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Pelvic cross-sectional area at the level of the levator ani and prolapse
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Abstract
Introduction and hypothesis Intraabdominal pressure acts on the pelvic floor through an aperture surrounded by bony and
muscular structures of the pelvis. A small pilot study showed the area of the anterior portion of this plane is larger in pelvic
organ prolapse. We hypothesize that there is a relationship between prolapse and anterior (APA) and posterior (PPA) pelvic
cross-sectional area in a larger, more diverse population.
Study design MRIs from 30 prolapse subjects and 66 controls were analyzed in this case-control study. The measurement plane
was tilted to approximate the level of the levator ani attachments. Three evaluators made measurements. Patient demographic
characteristics were compared using Wilcoxon rank-sum and Fisher’s exact tests. A multivariable logistic regression model
identified factors independently associated with prolapse.
Results Controls were 3.7 years younger and had lower parity, but groups were similar in terms of race, height, and BMI. Cases
had a larger APA (p < 0.0001), interspinous diameter (ISD) (p = 0.001), anterior-posterior (AP) diameter (p = 0.01), and smaller
total obturator internusmuscle (OIM) area (p = 0.002). There was no difference in the size of the PPA(p = 0.12). Bivariate logistic
regression showed age (p = 0.007), parity (p = 0.009), ISD (p = 0.002), AP diameter (p = 0.02), APA (p < 0.0001), and OIM size
(p = 0.01) were significantly associated with prolapse; however, PPA was not (p = 0.12). After adjusting for age, parity, and
major levator defect, prolapse was significantly associated with increased anterior pelvic area (p = 0.001).
Conclusions We confirm that a larger APA and decreasing OIM area are associated with prolapse. The PPAwas not significantly
associated with prolapse.
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Introduction

There are many factors involved in causing pelvic organ pro-
lapse (POP), with age, parity, operative vaginal delivery, and
levator ani injury being themost commonly cited [1–3]. Factors
that affect the loads placed on the pelvic floor could also con-
tribute. Abdominal pressure acts on the pelvic floor whose ap-
erture is bordered by the pubic bone anteriorly, sacrum,
sacrospinous ligaments and coccygeus muscles posteriorly,
and obturator internus muscles laterally (Fig. 1a–c). Given that
force equals pressure multiplied by the area to which it is ap-
plied, it may be inferred that changes in area with similar pres-
sures would result in linear changes in force. Thus, it may stand
to reason that women with larger pelvic floor areas would be
subject to higher forces because of intra-abdominal pressure
compared to women with smaller pelvic floor areas, potentially
leading to development of pelvic organ prolapse.

Individual variations in the bony pelvic shape or muscle
bulk have been associated with pelvic organ prolapse [4–7].
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These variations can affect the size of the pelvic floor aperture.
This area is significant because it is spanned by the levator ani
muscle attachments to the arcus tendinous fascia pelvis, and it
is well known that levator ani injury or avulsion from this
attachment is associated with pelvic organ prolapse [3].

A technique development pilot study performed by mem-
bers of the Society of Gynecologic Surgeons Pelvic Anatomy
Group-Imaging (SGS-PAG Imaging) showed that the anterior
portion of this plane is 17% larger in womenwith pelvic organ
prolapse [7]. In the pilot study, we were able to demonstrate a
relationship between POP and the cross-sectional area of the
pelvic floor at the level at which levator injury and paravaginal
separation occur by performing the measurement in an
oblique rather than an orthogonal plane. However, that study
was limited by the small sample size, which prevented evalu-
ation of additional relationships such as how the posterior
cross-sectional area and obturator internus cross-sectional area
measured in the oblique plane relate to POP. In addition, in
this study the posterior area of this plane had not been previ-
ously assessed. Racial differences in the posterior bony pelvic
dimensions have been reported in prior studies and so could
be relevant [5]. The current study aims to (1) repeat our anal-
ysis of the anterior pelvic area in a larger sample to see if our
findings can be replicated, (2) determine whether reduced ob-
turator bulk is associated with a larger aperture, (3) determine
if the posterior pelvic opening is different between women

with and without prolapse, and (4) to perform multivariable
analysis to look for associations among several factors.

Materials and methods

This was a case-control mechanistic study using methods sim-
ilar to the pilot investigation [7]. MR images came from the
Michigan Pelvic Floor Research GroupMRI Repository. This
collection contains images from female participants in multi-
ple National Institute of Health-funded research studies on
pelvic floor disorders. Women with and without pelvic floor
disorders in these studies had been recruited to be demograph-
ically similar. The intent of the present study a priori was to
perform a 2:1 match of controls to cases based on age and
parity. Equal numbers of subjects with anterior and posterior
predominant prolapse were included in the study. A total of 30
cases and controls from the original study were included in the
current study; however, new measurements of these patients
were made. Using a 7 cm2 (12%) difference in anterior pelvic
area as determined in Sammarco et al. 2019, a sample size of
20, or 10 per group, is needed to obtain statistical power at the
recommended 80% level with 95% two-tailed confidence in-
terval. Because other measurements of interest in this plane
are smaller than the anterior pelvic area, and due to the inten-
tion to diversify the study population in terms of parity and

Fig. 1 a Intraabdominal pressure
(IAP) translates to increased force
on the pelvic floor (PF). b Plane at
the level of the insertion of the
levator ani muscles. c Study
measures: white circle = inferior
pubic point, yellow triangles = is-
chial spines, white dashed lines =
obturator internusmuscles (OIM),
red solid line = anterior pelvic ar-
ea, white dashed-dot line =
interspinous diameter, blue solid
line = posterior pelvic area, white
solid line = anterior-posterior
diameter
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age, additional patients were included in the case and control
groups.

