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Abstract

Introduction and Hypothesis—Our objective was to develop a standardized measurement
system to evaluate structural support site failures among women with anterior vaginal wall-
predominant prolapse according to increasing prolapse size using stress three-dimensional (3D)
magnetic resonance imaging (MRI).

Methods—Ninety-one women with anterior vaginal wall-predominant prolapse and uterus /n
sittwho had undergone research stress 3D MRI were included for analysis. The vaginal wall
length and width, apex and paravaginal locations, urogenital hiatus diameter, and prolapse size
were measured at maximal Valsalva on MRI. Subject measurements were compared to established
measurements in 30 normal controls without prolapse using a standardized zscore measurement
system. A z-score greater than 1.28, or the 90" percentile in controls, was considered abnormal.
The frequency and severity of structural support site failure was analyzed based on tertiles of
prolapse size.

Results—Substantial variability in support site failure pattern and severity was identified, even
between women with the same stage and similar size prolapse. Overall, the most common failed
support sites were straining hiatal diameter (91%) and paravaginal location (92%), followed by
apical location (82%). Impairment severity z-score was highest for hiatal diameter (3.56) and
lowest for vaginal width (1.40). An increase in impairment severity z-score was observed with
increasing prolapse size among all support sites across all three prolapse size tertiles (p<0.01 for
all).
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Conclusions—We identified substantial variation in support site failure patterns among women
with different degrees of anterior vaginal wall prolapse using a novel standardized framework that
quantifies the number, severity, and location of structural support site failures.

BRIEF SUMMARY
MRI-based structural failure analysis for cystocele revealed remarkable variability between
subjects. In general, increased failure frequency and severity are associated with increased
prolapse size.

Keywords

Anterior vaginal wall prolapse; cystocele; hiatus; magnetic resonance imaging; pelvic organ
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INTRODUCTION

Anterior vaginal wall prolapse, or cystocele, is the most common type of pelvic organ
prolapse (POP),! as well as the most frequent site of operative failure,2~* yet our
mechanistic understanding of why this type of prolapse occurs and what structural problems
are responsible for surgical failure is imperfect.? Prior MRI-based studies have shown

that anterior vaginal wall prolapse is associated with abnormal pelvic support in specific
muscular and connective tissue sites, described as structural “support sites” or “failure
sites.”® To make progress, a measurement system that assesses the status of each different
structural support site is needed.

These support sites can be organized into five support structures grouped into three
domains: 1) fibromuscular wall of the vagina (“pubocervical fascia”), characterized by
length and width; 2) fascial attachments of the uterus and vaginal wall to surrounding
structures, including paravaginal and apical attachments (cardinal/uterosacral); and 3)
levator ani muscle injury, which, along with perineal connective tissue damage, results in
abnormal hiatal closure.8 Although there are many different surgical approaches to correct
abnormalities presumed to be present at each support site with failure, data concerning the
optimal surgical approach for specific types of structural failure or combination of failures
remains elusive and prolapse recurrence remains common.2—4.7:8

The development of novel 3D MRI measurement strategies have recently allowed for
quantitative measurement of structural support site defects in individual women.5° Data
from Chen et. al. showed that structural site failures in fascial attachment and hiatal closure
were highly correlated and strongly predictive of anterior vaginal wall prolapse presence and
size. While this study and others have reported average measurement values for subject
groups at specific structural support sites, individual variation in presence and severity of
structural support site failure combinations among patients remains unexplored. In addition,
the contribution of different failure patterns to different sizes of prolapse is unknown.
Understanding patterns in frequency and severity of structural support site failures could, in
the future, aid in patient-specific operative planning for choosing the best surgical approach
for each type of failure in anterior vaginal wall prolapse repair. The objective of this study
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was to develop a standardized framework using stress 3D MRI to compare structural support
site failures among women with anterior vaginal wall-predominant prolapse according to
increasing prolapse size.

