP and 18 asymptomatic controls)
were used to develop the methodology to generate 3D images. Figures 4.5 and 4.6
show the difference in the incidence of POP detected in symptomatic subjects when
standing and supine images are compared. When supine, bladder or vaginal prolapse
of mild degree was evident in a proportion of cases but no evidence of moderate or
severe POP was detected. In contrast, in standing images detection rates for mild POP
increased, and multiple subjects with moderate and severe posture-induced POP were
clearly identified. All images in control subjects were negative for POP whether standing
and supine. Tables 4.1 and 4.2 summarize the difference in staging severity of bladder
and vaginal prolapse (distance below pelvic reference lines) in supine and standing
images. Figures 4.7 and 4.8 are examples of how MRO can identify POP due to posture
and gravity when the patient is imaged standing. Figure 4.7 shows sagittal images taken
in the same subject when supine, sitting, and standing. Figure 4.8 shows supine and
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standing images in the same patient with bladder prolapse quantified by use of the PCL
reference line. Figure 4.9 illustrates 3D models generated using our methodology and
shows for comparison the 2D open MR images they were generated from. Examples
are shown from two patients; the 3D model/2D image combinations; (A) and (C) are
with the patient supine and (B) and (D) when standing.
The 3D pelvic models developed reveal morphology that conforms qualitatively to
the real female pelvis, as the qualitative appearance of the 3D models was consistent
with the morphological characteristics displayed by typical 2D images. All reconstructed
structures can be visualized in groups or united as a whole and rotated as a 3D model,
so the end result provides greater structural definition, reveals the extent of downward
descent of structures and shows the full effect of posture and gravity in POP.
Figure 4.5. Bar graphs of the percentage of symptomatic subjects with mild POP
evident in supine MRO imaging.
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Figure 4.6 Bar graphs of the increased percentage of
symptomatic subjects with mild, moderate, and severe POP
evident in standing MRO imaging.

50.00%
40.00%
30.00%
20.00%
10.00%
0.00%
Mild

Moderate
cyctocele

Severe

Vaginal prolpse

Table 4.1. Presence and extent of pelvic organ prolapse (by distance below the
pubococcygeal reference line of the bladder and vagina) in supine MRO imaging
in 13 symptomatic subjects.
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Table 4.2. Presence and extent of pelvic organ prolapse (by distance below the
pubococcygeal reference line of the bladder and vagina) in standing MRO
imaging in 13 symptomatic subjects.

