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Abstract
Introduction and hypothesis In cystoceles, the distal anterior
vaginal wall (AVW) bulges out through the introitus and is no
longer in contact with the posterior vaginal wall or perineal
body, exposing the pressure differential between intra-
abdominal pressure and atmospheric pressure. The goal of
this study is to quantify the length of the exposed vaginal wall
length and to investigate its relationship with other factors
associated with the AVW support, such as most dependent
bladder location, apical location, and hiatus diameter, demon-
strating its key role in cystocele formation.
Methods Fifty women were selected to represent a full spec-
trum of AVW support. Each underwent supine, dynamic MR
imaging. Most dependent bladder location and apical location
were measured relative to the average normal position on the
mid-sagittal plane using the Pelvic Inclination Correction
System . The length of the exposed AVW and the hiatus
diameter were measured as well. The relationship between
exposed AVW and most dependent bladder location, apical
location, and hiatus diameter were examined.

Results A bilinear relationship has been observed between
exposed vaginal wall length and most dependent bladder
location (R2=0.91, P<0.001). When the bladder descents up
to the inflection point (about 4.4 cm away from its normal
position), there is little change in the exposed AVW length.
With further descent, the exposed vaginal wall length in-
creases significantly, with a 2 cm increase in exposed AVW
length for every additional 1 cm of drop bladder location. A
similar but weaker bilinear relationship exists between ex-
posed AVWand apical location. Exposed vaginal wall length
is also highly correlated with hiatus diameter (R2=0.85,
P<0.001).
Conclusion A bilinear relationship exists between exposed
vaginal wall length and most dependent bladder location and
apical location. It is when the bladder descent is beyond the
inflection point that exposed vaginal wall length increases
significantly.

Keywords Anterior vaginal wall prolapse . Exposed vaginal
wall . Most dependent bladder location . Apical location .

MaximumValsalva . Intra-abdominal pressure

Introduction

Pelvic organ prolapse is a common disease leading to over
200,000 operations annually [1]. Anterior vaginal wall (AVW)
prolapse, or cystocele, is the most common form of prolapse
[2]. Unfortunately, it is also the most frequent site of postop-
erative recurrence [3–9]. A better biomechanical understand-
ing of anterior wall support mechanism is needed to improve
our understanding of the operative success and failure.

Three factors are known to be associated with anterior
vaginal wall prolapse: Apical descent [10, 11], levator ani
muscle damage [12–15] and an enlarged levator hiatus [16]
that is related to levator damage. What has been lacking is a
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biomechanically plausible conceptual model of how these
factors interact to cause prolapse. Based on experimental
and clinical evidence, we have developed a biomechanical
conceptual disease model that integrates these factors and is
explained in Fig. 1 [17]. A key feature of this model concerns
how pressure differential acting on exposed vaginal wall
creates forces that drive the anterior vaginal wall downward.

Clinically, with cystocele, the anterior vaginal wall be-
comes visible through the enlarging levator hiatus. The exter-
nally visible portion of the anterior vaginal wall has lost
contact with the posterior vaginal wall. This portion of the
anterior wall becomes exposed to the pressure differential
between abdominal pressure and atmosphere pressure.
Biomechanically, the action of a pressure differential on a
membrane structure (such as the anterior vaginal wall) gener-
ates a tension force in the membrane and its supporting
attachments to counterbalance the pressure-generated force.
The greater the area exposed to a specific pressure differential,
the greater the force that is generated. The tension force in the
vaginal wall due to AVW exposure to a pressure differential
would be resisted by the ligaments and connective tissues that
attach the vagina to the pelvic walls. Therefore, beginning to
understand factors related to the amount of vaginal wall that is
exposed to this pressure differential can help in advancing our
understanding of the relationships among apical descent, le-
vator ani muscle damage, and anterior vaginal wall prolapse
and how eliminating the exposed vaginal wall surgically
would improve the overall vaginal support.