We conducted a cohort study of ninety-one women with anterior vaginal wall-predominant
prolapse with uterus Jn situwho had undergone stress 3D MRI as part of prior (n=30)8

and ongoing (n=61) research studies with the same protocols were selected for this
analysis (studies approved by the University of Michigan Institutional Review board:
HUMO00043445, HUM00031520, HUM00141380, and HUM00138365). All women had
symptomatic anterior vaginal wall-predominant prolapse with a pelvic organ prolapse
quantification (POP-Q)0 point Ba at least 1 cm beyond the hymenal ring and point Ba
distal or equal to point C in the supine position on clinical exam; a Ba point of +1 cm was
chosen to best capture women with symptomatic anterior vaginal wall prolapse outside the
normal range of descent in population-based studies of women without prolapse.11 None of
the women had undergone prior pelvic floor reconstructive surgery.

MRI Acquisition

Stress 3D MRI scans were performed using techniques previously described.12 Briefly, MRI
images in the sagittal and parasagittal planes were acquired in the supine position during
maximal Valsalva using a Philips Ingenia 3T scanner with a 15 channel anterior phased
array coil. Women were then coached to perform a Valsalva maneuver until they produced
a prolapse similar in size to that previously identified during clinical POP-Q examination

in the supine position. All Valsalva maneuvers were performed under maximal effort to
develop the prolapse, as is done during clinical examination, such that the full extent of

the prolapse was revealed. For the stress 3D MRI, women held the Valsalva maneuver for
approximately 17 seconds with maximal protrusion of the prolapse as 14 MRI images were
obtained in the sagittal plane from one side of the pelvis to the other. The images were
reviewed to ensure that the prolapse size visualized on MRI was similar to that obtained
from clinical POP-Q examination. Standard anatomic scans at rest were also acquired in
the sagittal, coronal, and axial planes using a turbo spin-echo technique. All subjects voided
prior to MRI and clinical exam.

MRI-based Measurements

We used a fiducial-based reconstruction system to identify relevant anatomic points of
interest in three-dimensional space. (A fiducial is a marker containing the x, y, and z
coordinates of a specific location.) The bony landmarks for the inferior point of the pubic
symphysis (arcuate pubic ligament), sacrococcygeal articulation, and ischial spines were
identified.

Using the Valsalva MRI scans, an array of fiducials was placed along the anterior vaginal
wall and lateral margin using midsagittal and paravaginal slices—thus forming a fiducial
“point cloud” representing the 3D shape of the anterior vaginal wall. The anterior fornix,
caudal end of the vagina, and five equally spaced sample points along the anterior vaginal
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wall (from the anterior fornix to the urethrovaginal junction) were identified using the
fiducial point cloud. Bony landmarks were used to perform a rigid transformation of scanner
coordinates into coordinates of the modified 3D Pelvic Inclination Correction System (3D
PICS),3 which corrects for differences in subjects’ location within the scanner and allows
for standardized comparisons between subjects. In the 3D PICS system, the vertical axis (z
axis) is aligned with the longitudinal body axis, such that assessments can be made of how
high or low pelvic structures lie in the craniocaudal direction relative to the bony pelvis and
the direction of gravity when standing.

The anterior vaginal wall length was calculated from the cervicovaginal junction to the
distal end of the vagina at the external urethral meatus in the midsagittal plane along the
curve of the vaginal wall (Figure 1). Vaginal width was measured at the mid-vagina at the
midpoint between the anterior fornix and the urethrovesical junction. The apical location
was defined by the craniocaudal position of the anterior fornix, as represented by the

3D PICS z-coordinate. Similarly, paravaginal location was identified as the craniocaudal
position of the lateral vaginal wall at the mid-vagina. The diameter of the urogenital hiatus
was calculated as the distance between the inferior pubic point and the anterior portion of
the perineal body. Prolapse size was defined by the lowest vertical coordinate of the anterior
vaginal wall.