4.4. Discussion
The goal of this study was to develop methodology to generate 3D models of the
female pelvis from 2D MRO images, to enhance the definition of the effects of posture
and gravity in POP. Our protocol for standing and sitting image acquisition described
previously allowed the high-quality 2D images that are essential for 3D modeling to be
acquired [237], and the way in which the Analyze 12.0 software was used is integral to
quality 3D reconstruction. The sequence of steps followed for segmentation of the pelvic
structures made it possible to reconstruct a 3D model that included the bony pelvis,
pelvic organs, levator ani muscle, and pelvic floor muscles where the anatomical
structures were readily defined and their borders could be traced reliably.
Key elements of the MRO protocol relating to image quality include the use of an
external pressure pump to provide leg support to avoid blood pooling causing fainting, a
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short scan time as POP patients are often uncomfortable when standing and use of the
scanner support straps to minimize movement and motion artefact. Movement was
reported to compromise another MRO study where patients with back pain were asked
to stand for positional MRI for 10 min; this complication meant that the protocol had to
be altered to use the sitting position instead, in order to achieve the required image
quality [242].
In POP, revealing the extent of organ displacement by clinical examination alone
is often hard to achieve. Although MR imaging is advised and MRI delivers multiplane
imaging of the pelvic compartments with high resolution [243], because patients are
currently only scanned supine, the posture- and gravity-dependent nature of POP is not
captured. This is because prolapse may occur, or can become worse, only after time
spent in the upright position but is often reduced when gravity is not a factor, e.g., when
lying in the supine position [96]. Hence, many patients cannot be evaluated accurately
and staged correctly, and consequently are not allocated to appropriate therapy. This
diagnostic limitation represents a major health care problem, as POP is such a common
condition in older women.
The recent development of MRO scanners, where the magnet is configured with
a vertical gap, enables patients to be scanned in the seated and standing positions as
well as when supine, so MRO can replicate normal functional posture and enable the
effects of gravity on the body to be evaluated [89]. Hence, application of this new
technology with the aim of improving evaluation of POP is relevant. The MRO unit I
utilized is reserved for researchers and clinicians working to find new ways to image the
human body to solve pressing healthcare challenges. In addition to the investigation of
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the effect of posture and gravity in POP, this unit is also being used to obtain novel
views of the hip, knee, spine, and abdomen when patients are upright, weight bearing,
and their organs are subject to the influence of gravity.
Findings from the 2D images I obtained to construct our 3D models reinforce
previous observations that MRO imaging improves detection of gravity-induced POP
when the standing position is used [89] and research involving defecography and
imaging when upright and weight-bearing [244]. Figure 4.7 image (C) is an example; a
cystocele is detected, presumably because weakness in the pubocervical fascia caused
loss of bladder support when the patient was upright. In 3D images the pubocervical
fascia is attached anteriorly to the arcus tendinous pelvic fascia and posteriorly to the
cervix [117]. Variations in the tension on pelvic fascia and ligaments, their resting
length, and contractile tone also contribute to POP occurring when subjects are upright.
In the midsagittal images (Fig. 4.8, image (A)), there is elevation of the base of the
bladder neck in the supine position (on average the bladder neck normally rises 5 mm
at rest in the supine position compared with standing and descends a further 5 mm
during the Valsalva maneuver) [238]. Another variation between the supine and
standing position was identified in the same patient (Fig. 4. 9); here there is a rise in the
caudal angulation of the levator plate, which causes an increase in the pelvic hiatus.
The PCL reference line (Fig. 4. 9) connects defined bony landmarks; is used to identify
abnormal organ descent, and as it is reproducible and unaffected by pelvic tilting [244] it
is the most widely utilized reference line [245].
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Figure 4.7. T2-weighted sagittal MRO images of the same patient: (A) in the supine position;
(B) in the sitting position; and (C) in the standing position. This sequence is an example of where
gravity-induced prolapse of the bladder (arrow) becomes evident during imaging when standing.
(Original images from source subjects).

(A)

(B)

(C)
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Figure 4.8. T2-weighted sagittal MRO images of the same 24-year-old patient.
(A) The supine image shows no caudal angulation of the levator plate (red arrow),
which is above PCL reference line (blue line). (B) In the standing image, caudal
angulation of the levator plate is evident, a cystocele is evident with prolapse of
the bladder (green arrow) below the PCL (blue line), and caudal angulation of the
levator plate muscle (red arrow). (Original images from source subjects).

(A)

(B)