This study seeks to quantify the length of exposed anterior
vaginal wall and explore its relationship with other factors
such as cystocele size, apical descent, and hiatus diameter
using dynamic MRIs of women with a spectrum of normal
and abnormal anterior vaginal wall support. It is our

hypothesis that the exposed vaginal wall length is significantly
associated with cystocele size, apical descent, and hiatus
diameter.

Materials and methods

This study is a secondary analysis of MR images from an on-
going University of Michigan, IRB-approved case–control
study that focused on anterior vaginal wall prolapse (IRB #
1999–0395). To assemble a study set representing the full
spectrum of normal and abnormal anterior vaginal wall sup-
port we used a stratified sampling strategy to select roughly
equal numbers of women with normal support (anterior sup-
port points Aa, Ba and C above the hymenal ring) and pro-
lapse (all support points below the hymenal ring). No women
were included in whom a posterior vaginal prolapse was larger
than the anterior vaginal prolapse. Study subjects were chosen
sequentially starting from the most recent scans, moving
backward until 25 subjects had been collected in each group.
Since data do not exist on the amount of vaginal wall that is
exposed in a cystocele, a formal sample size could not be
estimated. We therefore planned a preliminary analysis at a
sample size of approximately 50, and if important trends were
not statistically significant, we would use these data for a
formal power calculation and conduct a larger study. Women
were excluded if they had undergone prior prolapse surgery,
had neurological disease affecting the pelvic floor, or factors
that would precludeMRI interpretation (e.g., a prosthetic hip).
For this study, only subjects with a uterus in situ were included
so that the location of the cervix could be marked. As part of
the research protocol, all women underwent POP-Q examina-
tions performed by an experienced urogynecologist (Dr
DeLancey or Dr Larson) and the modified Duke Pelvic
Floor Dysfunction Distress Inventory was used to access the
symptoms. Before starting the examination, the patient was
instructed how to properly perform straining maneuvers by
relaxing their pelvic floor muscles and allowing maximal
prolapse development starting from minimal to maximal
straining.

As described in our previous studies [18],MR imaging was
performed on a 3-T system (Philips Medical Systems, Best,
The Netherlands) using a six-channel torso phased array coil
with the subject in the supine position. Ultrasound gel was
placed in the vagina to outline its contour. For dynamic
imaging, a multiphase, single-level image of the pelvis in the
mid-sagittal plane was obtained approximately every 1.4 s
over 30 s using a single-shot, turbo spin-echo sequence (TR,
approximately 1,300 ms; TE, 105 ms; slice thickness, 6 mm;
field of view 34 cm; matrix 256×90; and 1 number of signal
average [NSA]). A set of 20 successive images were acquired
during rest and graded straining effort as follows: after imag-
ing during rest, the operator instructed the patient to strain
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Fig. 1 Schematic representation of pelvic organ prolapse theoretical
disease model based on Chen et al. (2009). a With normal levator
function, the hiatus is closed and anterior and posterior pressures are
balanced. Levator damage results in a hiatal opening and b the vagina
becomes exposed to a pressure differential that creates a tension force (red
arrow) on the cardinal (CL) and uterosacral (USL) ligaments. (Modified
from DeLancey© [26])
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minimally, moderately, and maximally, then to breathe nor-
mally and relax before ending the acquisition. Women were
instructed to relax their pelvic floor muscles to allow maximal
prolapse development as during pelvic examination for pro-
lapse. A research associate with the POP-Q data from each
subject’s clinical examination was present during MRI and
visually evaluated the location of the anterior vaginal wall at
maximal strain using the mid-pubic line as an estimate of the
hymenal ring on MRI to ensure that the extent of the anterior
vaginal wall prolapse was similar to what was seen on clinical
examination.