Pelvic MRIs from women with and without prolapse were
included in the current study. Prolapse was defined as the
leading edge of the vagina at least 1 cm beyond the hymen
on POP-Q examination. All patients had a uterus in situ and
had not had any prior surgery for pelvic floor disorders.
Women with pelvic floor disorders other than prolapse were
excluded from the study. Demographic data were assessed as
well as clinical data including the Pelvic Organ Prolapse
Quantification scale. Levator ani defects were scored on a
scale of 0–3 on each side of muscle attachment, with a total
possible score of 6 for any given patient. A score of 0 on one
side indicates no muscle detachment from the insertion, while
a score of 3 represents complete detachment of the muscle
from its insertion. Major levator ani defect was defined as a
unilateral score of 3 or a combined score of 4 or more in an
individual. The current study (HUM00144643) was approved
by University of Michigan Institutional Review Board.

The imaging protocols have been previously published [3,
8–11]. To summarize, in older patients with and without pro-
lapse, MRI images were obtained using either a 1.5-T or 3-T
Philips Achieva scanner (Philips Medical Systems, Best,
The Netherlands). For primiparous and mulitparous controls,
proton density 2D fast spin images of the pelvic organs were
obtained using a 1.5-T superconducting magnet (Signa;
General Electric Medical Systems, Milwaukee, WI). For nul-
liparous patients, proton density weighted fast spin imaging
was performed using a 3-T Ingenia MRI scanner (Philips
Medical Systems, Best, The Netherlands).

Using 3D Slicer software (v 4.5.0, www.slicer.org,
Brigham and Women’s Hospital, Boston, MA), the
measurement plane was tilted to include the ischial spines
and the inferior pubic point, approximating the level of the
levator ani attachments (Fig. 1b,c). The borders of the mea-
surements can be seen in Fig. 1c and include: the interspinous
diameter, the anterior-posterior (AP, distance between inferior
pubic point and sacrum or coccyx) diameter, the cross-
sectional area of the obturator internus muscles, the anterior
pelvic area (bordered by the pubic bone anteriorly, the medial
edge of the obturator internus muscles laterally, and the
interspinous diameter posteriorly), and the posterior pelvic
area (bordered by the interspinous diameter anteriorly, the
sacrum or coccyx posteriorly, and the medial edge of the
coccygeus muscle laterally).

Three raters from the SGS-PAG Imaging made indepen-
dent measurements, and interrater reliability was assessed by
calculating the intra-class correlation coefficient (ICC). Each
rater was trained in the use of the software and measurements
over a series of screen-sharing conference calls and in-person
meetings. All variables were summarized using descriptive
statistics such as means, medians and proportions as neces-
sary. The normality of all continuous variables was assessed

after observation of skewness and kurtosis values and the
Shapiro-Wilk test. Results from normally distributed variables
were presented with mean and standard deviation and non-
normally distributed variables with median and interquartile
range. Bivariate analysis was performed to compare demo-
graphic characteristics and pelvic area measurements between
women with and without prolapse. Comparisons of categori-
cal variables were performed using chi-square tests or Fisher’s
exact test, where appropriate. Continuous variables were com-
pared using Student’s t-test or Wilcoxon rank test, where ap-
propriate. Variables independently associated with prolapse
from bivariate analysis and other clinically relevant variables
were considered candidates for multivariable logistic regres-
sion modeling. All data management and analyses were per-
formed using SAS version 9.4 (SAS Institute Inc., Cary, NC),
and p < 0.05 was used to indicate statistical significance.

Results

Sixty-six women without and 30 women with prolapse were
included in the study. Controls were an average of 3.7 years
younger than cases (median [interquartile range] controls:
54.1 [32.1–59.7] vs. cases: 57.8 [52.4–63.6], p = 0.02) and
had lower parity (controls: 1 [1–2] vs. cases: 2 [1–3], p =
0.01). Groups were similar in terms of race, height, and BMI
(Table 1). As intendedwith our study design, prolapse patients
had a median prolapse size of 2 [1–3] cm beyond the hymen,
while all controls had a maximum prolapse that was 2 [−2.5 –
−1] cm above the hymen (p < 0.0001). Genital hiatus on phys-
ical examination was 67% larger in women with prolapse
compared to controls, and there were three times more major
levator ani defects in the prolapse group (Table 1). The left
and right obturator internus muscles had similar cross-
sectional areas comparing either the prolapse or control group,
so left and right muscles were added for the remainder of the
analysis (controls: 7.8 ± 1.4 cm2 left vs.7.7 ± 1.6 cm2 right,
p = 0.65; cases: 6.9 ± 1.5 cm2 left vs. 6.9 ± 1.7 cm2 right, p =
0.97). The intraclass correlation coefficient was 0.92, indicat-
ing excellent interrater reliability.