The methodology I describe for the reconstruction of 3D pelvic images from 2D
images is novel, being the first time a 3D model of the pelvis has been generated based
on thin slices of the adult female pelvis derived from 2D MRO scans. I suggest that the
clarity and additional detail evident in the examples illustrated (Figs. 4.2, 4.3, 4.4, and
4.9) indicate that 3D images can be generated that will add to the anatomic evaluation
of POP and help to better define the effect of different positional and weight-bearing
elements in individual patients. In addition, 3D images have important potential as an
interactive tool for teaching purposes. Students find it difficult to visualize the
complexities of the pelvic floor from cadaver dissections and anatomical atlas
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illustrations [246], and patients often struggle to understand what their POP entails and
their options for therapy; three-dimensional models aid visualization and spatial
perception [247], aiding better understanding of complex human anatomy [199].
Specific benefits of 3D pelvic models include the ability to assess the shape and
extent of each anatomical structure in isolation and in relation to neighboring structures,
obtain volumetric analysis, illustrate the spatial relationship of the anatomic structures
[223], and to further clarify these relationships, rotate the pelvic structures so they can
be seen in a spatial view. The enhanced definition of the bony pelvis and degree of
detail in the levator ani provided are particularly important [231], as the configuration of
the levator ani can differ in significant ways in women with the same grade of prolapse
[223]. Hence, our 3D models add important levels of definition that I suggest will aid
clinicians to better identify the nature and extent of POP. Combined with the
improvement of open MRO upright imaging, this will add to diagnostic and staging
accuracy that will in turn lead to more appropriate allocation of patients to specific
treatment modalities.
In the context of planning POP surgery, there are obvious benefits from surgeons
having the added anatomic information and assessment of function offered by 3D
images as part of their preoperative evaluation of patients. Also, in situations where the
pelvic floor is injured, 3D assessment of its structure and internal relationships will likely
aid understanding of the nature and extent of the trauma, as incontinence and prolapse
frequently occur as a consequence of traumatic injury [246]. As an example, our 3D
model clearly showed where detachment of the levator ani had occurred in a 55-yearold patient (Fig. 4.4, panel (C)).
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I recognize that the selection of 31 consecutive images to develop our 3D
modeling method does not allow the benefit of MRO over conventional supine MRI to be
quantified; a prospective study is needed to define the proportion of patients in whom
MRO enables a diagnosis of gravity-dependent POP to be made where supine imaging
is negative and formally establish the clinical utility of MRO. A limitation of the modeling
method reported is that muscle fiber direction and definition of some additional pelvic
floor structures such as ligaments, nerves, veins, and arteries were beyond the scope of
the current model; but enhanced definition could be incorporated in future modeling.
Another limitation was the short time (2 min) used to acquire the standing scans. Patient
comfort is a factor that must be balanced with the need to avoid compromising image
quality; a good quality 2D image is essential for the generation of accurate models.
However, our protocol has proved successful in this regard, and I suggest that 3D
modeling warrants further research and development, as the technique allows more
comprehensive determination of the extent of organ prolapse due to the impact of
posture and gravity.

95

Figure 4.9. 3D models and the 2D MRO supine and standing images from which
they were generated, in two different patients with symptomatic POP. Studies in
both patients identified anterior compartment descent cystocele (arrows) when
images were captured in the standing position. Color coding of 3D segmentation
is in legend. (Original images from source subjects).
Patient 1

(A) Supine

(B) Standing
Patient 2
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Patient 2

