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The bladder exstrophy—epispadias complex (EEC) represents a spectrum of rare and surgically
correctable congenital anomalies. Classic bladder exstrophy (CBE) stands between epispadias
and cloacal exstrophy (CE) in the severity spectrum, and is the most commonly encountered
type. CBE involves congenital defects of the bladder, abdominal wall, pelvic floor, and bony
pelvis. With the growing understanding of the detrimental effects of radiation in children,
magnetic resonance imaging (MRI) is progressively been utilized in the preoperative work-up

and post-surgical follow-up of these patients. MRI provides valuable information for planning
and evaluating the optimal surgical techniques for closure of CBE. The aim of this paper is to
provide a review of the two- (2D) and three-dimensional (3D) MRI features of CBE including a
detailed analytical description of the anatomy of the pelvic floor in affected patients.

© 2014 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction

The bladder exstrophy—epispadias complex (EEC) rep-
resents a spectrum of rare and surgically correctable
congenital anomalies; epispadias being the mildest and
cloacal exstrophy being the most severe form. Classic
bladder exstrophy (CBE) is the most common variant, and
falls in the middle of these categories. (Fig 1) CBE typically
presents with congenital defects of the bladder, abdominal
wall, pelvic floor, and bony pelvis.
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CBE is reported to occur in 1:10,000 to 1:50,000 live
births,' and is more commonly encountered in boys than in
girls, with a reported ratio of between 2.3—6:1.%> The EEC
results from a failure of mesenchymal cells to migrate
appropriately between the ectoderm of the abdomen and
the cloaca, as early as during the fourth week of gestation.
Three major hypotheses have been proposed for the
embryological origin of EEC: (1) premature rupture of the
cloacal membrane,* (2) mechanical obstruction of the
mesodermal migration,” and (3) disruption of cellular
function resulting in abnormal development.® Although
these three aetiological theories may all explain the
embryological origin of the EEC independently, the mal-
formation most likely results from a combination of these
three assumed aetiologies. Premature rupture of an abnor-
mally formed cloacal membrane attributable to cellular or
mechanical causes results in the formation of the exstrophy.
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Figure 1 Epispadias (a), classic bladder exstrophy (b), and cloacal exstrophy (c) in three female patients.

The severity of the EEC depends on the timing of the cloacal
membrane rupture in relation to the fusion of the urorectal
septum to the cloacal membrane. At the completion of
embryological development, in addition to the exstrophic
urethra, bladder, and/or bowel, the EEC is also accompanied
by a complex malformation of the bony pelvis and pelvic
floor, which requires surgical correction.” Surgical correc-
tions of CBE serves two goals, first closure of the bladder
plate to provide a functional urinary reservoir with urinary
continence, and second a pleasing and functional cosmesis
of the genitalia. Modern staged reconstruction of exstrophy
(MRSE) aims to close the bladder, posterior urethra, and
abdominal wall with or without osteotomy just after birth
followed by a repair of the epispadias at 6 months to 1 year
of age, followed by bladder neck reconstruction at 4—5
years of age.®

Magnetic resonance imaging (MRI) allows collection of
high-resolution, high contrast-to-noise ratio, two- (2D) and
three-dimensional (3D) imaging data sets of the pelvis.
Moreover, MRI does not use ionizing radiation and is
consequently exquisitely well suited to study children with
CBE. The 3D acquisition provides important qualitative and
quantitative data.’

The aim of this paper is to review the normal and
abnormal 3D MRI anatomy of the pediatric pelvic floor in
children with CBE, before and after surgery. A correct un-
derstanding of the normal and abnormal anatomy may
guide and provide valuable insight for choosing the optimal
surgical technique for closing CBE.

Pelvic floor anatomy

The Belgian anatomist Andreas Vesalius was one of the
first to study and publish details about the anatomy of the
human pelvic floor. His work dates back to 1555." Many
years later, Dickinson referred to the challenge of the proper
understanding of the pelvic floor musculature in his pub-
lication in 1889 as follows: “There is no considerable muscle
in the body whose form and function is more difficult to
understand than of the levator ani (LA), and about which
such nebulous impressions prevail”.!" In the new era of
advances in histopathological evaluation and radiological
imaging, this challenge still remains.