The measurement strategy based on mid-sagittal MRI is
presented in Fig. 2 using the Pelvic Inclination Correction
System (PICS) based on the technique described by
Summers et al. [11], Hsu et al. [18, 19], and Betschart et al.
[20]. In brief, on each MR image, a local pelvic coordinate
systemwas established with its origin in the mid-sagittal plane
on the arcuate pubic ligament. The x-axis (PICS line) points
posteriorly along the sacrococcygeal inferior pubic point
(SCIPP) line, but is rotated 34° clockwise to compensate for
the pelvic floor inclination, which is, on average, perpendic-
ular to the body axis. The y-axis points cranially [20]. Overall,
vaginal length and the portion below contact with the perineal
body and posterior vaginal wall were assessed by tracing the
contour of the vaginal wall from the external urethral meatus
to the cervicovaginal junction. The point at which the anterior
vaginal wall loses contact with the posterior wall in the region
of the perineal body was marked as the transition point (black
triangle in Fig. 2) to delimit the exposed vagina from the
vagina in contact with other pelvic floor structures. The sag-
ittal hiatus diameter was measured as the straight-line distance
between pubic symphysis point and the transition point
(Fig. 2). Sagittal diameters were measured as a proxy for area
measurements that are not seen on these midline images based
on the observation that 90 % of the variation in hiatal area is

attributable to the sagittal diameter [21]. Point placement was
confirmed by two examiners (Dr Yousuf and Dr DeLancey)
before measurements were completed.

As an assessment of cystocele size we identified the loca-
tion of the most dependent point in the bladder (B) and
assessed apical support by cervix location (Cx) 11. When
there was no anterior compartment prolapse, the B was placed
at the urethral–vesicle junction and in the case of prolapse it is
placed at the lowest point on the bladder. The location of the
most dependent part of the anterior cervix was marked at the
cervicovaginal junction. The average normal resting depen-
dent bladder point (BNormal) and the average normal cervix
location (CxNormal) have been previously determined in 20
nulliparous women [11] (black open circle, Fig. 2). Cystocele
size was estimated by calculating the distance from the most
dependent bladder point at maximal straining (BV) to the
average nulliparous resting bladder point (BNormal).
Similarly, the apical displacement was calculated as the dis-
tance between the subject’s cervix location at maximal
straining (CxV) to the average normal cervix location at rest
(CxNormal). Distance from normal was assessed rather than the
distance between the resting and straining because in some
women with a large prolapse, the resting bladder can be quite
low. When this is true, little movement occurs during
straining, underestimating the size of the prolapse. Image J
1.4 l (NIH) software was used to measure the described
reference lines and lengths.

Several examples of different degrees of anterior
vaginal wall support and the corresponding measure-
ments of bladder location and exposed vaginal wall
length are shown in Fig. 3.

Levator ani muscle were scored as major defect (more than
50 % muscle defect), minor defect (less than 50 % muscle
defect) or normal muscle on the axial MRI images, as de-
scribed in our previous studies [12] .
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Fig. 2 Mid-sagittal MRI at maximal straining and measurement scheme
based with sacrococcygeal inferior pubic point (SCIPP) line-oriented
axes; cervix location at maximal straining (CxV); most independent
bladder point at maximal straining (BV); normal cervix location (CxNormal)

and normal bladder rest location (BNormal) according to Summers et al.
[11]. Δ transition point where the anterior vaginal wall (AVW) contacts
the perineal body. DH, R rectum, UT uterus, V vagina, PB pubic bone,
PICS Pelvic Inclination Correction System
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Although the original study included both cases and con-
trols, our analysis concerned the relationship between exposed
vaginal wall length and bladder location, apical location,
hiatus diameter, and levator ani muscle defect, which did not
depend on group status. The relationship between exposed
vaginal wall length and most dependent bladder point, hiatus
diameter, and apical location were examined using a scatter
plot. Different curve fitting models, such as linear model,
bilinear model, quadratic model, and exponential model, were
used to explore the relationship among these parameters.

Results

The subjects had a mean age of 53.5±10.0 years, a BMI of
26.4±5.7 kg/m2 and 2.4±1.3 vaginal births. The POPQ results
of the study group are shown in Table 1.