(C) Supine
(C) Supine

(D) Standing
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4.5. Conclusions
Three-dimensional models of the pelvis can be generated from high quality 2D
thin-section MRO images obtained by imaging patients in the supine, sitting, and
standing positions using a modeling method employing Analyze 12 software. The ability
of MRO to capture images when standing overcomes the limitation of conventional MRI
to supine imaging and is an important advance in the evaluation of POP, as the integrity
of the pelvic floor and the presence and severity and symptoms are strongly associated
with posture and the effect of gravity on the pelvic organs. The 3D models generated
provide enhanced definition of the pelvic structures and more comprehensively clarify
the extent and anatomical cause of organ prolapse; both are relevant to improved
evaluation, staging, and treatment planning for patients with POP.
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Chapter 5. Discussion and Conclusion
5.1. Summary and discussion
The anatomy of the pelvic organs, muscles, and supporting structures is
complex. The pelvic floor is a musculotendinous termination of the pelvic outlet that
permits the anorectal and urogenital viscera to pass through two hiatal openings [247],
and the pelvic floor muscles (PFM) support the pelvic organs and maintain their
functional integrity. In women, PFM injury or weakness can allow organ descent or
prolapse and cause organ dysfunction. The presence and extent of pelvic organ
prolapse (POP) is influenced by posture and the effect of gravity, and POP symptoms
can appear or be aggravated by a change in posture and resolve when the patient is
supine. Symptoms involve urinary, bowel, and sexual function and negatively impact
quality of life (QOL). POP is a major health problem; approximately 50% of women over
50 have symptoms related to POP.
Evaluation of POP involves history, inspection, clinical exam, and where
indicated, imaging. Classification and staging of the extent of POP determines treatment
allocation for patients. Current conservative treatment uses a pessary; surgical
treatment involves approaches based on the symptoms and grade of prolapse [74].
Problematically, clinical evaluation and imaging have a limited ability to detect POP that
is posture and gravity dependent. Factors influencing clinical exam efficacy include
variation in measurement methods (examining a patient when upright is difficult),
manner of examination, and patient and examiner variance, and differences in bladder
distention, patient position, and the degree of patient straining can all impact the
severity of POP [58, 102, 202, 205, 206]. The nature of the prolapse is often difficult to
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detect on physical exam, and while anatomic defects are generally well visualized on
MRI [217], because imaging is currently limited to the supine position, the ability of MRI
to detect POP due to the effects of gravity and posture on organ position is limited.
These factors negatively affect the accuracy of diagnosis of POP, the precision of
staging, and choices for surgical treatment; hence, the frequency of repeat surgery is
high (up to 30%) [9].
The recent evolution of open-configuration magnetic resonance imaging (MRO),
where the magnet is configured with a vertical gap, enables patients to be imaged when
sitting and standing upright, in addition to conventional supine imaging. So, MRO can
replicate normal functional posture and enable the effects of gravity on the body to be
evaluated [89, 248]. Hence, MRO has relevance for patients with POP because many
women experience symptoms of urinary incontinence associated with POP only when
standing [89]. Also, this new technology provides a means to test my hypothesis that
upright imaging has the potential to improve detection of POP occurrence because of
the known effects of posture and gravity on the position on the pelvic organs, aid
assessment of the degree of prolapse, and better evaluate the integrity of the pelvic
floor musculature.
Therefore, the goals of this study were to
1: Develop a protocol for obtaining supine, sitting, and standing images of
diagnostic quality using MRO in patients with POP.
2: Use MRO to determine if anatomic changes in POP that are posture and
gravity dependent are more readily detected in images taken when patients
are sitting or standing rather than supine.
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3: Evaluate if having MRO images taken when supine, sitting, and standing
improves the staging of POP when using validated reference lines.
4: Develop a methodology for creating 3D models of the female pelvic floor from
2D MRO images in patients with POP to improve definition of the anatomy and
enhance detection of the impact of posture and gravity.
5.1.1. Posture and gravity dependence of POP
The standing posture of humans is commonly considered to be a contributing
factor where symptom provocation usually occurs because of the physiological impact
of gravity that women with pelvic organ prolapse or urinary incontinence experience
when upright. The levator ani muscles are involved to enhance the increased support
needed with standing posture.
As seen in Chapter 4, the developed 3D reconstruction model of the female
pelvis revealed the abnormality of levator ani in women with POP. The pelvic floor soft
tissues (levator ani muscles) are a key factor playing a significant role in keeping the
genital hiatus (GH) closed, help to support the pelvic viscera, and have an important
role in bladder and bowel continence. The present study showed the relationship