The major muscle that forms the pelvic floor muscle is
the LA that is composed of striated muscles fibres. The LA
arises anteriorly from the posterior surface of the superior

ramus of the pubis, lateral to the symphysis; posteriorly
from the inner surface of the spine of the ischium; and
between these two points from the obturator fascia.'” The
obturator internus (OI) muscle serves as a frame for the
attachment of the LA to the pelvic bones.”>'* The major
components of the LA are a laterally localized thin sheet of
muscle called the iliococcygeus (IC) muscle, a bulkier
medial muscular sling called the pubococcygeus (PC) mus-
cle, and the puborectalis (PR) muscle. The IC muscle at-
taches anteriorly to the pubic bone, arcus tendineus of the
LA muscle, and posteriorly to the anococcygeal raphe and
coccyx. The more substantial part of the LA is the PC muscle,
which inserts bilaterally at the pubic rami and wraps
around the midline structures of the bladder, urethra, va-
gina, and rectum. The PC muscle is funnel-shaped with a
transverse portion called the LA plate and a vertical portion
called the suspensory sling.'* At the level of the levator
hiatus, the plate bends sharply downward to form the
suspensory sling. This most medial portion of the LA is the
PR sling, which attaches to the midline viscera during pas-
sage through the pelvic floor. This muscle provides direct
and indirect support for the vagina, bladder, and urethra by
pulling these structures ventrally toward the pubic
bone.!*'> In extensive new human anatomy dissections
with microscopic confirmation, Shafik et al.'*'> reported
that the PR sling extension of the LA connects to the urethra
at the bladder neck.

The various components of the LA have been interpreted
differently in the literature resulting in confusion in the
nomenclature. In this article, we follow the Nomina Ana-
tomica terminology.'® According to Nomina Anatomica,'® the
LA consists of four components: the PC, pubovaginalis (or
levator prostate), PR, and IC portion. Of these four compo-
nents, the PC, PR, and IC can be identified on pelvic MRI
studies of young children with normal anatomy and CBE.

Anatomical evaluation of the LA has been widely ob-
tained from dissections or routine anatomopathological
preparations of the adult pelvis. Fritsch and Frohlich!” were
the leading researchers to study the LA in foetuses. Anato-
mopathological evaluation of the LA by Fritsch and Frohlich
demonstrated that the LA muscle can be recognized with
three distinct portions (PR, PC, IC) as early as the 9th
gestational week. Close to the end of the second trimester,
the typical funnel shape of the LA forms.!” The overall shape
of the LA is highly dependent on the development of the
bony pelvis as previously documented in the computed
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tomography (CT) evaluation of the pelvis in CBE. In 1995,
Sponseller et al,'® compared CBE children with age-
matched controls, and demonstrated that there is an
external rotation of the posterior aspect of the pelvis,
typically about 12° on each side. In addition, there is a net
external rotation of the anterior pelvis by about 18°, com-
bined with a retroversion of the acetabulum and 30%
shortening of the pubic rami in addition to the pubic
diastasis.'®

In 2001, Stec et al.'””? demonstrated that external rota-
tion of the pelvis was mostly due to the fact that the
sacroiliac joints are 10° more toward the coronal plane than
the sagittal. Stec et al.'%?% also noted that there is a 15°
inferior rotation of the pelvis and that the sacrum in exs-
trophy patients was 43% larger by volume and 24% larger in
surface area than in normal controls.

The pelvic bones in children with CBE appear like a more
open book or square shape compared to that of controls.
Pubic diastasis is typically accompanied by short pubic
rami, which may result from a lack of stimulus to grow
further toward the midline. The anatomy of the pelvic floor
is challenging across all age groups, but especially in the
neonate. In adults, the pelvic floor muscles are quite thin,
but even thinner in the neonate. The presence of fat serves
as a natural contrast and enables differentiation between
the various LA muscle groups and pelvic organs. Unlike
adults and older children, there is a paucity of fat in the
neonatal pelvis, limiting anatomical differentiation of the
various pelvic structures in MRI. Moreover, air and faeces

within the rectum with resultant MRI susceptibility arte-
facts may obscure image detail, especially limiting evalua-
tion of the PR muscle.

MRI protocol of CBE

Pre- and post-surgical MRI of the pelvis is the standard of
care in the surgical management of CBE in our institution
(Johns Hopkins Hospital). Patients are examined using a 1.5
T MRI machine (Avanto, Siemens, Erlangen, Germany). The
departmental exstrophy pelvic MRI protocol includes axial,
coronal, and sagittal T1-weighted (T1W) and T2-weighted
(T2W) turbo spin-echo images of the pelvis without fat
suppression with 3 mm section thickness. The field of view
(FOV) covers the region from the top of kidneys to the
bottom of genitalia in craniocaudal extension and from the
skin to skin laterally. Total acquisition time is 18—22 min.
Children with CBE are examined using MRI in the first few
days of life before surgery and up to 1 year of age after the
first stage of repair. Therefore, the imaging parameters, in
particular the spatial resolution, are adapted for the size and
age of the child.