Figure 4 illustrates the relationship between exposed vag-
inal wall length and bladder position at maximal straining for
the entire cohort. Linear, exponential, and bilinear models
were evaluated for the regression analysis. A bilinear model
chosen because it had the highest correlation coefficient (r2=

0.91, P<0.01). The estimated bilinear curve illustrated that
exposed vaginal wall length increases dramatically with blad-
der descent beyond 4.4 cm on the x-axis. When the bladder
position is less than 4.4 cm from the normal resting position
there is little change in the exposed vaginal wall length, the
estimated slope is 0.12 with 95 % confidence interval (−0.17,
0.41). However, if the bladder was greater than 4.4 cm below
the normal resting position, the slope increased dramatically to
2.0 with 95% confidence interval (1.7, 2.3), which means that
for every additional 1 cm drop of the most dependent bladder
point, there is an average 2 cm increase in exposed vaginal
wall length. In comparing women with a bladder location
more than 4.4 cm below the normal resting position with those
with less than 4.4 cm, 65 % vs 20.7 % (P=0.02) of women
reported experiencing pressure in the pelvic or genital area,
70 % vs 20.7 % (P=0.01) of women reported having a
sensation of a bulge, and 70 % vs 17.2 % (P<0.001) of
women can see or feel a bulging or something falling out in
the vaginal area on the modified Duke Pelvic Floor
Dysfunction Distress Inventory.

Similarly, a bilinear model was used for the regression
analysis to describe the relationship between the exposed
vaginal wall length and apical location. The correlation of
the model reveals an r2 of 0.78 (P<0.01; Fig. 5). The estimat-
ed transition point is at the apical descent at 5.0 cm below the
normal position with a 95% confidence interval 3.4 to 6.5 cm.
When the apical descent is within 5 cm, there is little change in
the length of the exposed vaginal wall, the estimated slope is
0.18 with a 95% confidence interval −0.33 to 0.68). However,
if the apical descent is greater than 5 cm, for every additional
1 cm drop of the apex, there is on average a 1.2 cm increase in
the exposed vaginal wall length.

Figure 6 demonstrated the relationship between the ex-
posed vaginal wall length and hiatus diameter. Exposed vag-
inal wall length is strongly associated with hiatus diameter
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Fig. 3 Examples of subjects’
MRIs and measurements. Open
circle normal rest bladder location,
filled circle subject bladder location
at maximal straining with yellow
dashed line representing the
distance the bladder is below its
normal rest location (number
shown in cm). The red line
indicates the portion of the vagina
that is exposed (length shown in
cm) and the blue line the portion of
the vagina that is in contact with the
posterior vaginal wall. The filled
triangle represents the transition
point where the anterior vagina
loses contact with the posterior
vaginal wall

Table 1 The Pelvic Organ Prolapsed Questionnaire (POPQ; cm) results
of all subjects (n=50)

POPQ Mean (cm) SD (cm) Minimum (cm) Maximum (cm)

Aa −0.3 1.7 −3 +3

Ba +0.1 2.1 −3 +5

C −4.9 1.7 −8 0

D −7.5 1.6 −11 −4
Ap −1 1.2 −3 +2

Bp −1 1.2 −3 +2
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(r2=0.73). The scatter plot also shows the variation of exposed
vaginal wall length, for example, with a similar hiatus diam-
eter of 4.8 cm, the maximum exposed vaginal wall length is
7.56 cm in this sample, while the minimum exposed vaginal
wall length is 3.16 cm. Increased exposed vaginal wall length
was seen in women with a major defects average at 4.0 cm
compared with 1.4 cm for women with a minor levator defect
and 1.5 cm for women with a normal levator ani muscle
(P<0.001).

The relationships between our MRI measurements and
clinical examination are as follows. The measured bladder
location and apical location relative to the average normal

locations on MRI correlate significantly with the clinical
POPQ measurements. The correlation between the measured
bladder location on MRI and the Ba point in a clinical exam-
ination is 0.737 (P<0.01) and between the measured apical
location on MRI and the C point is 0.535 (P<0.01). The
average exposed vaginal wall length increases in line with
POPQ stages (P<0.001). From stage 0 to stage 4 the average
exposed vaginal wall lengths are 0.1 cm, 1.0 cm, 2.5 cm,
4.1 cm, and 6.2 cm respectively.