Standardized Z-Score to compare structural impairment severity within and between

patients

A standardized measurement system was developed to evaluate structural support sites
failure in women with anterior vaginal wall prolapse by comparing subject MRI
measurements to their respective normal range in women with normal support. First, the
mean and standard deviation of MRI measurements for each of the five support sites were
calculated to establish the measurement distribution for control subjects based on 30 controls
without prolapse in a previously published study with similar protocols.6 The Shapiro-Wilk
normality test showed that structural measurements of 30 control women were normally
distributed (p>0.05 for all measurements). We therefore use sample mean and standard
deviation from our control group to estimate the control population distribution and normal
range. Then, for each support site in an individual woman, a standardized z-score was
calculated relative to the normal distribution in asymptomatic controls without prolapse to
determine how her measurements differ from controls, we referred as impairment severity
score. For example, a woman’s support site with a z-score of 0 would correspond to her
measurement equaling the 50th percentile of the measurement distribution in asymptomatic
controls. A woman’s support site with z-score of 3 is more severely impaired than that of
another women with z-score of 1.3. With a z-score system, the severity of different support
sites can also be compared, with larger zscore indicating more severe impairment.

Failure Frequency Analysis

In this study, we choose a z-score of 1.28 (corresponding to the 90t percentile among
controls) as a cutoff score beyond which measurements were considered abnormal. Support
site failure frequency was defined as the proportion of zscores greater than 1.28. We also
calculated each structural support site impairment severity zscore and the total impairment
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severity score as the mean z-score for all support sites. Women with prolapse were stratified
into three equal tertiles—small, medium, and large—based on increasing prolapse size on
MRI and their support site failure frequency and impairment severity were compared.

Statistical Analysis

RESULTS

Kruskal-Wallis tests and Wilcoxon rank-sum tests were used to compare the failure
frequency difference among three tertile groups and post-hoc pair wised comparison.
Analysis of variance and standard #tests were used for impairment severity score difference
among three tertile groups and post-hoc pairwise comparison. Cohen’s d'effect sizes were
calculated. A p-value <0.05 was considered statistically significant. All statistics were
performed using State version 17.0 (StataCorp LLC, College Station, Texas).

Demographic characteristics of subjects, stratified into the three size groups, are presented
in Table 1. No statistically significant differences were found across the tertiles, except for
expected differences in POP-Q measurements. Four women had point Ba equal to point C.

Failure severity, indicated by z-scores for each of the five support sites, are presented

in a color-coded graphic for each subject (Figure 2). There is evident z-score variation
among women with anterior vaginal wall prolapse for each of the five support sites, as
demonstrated by the color variation within each column. Each woman also has a unique and
varied severity z-score among all five support sites, as demonstrated by the color variation
within each row. In addition, variations in the pattern of support site zscores between
individual patients is observed, including those with similar prolapse sizes. The number of
failed support sites and total severity score for each subject are also presented; this analysis
revealed rich patient-specific and structural-specific impairment, despite most of the women
in this study having stage 3 prolapse and less varied point Ba on their POP-Q exams.

Among the five support sites, failure frequency was higher among attachment and hiatal
support sites compared to vaginal wall support sites (Figure 3). The most common failed
support sites were hiatal diameter (91%) and paravaginal location (92%), followed by apical
location (82%). Failure frequency was lower for vaginal length (71%) and vaginal width
(53%). An increase in failure frequency was observed in all support sites between small

and medium/large prolapse size tertiles (p<0.01 for all), but not between medium and large
prolapse size tertiles (p>0.05 for all). It is worth noting that vaginal width was the least
common failure site overall and that only 29% of women with small prolapse had an
abnormally wide vagina. Vaginal width failure frequency approximately doubled for women
with medium and large prolapse (68% and 59%, respectively).

Impairment severity z-score was highest for hiatal diameter (3.56, standard error of the mean
[SEM] 0.18) and lowest for vaginal width (1.40, SEM 0.19) (Figure 4). An increase in
impairment severity z-score was observed with increasing prolapse size among all support
sites across all prolapse size tertiles (p<0.01 for all support site comparisons), apart from
vaginal width between medium and large prolapse size tertiles.
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A total impairment severity z-score was calculated as the mean of the impairment severity
z-score among all support sites. Progression from small, to medium, to large prolapse size
tertiles was associated with an increase in the total impairment severity zscore (small: 1.47,
SEM 0.13; medium: 2.60, SEM 0.11; large: 3.60, SEM 0.17, p<0.01). The Cohen’s deffect
sizes between small and medium, and medium and large prolapse sizes were 1.65 (95% CI
1.08-2.25) and 1.37 (95% CI 0.81-1.93), respectively. When prolapse size was analyzed

as a continuous variable, a strong correlation between prolapse size and total impairment
severity z-score was identified (r=0.81, p<0.01, Supplemental Figure 1).