Overall, in CBE the LA is located more posteriorly and
externally rotated and flattened, following the box-like
shape of the bony pelvis. The anus is anteriorly displaced
(Fig 2) and only one-third of the LA muscle is located
anteriorly, providing limited support for the pelvic organs.
In males with CBE, the urethral meatus is seen on the dorsal

(d)

Figure 2 The PR muscle can be best visualized in the axial plane. The course of the PR is drawn in axial T2W images in red at the level of the OI
muscle (arrow) in the normal control (b) and CBE (d): the PR is elongated and flattened in CBE. Note the oblique course of the iliacus internus
muscle in normal control (arrow) (a) as opposed to vertical orientation in CBE (arrow) (c). The star marks on the medial ends of the pubic bones
in normal control (a) and CBE (c) demonstrates the pubic diastasis in (c) with increased distance between the medial ends of the pubic bones.
With diastasis of the pubic bones, there is also resultant diastasis of the erectile bodies. Pubic diastasis and pelvic floor flattening result in an
open-book configuration of the pelvis in CBE (second row) as opposed to the normal control (first row). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Figure 3 The IC can be best visualized in the coronal plane. The course of the IC is drawn in red at the level of the rectum in the normal control
(a) and CBE (b). The IC muscle has the appearance of a Christmas candy cane in the normal control (a), as opposed to a flattened/elongated arc in
CBE (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

aspect of the phallus, which is typically shortened. The
corpora cavernosa are splayed due to the pubic diastasis
contributing to the short phallus. The umbilicus is low-set
and can be associated with umbilical hernias. Indirect
inguinal hernias are common.

2D evaluation of the LA can be done on a patient
archiving and communication system (PACS). During im-
aging analysis, the three major muscles of the LA can be
distinguished: the PR (Fig 2), IC (Fig 3), and PC (Fig 4). The

PR is best visualized in the axial plane (Fig 2). The orien-
tation of the OI muscle is vertical in CBE (Fig 2). Pubic dia-
stasis and external rotation of the sacrum results in a wider
distance in the lower pelvis, with an elongated and flat-
tened LA in CBE compared to a normal control. The IC is best
demonstrated in the coronal plane (Fig 3), extending along
each side of the rectal wall and attaching to the iliacus
internus. Normally, the IC muscle has the appearance of a
“Christmas candy cane” as opposed to a flattened/elongated

(a)

(b)

Figure 4 The PC muscle can be best visualized in the sagittal plane. The course of the PC is drawn in sagittal T2W images in red extending
between the inner surface of the medial aspect of the pubis and tip of the coccyx in the normal control (a) and CBE (b). Note the flatted curve of
the PC muscle in CBE (b) as opposed to the normal control (a). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Figure 5 The contours of the PR, IC, and PC are drawn bilaterally on
multiple sections as far can the muscle groups can be identified in
axial, coronal, and sagittal planes. Then the contour data set is co-
registered in all three planes as shown in this figure. Note that the
PR (axial) is the lowest and the IC (coronal) makes the highest part of
the LA.

arc in CBE patients (Fig 3). The PC is best demonstrated in
the sagittal plane close to midline (Fig 4), extending be-
tween the inner surface of the medial aspect of the pubis
and tip of the coccyx.

3D visualization systems may offer measurements of the
entire muscle group rather than a single section of the
muscle only. This approach renders a more realistic un-
derstanding of the pelvic floor before and after surgery.
When the whole muscle group is visualized in a 3D system,
orientation/overall curvature of the muscle group can be
measured, from which a quantitative and qualitative anal-
ysis can be performed. A Dextroscope® is used for 3D ste-
reoscopic evaluation, which provides a natural and intuitive
hand—eye coordination to explore the 3D funnel shape of
the LA. The US Food and Drug Administration (FDA)
approved the Dextroscope in 2001. It is a standalone system
integrating hardware and software that connects to the
clinical workflow by means of digital imaging and com-
munications in medicine (DICOM) data, either via the PACS

or compact disc-read only memory (CDROM). It provides a
stereoscopic hand—eye coordinated 3D interface of the
medical images. The volumes made of DICOM data can be
conveniently visualized with 3D stereoscopic depth
perception using two hands, one holding a 3D stylus for
intuitive operating (crop, drill, measure) with the volu-
metric dataset and another holding a joystick to control
position and orientation of the patient data.’! The pelvis
MRI data (DICOM images) are transferred from the PACS to
this off-line post-processing standalone visualization sys-
tem. Dextroscope was initially tailored for neurosurgery
planning,’? and has since found use in other specialties such
as otolaryngology, cardiovascular interventions, and virtual
colonoscopy to name a few.