Discussion

In this descriptive MRI study, we have examined the quanti-
tative relationship between in vivo measurements of exposed
vaginal wall length and bladder descent, apical descent and
hiatal enlargement in a group of women with anterior vaginal
wall support spanning the range from normal to significant
prolapse at maximum straining. We discovered an interesting
and novel bilinear relationship between exposed vaginal wall
length and anterior compartment prolapse assessed as bladder
descent. Based on our MR measurements, when bladder de-
scent was less than 4.4 cm, very little of the vagina is exposed.
In the descent that occurs up to this inflection point, the
anterior vaginal wall is still in contact with the posterior
vaginal wall and only a small portion is exposed to the
pressure differential. With further bladder descent the exposed
vaginal wall length starts to increase dramatically, as can be
seen in Figs. 3 and 4. In this region of the graph, on average,
there is a 2 cm increase in exposed vaginal wall length with
each additional 1 cm of bladder descent. Similarly, a signifi-
cant but weaker bilinear relationship was found between
exposed vaginal wall length and apical location, the inflection
point is at about 5 cm below the normal apex location. Both of
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Fig. 4 A bilinear relationship was used to describe the relationship
between the position of the most dependent bladder point below normal
and the length of exposed vagina. The correlation coefficient r2=0.91.
The estimated transition point is when the bladder location is 4.4 cm
below the normal position with a 95 % confidence interval (3.9 cm,
4.9 cm)

0

1

2

3

4

5

6

7

8

1 2 3 4 5 6 7 8 9

Apex Location Below Normal (cm)

E
xp

os
ed

 V
ag

in
al

 L
en

gt
h 

(c
m

)

 

Fig. 5 Bilinear relationship between exposed vaginal wall length and
apex location. The correlation coefficient r2=0.78. The estimated transi-
tion point is at the apical descent at 5.0 cm below the normal positionwith
a 95 % confidence interval 3.4 to 6.5 cm
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Fig. 6 There is a strong linear relationship between hiatus diameter and
exposed vaginal wall length with a correlation coefficient r2=0.85
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these observations suggest a threshold effect wherein some
degree of descent is not associated with much exposure of the
vaginal wall to a pressure differential, but after that threshold,
progressively larger amounts of the anterior vaginal wall
become exposed.

What do these findings mean to the practicing obstetrician/
gynecologist? First, these findings explain why women are
more likely to experience prolapse symptoms once the bladder
and vaginal wall have descended a certain amount. The symp-
toms of bulging and pressure experienced by women with
anterior vaginal wall prolapse become evident when the ante-
rior vaginal wall descends to the level of the hymenal rem-
nants [22]. Although the hymen is not visible on sagittal MRI,
the urethra is normally 3.5 cm long [23] and so the normal BD
point would be about 4 cm above the external urethral orifice
that is at the level of the hymen. One can therefore estimate
that decent of 4 cm would bring the bladder and adjacent
vaginal wall just below the hymen. It is logical that women
experience a pressure sensation when the bladder and vaginal
wall have fallen to the point where they become exposed to
the difference between abdominal and atmospheric pressure.
Similarly, elevating the anterior vaginal wall above this point
would eliminate the pressure differential, and therefore the
pressure-related symptoms of prolapse. These observations
provide a biomechanical explanation for why the hymen has
emerged as an appropriate level both for defining symptom-
atic prolapse and for assessing surgical cure [24]. It is also
consistent with the observation that women’s dissatisfaction
with surgical results increases once the vaginal wall is below
the hymen, but not when it is at or above the hymen [25].

Second, these data may help to explain the somewhat
paradoxical fact that three different surgical approaches to
cystocele all have some success in eliminating cystocele:
midline fascia plication defect repair, paravaginal repair and
abdominal sacrocolpopexy [26]. In this line of reasoning an
operation that eliminates the exposed vagina by repositioning
the anterior vaginal wall to a location where it is in contact
with the posterior vaginal wall is performed. This reduces the
forces placed on the pelvic supportive tissues and can improve
anterior vaginal wall support. The fact that the exposed vag-
inal wall is subjected to forces that in a normal position it is not
exposed to may help to explain why the vaginal wall is
somewhat wider and longer than normal [19, 27]. The degree
to which this occurs may be related to variations that exist in
the mechanical properties of the vaginal wall [28, 29]. It
remains to be determined the degree to which cystocele is
attributable to abnormal properties of the vaginal wall and
apical ligaments, and how much these problems are due to the
abnormal forces placed on them.