DISCUSSION

This study introduces a novel standardized framework for evaluating the number, severity,
and location of structural support site failures in women with a wide spectrum of anterior
vaginal wall prolapse sizes based on a zscore system with reference to controls subjects
without prolapse. We found significant variability in pattern and severity of support site
failure between individual women, even those women with same stage and similar size of
prolapse. Despite this variability, on average, prolapse progression from small to medium
prolapse size is associated with an increase in both the number of support site failures and
failure severity, while the difference between medium and large prolapse size is primarily
associated with increased severity since almost all sites have failed by this stage of disease.
It should be noted, however, that each woman has her own pattern. For example, some
women in the large prolapse group have only three support site failures that result in
prolapse, while others in the small prolapse group have failures at all five sites that are
relatively mild.

A prior study comparing women with cystocele to normal controls using 3D stress MRI
showed that apical location, paravaginal location, and urogenital hiatus size were the
predominant failure sites and highly correlated with one another.5 However, the study had
to exclude some subjects, particularly those with larger prolapse sizes, due to technical
challenges in acquiring MRI sequences at the time, leading to a small sample size (n=30)
and possible selection bias.

The findings of the larger prospective cohort are consistent with prior intraoperative
observations and MRI studies showing that women with anterior prolapse are more likely to
have impairment of attachment and hiatal support sites compared to vaginal wall support
sites 614 Data from prospectively recruited subjects confirm and validate the primary
support site failures associated with cystocele and their collinearity (Supplemental Figures 2
and 3). Taken together, these studies suggest that cystocele is likely caused by 1) failure of
the vagina’s apical attachment to the pelvic walls by the cardinal and uterosacral ligaments
and paravaginal attachment by abnormal lengthening or avulsion, and 2) an increased
genital hiatus area which allows a pressure differential between intraabdominal pressure and
atmospheric pressure to act on the vaginal wall, pushing it downward.12:14.15 \/aginal wall
support sites, especially vaginal width, remained the least common structure support sites to
fail. Vaginal width failure occurred in less than one-third of women with small prolapse but
increased to over half of those with medium to large prolapse, which suggests that vaginal
widening is likely a secondary failure.
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There is growing consensus that anatomic failure is a biomechanical process; thus, efforts
to prevent prolapse formation and operative failure will depend on improved biomechanical
understanding of causal mechanisms6:17 and how they could affect treatment selection.
The highlighted patient-specific variability, together with studies investigating structural
support after prolapse surgery,16:18 could help improve understanding of biomechanical
mechanisms of prolapse surgery in restoring structural support and prolapse recurrence
following surgery.919

Experienced surgeons are aware that anterior vaginal wall prolapse can take many different
forms and that each is unique to the individual 2> However, there are currently significant
disagreements about how to approach these common problems.?1-24 A quantitative
framework to identify each individual failure site beyond measuring the vaginal segments
that have descended (i.e., POP-Q) has been lacking. Without a conceptual framework and
data about the status of each system, it has not been feasible to study how a particular
surgical operation performs for a specific structural failure. This research will allow future
receiver operator curve analysis to identify evidence-based cutoffs that can predict, for
example, which patients with cystocele will have it corrected by sacrocolpopexy alone and
who will need concomitant surgery on the anterior wall.

Our findings provide data identifying specific structural support site failures for women with
anterior vaginal wall prolapse and a standardized method for determining support site failure
severity. The data in our study reveal remarkable variability in the pattern of structural
failure for women with cystocele. This variability emphasizes the need and opportunity

for personalized surgical planning in the future. Now that patterns in structural site failure
can be identified, the outcomes of different surgical strategies for each abnormality can be
assessed. In the future, the cost of MRI and alternative strategies such as ultrasound need

to be considered before decisions can be made on their routine use in clinical practice.
However, has been the case in neurosurgery and orthopedic surgery, imaging has allowed
more precise surgical selection and improved surgical care.25-27 Having evidence for which
support sites have and have not failed may allow for more selective surgery, making

it feasible to correct specific structural defects during surgery for anterior vaginal wall
prolapse.