between posture and the extent of POP detected in the standing position, which is
correlated with levator ani muscle damage seen on MRO scans. Our finding is
consistent with the previous study by Barber et al. [202] that demonstrated that the
degree of prolapse observed in the dorsal lithotomy position corresponds with a 45°
upright evaluation in a birthing chair. However, a maximal degree of prolapse was found
in the standing examination. In addition, Visco et al. [204] reported a maximal degree of
prolapse in the standing position in contrast with the supine position. Another study by
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Swift and Herring [52] compared the pelvic organ prolapse quantification (POP-Q)
system in the standing and supine orientations. They reported that there was no
significant difference between the stage or the quantified measurement (POP-Q)
system points in the lying and standing positions. Also, a previous study by Bo and
Finckenhagen [249] demonstrated that there was no statistical difference in
measurements of prolapse in the lying and standing positions. In contrast, our study
showed statistically significant differences in the detected POP between the supine and
the standing positions as seen in Chapters 3 and 4.
I suggest that the potential of the addition of gravity and body weight are
considerable contributors to minimizing the ability of the damaged pelvic floor muscle
(PFM) contractile function when standing. It can be hard for the PFM to generate
additional contraction function upon a pre-loaded base, as the heaviness of pelvic
organs and gravity are opposing forces to the pelvic floor. This can partly reveal why
differences are seen in the diagnosis of POP with changes in posture. Hypothetically,
the function of the entire pelvic floor may be changed due to several influencing factors
such as prolapse of pelvic organs when upright, differing tension on fascia and
ligaments, and alterations in resting length and tone of the contractile elements. Our
data reported that the magnitude of the observed extent of prolapse alters according to
the position used for assessment, confirming that an empty bladder and standing
position are the optimal conditions used for demonstration of POP.
5.1.2. MRO protocol development
The source MR images were obtained in the axial and sagittal plane. To avoid
anatomical distortion, no contrast agent or surface body coil was used. Adequate
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patient preparation and fast acquisition time are required to reach extreme patient
comfort. A suggested protocol for MRI of pelvic floor dysfunction is summarized in
Chapter 4. Key elements of the MRO protocol relating to image quality include the use
of an external pressure pump to provide leg support to avoid blood pooling causing
fainting, a short scan time as POP patients are often uncomfortable when standing, and
use of the scanner support straps to minimize movement and motion artefact.
Movement was reported to compromise another MRO study where patients with back
pain were asked to stand for positional MRI for 10 min. This complication meant that the
protocol had to be altered to use the sitting position instead to achieve the required
image quality [242]. To reduce any perception of discomfort during the weight-bearing
scans, patients were offered the choice of watching TV or listening to music and
wearing earplugs to avoid excessive noise.
5.1.3. MRO and POP staging
There is no standardized method for assessing POP using MRO imaging, so this
study sought to compare the mean lengths of the different reference lines of the control
women without POP and women with POP on supine, sitting, and standing position
images, to provide an assessment of the relationship of the pelvic components in
different positions. As shown in Chapter 3, significant differences in the mean lengths of
the PCL, SCIPP, HL, ML, MPL, and PL reference lines between the women with and
without POP were predominantly evident in the standing position. This advances the
original work of Friedman et al. [201] where the bony anatomic reference points used
were limited to the pubopromontoreal (PP) and the pubococcygeal (PC) lines.
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The first reference line to be applied in MR imaging was a line drawn from the
most inferior part of the symphysis pubis to the last visible coccygeal articulation, known
as the “pubococcygeal line” (PCL) [9]. Significant component parts of the pelvic floor,
such as the pubococcygeal muscle, puborectal muscle, and pubovesical ligament,
attach along this line [9]. Hence, the PCL is the line most widely applied in staging POP.
The severity of prolapse is graded based on displacement of an organ below the PCL: 3
cm or less is graded as mild, 3–6 cm as moderate, and more than 6 cm as severe. A
rectocele is graded as follows: absent (displacement inferior to the PCL of less than 1
cm); mild (displacement of 1–2 cm); moderate (displacement of 2–4 cm); and severe
(displacement of more than 4 cm). Using the PCL reference line to grade cystocele,
vaginal prolapse, and rectal prolapse in the anterior and posterior compartments on
MRO images in the standing position was moderately higher than in the anterior and
middle compartments in the supine position. When the most distal part of the rectum
(posterior compartment) is measured, the location of the anorectal junction is regarded
as simple and reproducible. Through this finding, the sensitivity of supine MRI to define
rectoceles has been identified as 76–100% [55, 217]; my observation that the