The contours of each LA muscle group are manually
drawn on each side, for every section where the muscle can
be identified. The contour data for PR, IC, and PC are sub-
sequently co-registered in each respective plane (Fig 5).
Quick qualitative analysis of the pelvic floor can easily be
performed in this co-registered contour data set. PR is the
lowest, and IC is the highest part of the LA. Contour analysis
can be performed either for quantitative or for qualitative
analysis. The impact of surgery can be demonstrated before
and after surgery for a quick qualitative evaluation of the
results (Fig 6). This dedicated approach of drawing the
muscle contour enhances the qualitative assessment of the
contours: in children with CBE, muscle contour irregular-
ities improve after surgery (Fig 6). After drawing all the
muscle contours, an average contour can be obtained from
each group and used for quantitative analysis. In addition to
qualitative comparisons, quantitative measurements can be
performed (Fig 7). Chord measurements allow quantifica-
tion and standardization of the degree of curvature of an
arc, specifically defined as the mean ratio of the arc length
over the chord length of a curved contour. We prefer chord
measurements over absolute length measurements,
because by taking the ratio of the curvature of the arc over
the length of the arch, one can take into account the growth
of the child. This enables comparisons between different
age groups in a more reliable fashion, such as in the setting
of pre and post-surgical evaluation. Chord measurements
can be performed in each part of the LA: PR, IC, and PC.

(@)

(b)

Figure 6 Qualitative evaluation of the pelvic floor with the 3D data set: comparison of preoperative (a) and postoperative (b) contours of the LA.
After closure, all three muscle groups of the LA appear deeper in CBE (b), providing a more conical shape. In addition, note the irregularities in
the contour of the muscle groups (a) that improve after surgical intervention (b).
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Figure 7 Quantitative evaluation of the pelvic floor with the 3D data set. Once the contour data set is created, geometric analysis of the contours
can be done to evaluate the LA. The contours of each muscle are drawn in multiple sections (blue); therefore, the mean of the curvature is
calculated for each muscle group (white). Then the ratio of the arc length over the chord length is calculated. The advantage of this method is
twofold: (1) the contours of each muscle group are drawn in multiple sections; therefore, each section of the muscle group is taken into
consideration rather than a single representative section, and (2) by dividing the cord length over the arc length, one can factor in the impact of
growth of the child. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Conclusion

CBE is a rare congenital anomaly that requires careful
evaluation of the pelvic floor for optimal surgical outcome.
Pelvic floor muscles form a thin layer of muscle providing
major support and optimal function for the urogenital and
reproductive systems. Such challenging and complex
anatomy becomes even more challenging in the small-sized
neonatal pelvis with very little pelvic fat.

The normal conical shape of the pelvis is highly affected
by the bony pelvis; therefore, pelvic osteotomies can pro-
vide additional value to primary bladder closure. Growing
evidence and awareness of the detrimental effects of radi-
ation especially on the growing child make MRI the imaging
technique of choice for the diagnostic work-up of the pae-
diatric pelvic floor. In addition, the high soft-tissue resolu-
tion and excellent spatial resolution are of benefit.”> %°

Traditionally angle, length, and thickness measurements
have been done of the LA for the evaluation of the pelvic
floor. This type of evaluation can be done on a PACS work-
station. 2D analysis of the pelvic floor and bony pelvis using
CT and MRI have been previously described.'®~2> However,
when one needs to make comparisons between a newborn
pelvic MRI obtained in the first few days of life, compared to
a follow-up examination at 6 months or later, length and
thickness measurement comparisons can be unreliable. 3D
post-processing tools may compensate for this and give
important follow up data.

Long-term, our technique may allow for detailed
dissection of the postoperative changes as they relate to
functional outcomes, such as continence, which is critical
for the quality of life in children CBE. In summary, combined
high-end 2D and 3D MRI is the technique of choice for the
evaluation of paediatric pelvic floor in the pre-surgical
planning, and for the postoperative evaluation of the
various surgical approaches applied for repair of CBE.
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