Historically, assessment of individual prolapse morphology has been largely limited to
physical exam and ultrasound findings that measure what has fallen (e.g., anterior wall,
apex, posterior wall).1220.28 This has been clinically useful in determining what part of the
genital tract has fallen and to what degree. Just as the POP-Q measurement system improved
the characterization of prolapse by requiring distinction between anterior, posterior, and
apical prolapse, this work extends the capability of individualized assessment of anterior
vaginal wall prolapse. By providing data on the specific support site failures that are
responsible for abnormal vaginal wall displacement that are not measured on POP-Q,
including paravaginal height and anterior vaginal wall length and width, this study shifts

the paradigm in approach from focusing on “what fell” to “why it fell.”

Although overall patterns in structural failure were identified, statistical characterization of
variation within support sites and between patients remains elusive. Several unsupervised
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classification methods were attempted to characterize support site failure variability,
including hierarchical classification and nearest neighbor k-mean classification using both
the standardized z-scores and principal components. However, none of these methods led
to stable subgroup assignment. It is likely that larger datasets are required to examine
patterns in variability using machine learning-based methods, which may uncover patterns
in structural site failure that cannot be identified with traditional statistical methods. With
further research, it will be possible to re-examine and improve the cutoffs for structural
support site failure identification sensitivity and specificity. Now that a scheme is available,
this work of improvement can take place.

Based on our findings, it is unlikely there will be one “ideal” surgery for cystocele. With a
standardized support site measurement system, the optimal strategy for surgical correction
can now be the focus of empirical research rather than case-by-case opinion.2° The
development of surgical planning platforms based on biomechanical models!®-30 may aid

in predicting outcomes following different surgical treatment strategies, such as the decision
whether to perform a concomitant colpoperineorrhaphy. Indeed, prior studies have identified
an enlarged genital hiatus as a risk factor for recurrent prolapse,31:32 and that correction of
an enlarged genital hiatus is associated with a reduction in prolapse recurrence.33 However,
the benefits of a concomitant colpoperineorrhaphy are likely variable between patients and
dependent on presence and severity of abnormalities at different structural support sites. In
the future, these biomechanical models may be refined and validated to help determine the
optimal individualized treatment strategy based on patient-specific structural failure data. Of
course, clinical judgement will always be required, but having objective measurements will
aid in the clinical decision-making process.

One strength of this study is the relatively large sample size for this type of mechanistic
research with the same imaging, measurement protocol, and strategy for all participants.

In addition, maximal prolapse size was measured objectively on MRI by an experienced
team of investigators. Nonetheless, this study should be interpreted in the context of several
limitations. Although this study represents the most comprehensive assessment of different
types of pelvic structural support site failure to date, it does not encompass all pelvic support
structures (e.g., perineal membrane, deep uterosacral ligament). In addition, although our
subjects represented a broad spectrum of anterior vaginal wall prolapse, this study is not
population-based and women with large prolapse may be over-represented, as patients
referred to our institution often have more advanced prolapse than is typically encountered
in general gynecology practice. We also recognize that revising the threshold used to define
“failure” may alter the proportion of failure frequency; further work can help improve this
issue. However, the relative patterns and variability in structural support site failure are

not dependent on the definition of failure. In the future, with a sufficiently large dataset,
performing receiver operator curve analysis to establish an evidence-based cutoff for failure
will be useful for developing clinical protocols. Finally, the clinical adoption of a z-score
system to quantify structural site failure may require familiarity by urogynecologists prior

to widespread use. However, similar standardized assessment systems, such as the T-score
and Z-score system used to interpret results of bone mineral density testing from duel energy
X-ray absorptiometry (DEXA) scans, are already widely used in clinical practice.
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We have used a novel MRI-based strategy to assess structural support site failures in
individual women with anterior vaginal wall-predominant prolapse. Increasing anterior
vaginal wall prolapse size is associated with an increase in the number of structural support
site failures from small to medium prolapse and an increase in failure severity between