occurrence of mild rectocele in symptomatic POP women in the supine position was
55% using the PCL is in keeping with this figure. A probable explanation is that the
causal mechanism is anatomic distortion from pelvic floor damage resulting in widening
of the hiatus and laxity or disruption of the musculofascial supporting structures rather
than an effect of gravity; or due to the excessive mobility of the posterior compartment.
When a woman is lying supine in the MR scanner her whole-body axis is aligned
with the bed and the bore of the machine. This means that the H line (HL) is positioned
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perpendicular to this axis, which allows how “high” or “low” an organ is relative to the
body axis to be quantified. In contrast, the biological and functional importance of the
standing position is that the whole-body axis is parallel to the gravity field — the
direction in which prolapse appears; the HL is then “horizontal” and so provides a
reference plane for defining how much a structure has displaced [250]. The normal
levator hiatus length (H line) is reported to be 5 cm in women without pelvic floor laxity
[1]. In this study HL length was identical in controls, as described in Chapter 3, and the
mean length of HL in women with POP was statistically different when compared with
that of normal women, confirming reports by Ginath et al. [215] that the mean length in
women with prolapse was higher than in women without prolapse at rest.
The levator plate is the clinical term used to define the area between the coccyx
and the anus composed of the midline fusion (raphe) of the iliococcygeus muscles.
Fielding et al. [12] proposed that vertical inclination of the levator plate of more than 10°
with respect to the PCL is indicative of loss of pelvic floor support [215]. As reported in
Chapter 4, this concept is supported by the observation in this study that in women with
POP in the supine position the levator muscle plate is located above the PCL on sagittal
images, while in the standing position the levator muscle plate is evident below the PCL
with uterine prolapse.
This study’s findings extend current knowledge through this comparison of the
mean length of commonly used pelvic reference lines (PCL, SCIPP, PP, HL, ML, MPL,
and PL) on midsagittal MRO images in women with and without POP when imaged in
supine, sitting, and standing positions.
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5.1.4. 3D modeling methodology
With the emergence of computational techniques and advances in computational
power, biological systems, organs, tissues, and even cells can be modeled effectively in
3D to simulate the mechanics of both normal and pathological conditions [251]. In the
current study MRO provides visualization that allows assessment of the pelvic floor
architecture, muscles, and the organs possible in healthy women and detection of the
presence of POP.
The last objective of this thesis was to develop a method for generating 3D
models of the female pelvic floor from 2D MRO images in patients with POP with the
aim of improving definition and visualization further. As described in Chapter 4, the
protocol developed for standing and sitting image acquisition allowed the high-quality
2D images that are essential for 3D modeling to be acquired and described the way in
which Analyze 12.0 software was used to generate quality 3D reconstruction models.
The sequence of steps followed for segmentation of the pelvic images made it
possible to construct a 3D model that included the bony pelvis, pelvic organs, levator
ani muscle, and pelvic floor muscles, where the anatomical structures were precisely
defined and their borders could be traced reliably. The relevance of such modeling is
that the levator ani plays a significant role in maintaining the integrity of the pelvic
organs, but cadaveric studies lack detail due the location of the structures within the
bony pelvis [115]. The 3D modeling method developed is novel, and the reconstruction
of 3D pelvic images from 2D images derived from MRO scans is superior to 3D models
generated previously, because of the advanced technology of MRO scanners. As the
magnet is configured with a vertical gap, model generation is enhanced as subjects are
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imaged in standing and seated positions as well as when supine, providing images
where variations in functional posture allow the impact of gravity on the body to be
visualized.
Hence, the level of anatomic detail in the 3D constructed models illustrated in
Chapter 4 gives a better topographical overview of the complex structure and
morphological characteristics of the levator ani and pubovisceral muscle in women with
or without POP. Also, spatial analysis in three-dimensional models can yield information
that cannot be obtained from two-dimensional studies and is of potential value
particularly for surgical planning and to aid education of patients about their condition.
5.2. Limitations
A number of limitations have already been discussed in Chapters 3 and 4.
Currently, because access to MRO units is limited to a few research facilities, other
researchers and clinicians must wait to make use of the findings from this thesis until
units with MRO become generally available.
Limitations of this current work include the small sample size, which restricts
comment on how many patients will benefit from MRO standing image data identifying
POP not detected in conventional supine MRI, and how much surgeons and the
performance of surgery for POP could be influenced by availability of 2D MRO and 3D