These findings also deepened our theoretical biomechani-
cal understanding of the prolapse mechanism. The observa-
tions made in women with a full range of support, including a
full spectrum from normal to prolapse, provide quantitative

support to help validate the conceptual disease model shown
in Fig. 1. This model was based on our theoretical 2D and 3D
biomechanical analysis [17, 30] that synthesizes the effects of
interactions among cystocele size, apical descent, and levator
ani muscle impairment. In this model, the portion of the
anterior vaginal wall is exposed to the pressure differential
between high intra-abdominal pressure and low atmosphere
pressure. This pressure acting on the exposed vaginal wall
when it falls below the levator hiatus generates tension in the
vaginal wall, which acts as a downward force that drags the
vaginal wall and apex downward. This, in turn, creates in-
creased tension on the tissues that try to hold the vaginal wall
in place. The longer the exposed vaginal wall length, the larger
area exposed to the pressure differential, the greater the down-
ward force drawing down the apex. On the other hand, the
degree of apical descent would be also influenced by the
stiffness of the apical support, which explains why there is
only a weak correlation between apical descent and exposed
vaginal wall length. Further study on the material property of
apical support and how it interacts with downward forces
should provide additional insights.

These observations also help to explain the relationship
between the two different factors known to be associated with
prolapse; namely, connective tissue supports (ligaments and
fascia) and levator ani muscle damage. The integrity of the
levator ani muscle is a contributing factor helping to determine
hiatal size [31]. Therefore, levator ani muscle damage lessens
the force resisting anterior vaginal wall movement and makes
it easier for the anterior vaginal wall to descend enough to
become exposed to the pressure differential. This thereby
increases stress on the connective tissue supports and illus-
trates how these factors are inter-related; thus, no single factor
explains all aspects of prolapse. It is easy to see that combi-
nations of abnormalities can result in a “positive feedback”
loop in engineering terms where, once the vagina descends
beyond where other tissues can help with support, the stresses
on the system increase and cause greater exposed vagina wall
length.

There are some important considerations that need to be
taken into account when interpreting our results. First, the
exposed vaginal wall length was identified only on the mid-
sagittal plane. Owing to the complex 3D nature of the
cystocele, our measurement can underestimate the maximum
exposed vaginal wall length. Second, we only evaluated the
anteroposterior diameter of the hiatus. It is the area of the
exposed vaginal wall that is relevant and it would be ideal to
be able to determine the lateral dimension as well. However,
90 % of hiatal area variation is explained by changes in AP
diameter; thus, changes in transverse diameter contribute only
about 10 % [21]. Second, this study observed displacements
seen in women who had a uterus in situ and in those who had
not undergone prior pelvic floor surgery; therefore, our results
are not generalizable to women with post-hysterectomy
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prolapse. Third, we obtained our data from women
performing straining in a supine position, which may elimi-
nate some of the gravity factor in developing the cystocele.
This is, however, the way in which gynecologists establish the
size of prolapse during clinical examination and with care
taken to make sure that the individual strains are hard enough,
adequate development of the prolapse can be achieved.
Finally, this paper reports the finding of a small pilot study,
even though the two examiners agreed on point placement and
tracing, inter-/intra-reliability data were not captured and an-
alyzed. Also, this study is not a population-based study; thus,
the spectrum evaluated is not representative of the population
at large.

Our study on dynamic MRI at maximum straining found a
strong correlation between prolapse severity and length of
exposed vaginal wall. It provides in vivo evidence to support
our previous modeling effort which shows that the exposed
vagina wall length is the key to the development and progres-
sion of the cystocele.
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