all sizes, although significant variation exists between women with similar prolapse sizes.
More research is needed to characterize the patterns of support site failure in patients with
recurrent anterior vaginal wall prolapse. In the future, considering the unique patterns of
pelvic structural failure in individual patients may aid in personalized surgical planning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MRI-based surface model reconstruction of pelvic structures and associated structural
support sites.
Left: Midsagittal MRI slice with 3D surface model reconstruction of relevant anatomic

structures. Right: Model with the removal of the MRI slice image and the urinary bladder.
The model is labeled with factors that may be abnormal in patients with anterior vaginal wall
prolapse, referred to as ”support sites”. These include two attachment support sites (apex
and paravaginal locations), two vaginal wall support sites (vaginal width and length), and
one levator support site (hiatal diameter).
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Figure 2. Heat map constructed using structural support site failure severity z-scores from
individual controlsand subjects.

Each participant is represented by a single row. Subjects with symptomatic anterior vaginal
wall prolapse are stratified into tertiles based on increasing prolapse size measured on MRI.
Rows for asymptomatic controls and anterior prolapse groups are ordered based on prolapse
size from smaller prolapse size (top) to larger prolapse size (bottom). Increasing zscore is
represented by color shading from blue (normal range) to red (abnormal). White (borderline)
is set at a zscore of 1.28, or the 90th percentile among normal controls without prolapse.

To allay visual bias, the darkest blue shade was set at z-score of 0, representing the 50t
percentile among normal controls; with this, negative z-scores appear as the same shade

of blue due to similar clinical relevance. The darkest red was set at a z-score of 5 based

on the highest impairment severity z-score for the large prolapse group (hiatal diameter);
this allowed for greatest visual distinction between the range of abnormal z-scores in the
study. The total zscore represents the mean of the impairment severity zscore across all five
support sites. The total number of failed support sites is defined by the number of sites with
a z-score greater than 1.28.
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Figure 3. Structural support sitefailure frequency

Top: Structural support site failure frequency among subjects with anterior vaginal wall
prolapse (proportion of subjects with an “abnormal” measurement, defined as greater than
the 90th percentile of asymptomatic controls without prolapse). Bottom: Structural support

site failure frequency among prolapse size tertiles.

*significant difference in failure frequency between small and medium prolapse size tertiles

(p<0.01).
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Figure 4. Structural support site failure severity

Top: Structural support site failure severity among subjects with anterior vaginal wall
prolapse (mean zscore at each failure site). Bottom: Structural support site failure severity
among prolapse size tertiles. The effect sizes of pairwise comparisons between groups are

presented in Supplemental Table 1.

*significant difference in failure severity between small and medium prolapse size tertiles

(p<0.01)

**significant difference in failure severity between medium and large prolapse size tertiles

(p<0.01).
Error bars represent standard error of the mean.
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Table 1.

Demographic characteristics by prolapse size tertiles.

Small (n=31) Medium (n=30) Large (n=30) p-value

Age, years 57.9 (50.5-67.7) 62.8(56.9-67.7) 63.1(60.7-67.0)  0.28

BMI, kg/m2 259 (239-280) 250(227-29.2) 26.1(23.1-30.7)  0.83

Parity 3.0 (2.0-4.0) 3.0 (2.0-3.0) 3.0 (2.0-4.0) 0.10
POP-Q Point

Aa 1.0 (1.0-2.0) 1.0 (0.0-2.0) 1.0 (1.0-3.0) 0.35

Ba 2.5 (1.0-4.0) 2.5 (2.0-3.0) 4.0 (3.0-5.0) <0.01

-30(-5.0-20) -3.0(-4.0-20) 15(-3.0-4.0)  <0.01

D -6.0 (-75--45) -6.0(-8.0--6.0) -5.8(-6.5--5.0) 0.03

Ap -2.0(-2.0-0.0) -1.5(-2.0-0.0) -2.0(-2.0--1.0) 0.64

Bp -2.0(-2.0-00) -15(-20-0.0) -20(-2.0-10) 073

Data are presented as median (interquartile range)

BMI=body mass index; POP-Q=pelvic organ prolapse quantification
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