models of pelvic floor anatomy. However, a prospective study would define the
proportion of patients in whom MRO enables a diagnosis of gravity-dependent POP to
be made and formally establish the clinical utility of this application of MRO. The
ongoing debate over which pelvic reference lines are the best to apply to MRI is a
limitation that impacts the data reported, as it remains difficult to choose which pelvic
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reference lines would supply the best reference landmark for MRO assessments of
POP. However, as further MRO studies occur there is reason to be confident that which
reference lines are optimal to use will emerge. Control subjects were younger than POP
subjects overall, however there are no publications in the literature which indicate that
the type of anatomic defects I observed with POP can result simply from the aging
process.
A limitation of the modeling method reported is that muscle fiber direction and
definition of some additional pelvic floor structures such as ligaments, nerves, veins,
and arteries were beyond the scope of the current model; nevertheless, enhanced
definition could be incorporated in future modeling. Another limitation was the short time
(2 min) used to acquire the standing scans. Patient comfort is a factor that must be
balanced with the need to avoid compromising image quality; a good quality 2D image
is essential for the generation of accurate models. However, the protocol developed has
proved successful in this regard, and I suggest that 3D modeling warrants further
research and development, as the technique allows more comprehensive determination
of the extent of organ prolapse due to the impact of posture and gravity. In addition,
adequate defecation is important for a complete assessment of the posterior
compartment. Incomplete evacuation of rectal content and persistent rectocele may
mask the appearance of the enterocele.
Images of a full bladder were obtained when the patient indicated that they had a
volume in their bladder for which they would normally seek the bathroom. No attempt
was made to try to equalize the volume in the bladder between subjects given that this
was a preliminary study and a fully non-invasive test was sought.
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In the standing position the intraabdominal pressure is raised, the vagina
displaces and presses against the levator plate, and levator contraction maintains this.
This relationship may be distorted in patients with prolapse as the vaginal axis becomes
straightened [215]. Additionally, the presence of air in the distal-most section of the
rectum may lead to an overestimate of rectal descent.
When women lie in the scanner with different degrees of pelvic flexion, the
positions of some reference lines PCL and SCCIP alter, and a similar situation can
occur during maneuvers like the Valsalva maneuver
5.3. Significance
In pelvic organ prolapse (POP) posture and gravity impact organ position and
symptom severity. The advanced magnet configuration available in open magnetic
resonance imaging technology (MRO) allows patients to be imaged when sitting and
standing as well in a conventional supine position, as the magnet is configured with a
vertical gap.
This study evaluated if sitting and standing MRO images are relevant as a means
of improving quantification of POP, because they allow identification of differences in
organ position dependent on organ position due to the effects of posture and gravity not
seen on supine imaging. This project found that the maximal extent of prolapse is best
evaluated in the standing position using PCL, HL, ML, MPL, and PL as reference lines
to determine pelvic organ prolapse, and that in 100% of symptomatic patients, gravitydependent POP not seen in supine imaging was evident in standing images.
Conversely, in the context of POP, imaging in the sitting position did not add any
demonstrable benefit; in part because anatomical landmarks required for grading were
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obscured. Also, the protocol developed for MRO of the pelvic floor can be broadly
applied as a means of obtaining quality images, and the method described for
construction of 3D models from 2D MRO images can be used and further refined by
others.
As MRO becomes available, I suggest that this technology and the protocol and
3D modeling developed will offer clinicians an improved way to evaluate and classify
patients with POP. As a result, currently recognized difficulties in diagnosis,
classification, and treatment allocation will be overcome, which will allow more patients
to benefit from appropriate treatment. Clinicians will be able to more readily visualize the
anatomy of the pelvic floor, and surgeons will be enabled to achieve improved operative
outcomes. Importantly, I believe that the findings of this research have the potential to
benefit the many patients affected by POP by aiding detection and improving the
accuracy of disease staging.
5.4. Future studies
Future directions with MRO should include a larger scale study of subjects with
POP to determine the full scope of frequency and severity of understaging. Additionally,
the relevance of having 3D models generated could be used in an assessment of initial
selection of surgical intervention, need for surgical recurrence, as well the educational
benefit for explanation to surgically naive patients. Valsalva maneuvers could be added
to the imaging protocol to examine for more dynamic components of movement within
the pelvis.
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