Patients with prolapse had a 4.7% larger interspinous di-
ameter (p = 0.001), 3.4% larger AP diameter (p = 0.01),
12.5% larger anterior pelvic area (p < 0.0001), and 13.9%
smaller obturator internus area (p = 0.002) compared to con-
trols (Table 1). The difference in the posterior pelvic area
measurements between women with and without prolapse
did not reach statistical significance (p = 0.12, Table 1). The
total pelvic area (sum of anterior and posterior pelvic areas)
was 10.5% larger in prolapse patients than in controls (95.1 ±
6.9 cm2 vs. 86.1 ± 8.4 cm2, p < 0.0001), largely because of the
12.5% larger anterior pelvic area.

Bivariate logistic regression showed that anterior pelvic
area, total pelvic area, and obturator internus size were
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Table 1 Demographic
characteristics of study
participants, by prolapse status

Characteristic. No prolapse (n = 66) Prolapse (n = 30) p value

Age, yearsa 54.1 (32.1, 59.7) 57.8 (52.4, 63.6) 0.02d

White race, n (%) 58 (89.2) 28 (93.3) 0.72e

Height, inchesa 64.0 (63.0, 66.0) 64.0 (63.0, 66.5) 0.59d

BMI, kg/m2 a 25.2 (22.3, 31.2) 28.1 (22.7, 33.3) 0.21d

Gravidity, numbera 2.0 (1.0, 3.0) 2.5 (2.0, 3.0) 0.04d

Parity, numbera 1.0 (1.0, 2.0) 2.0 (1.0, 3.0) 0.01d

Maximum prolapse, cmab −2.0 (−2.5, −1.0) 2.0 (1.0, 3.0) < 0.0001d

Genital hiatus (strain), cma 3.0 (2.0, 3.5) 5.0 (4.0, 6.0) < 0.0001d

Levator defect, n (%) < 0.0001

None 50 (75.8) 5 (16.7)

Minor 10 (15.2) 7 (23.3)

Major 6 (9.1) 18 (60.0)

Interspinous diameter, cmc 10.7 ± 0.7 11.2 ± 0.6 0.001

Anterior-posterior diameter, cmc 11.9 ± 0.7 12.3 ± 0.7 0.01

Posterior pelvic area, cm2 c 31.6 ± 6.2 33.8 ± 5.9 0.12

Anterior pelvic area, cm2 c 54.5 ± 5.1 61.3 ± 5.9 < 0.0001

Total pelvic area, cm2 cf 86.1 ± 8.4 95.1 ± 6.9 < 0.0001

Obturator internus muscle (left), cm2 a 7.5 (6.8, 8.2) 6.4 (6.2, 7.5) 0.001d

Obturator internus muscle (right), cm2 c 7.7 ± 1.6 6.9 ± 1.7 0.03

Obturator internus muscle (total), cm2 ag 15.1 (13.7, 17.0) 13.0 (11.6, 14.7) 0.002d

a Data presented as median (interquartile range)
bMaximum prolapse is the greatest value of either Ba or Bp on the POP-Q examination
c Data presented as mean ± standard deviation
dWilcoxon rank test
e Fisher’s exact test
f Total diamond area is the sum of posterior pelvic area and anterior pelvic area
gObturator internus muscle (total) is the sum of obturator internus muscle (left) and obturator internus muscle
(right)

Table 2 Bivariate associations of
demographic and clinical
characteristics of women and
prolapse (n = 96)

Characteristic Unadjusted odds
ratio

95% confidence
interval

R2 p value

Age, years 1.05 (1.01, 1.08) 0.09 0.007

White race 1.69 (0.33, 8.66) 0.01 0.53

Height, inches 1.07 (0.90, 1.26) 0.01 0.46

BMI, kg/m2 1.05 (0.98, 1.13) 0.02 0.16

Gravidity, number 1.18 (0.91, 1.55) 0.02 0.22

Parity, number 1.90 (1.17, 3.06) 0.08 0.009

Genital hiatus (strain), cm 3.87 (2.22, 6.76) 0.39 < 0.0001

Levator defect score 2.00 (1.52, 2.63) 0.29 < 0.0001

Interspinous diameter, cm 3.20 (1.52, 6.74) 0.11 0.002

Anterior-posterior diameter, cm 2.21 (1.15, 4.24) 0.06 0.02

Posterior pelvic area, cm2 1.06 (0.99, 1.14) 0.03 0.12

Anterior pelvic area, cm2 1.27 (1.14, 1.42) 0.26 < 0.0001

Total pelvic area, cm2 1.15 (1.08, 1.23) 0.21 < 0.0001

Obturator internus muscle (total), cm2 0.79 (0.66, 0.95) 0.08 0.01

Note: Maximum prolapse was omitted from regression analysis because it is collinear with the outcome
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significantly associated with prolapse as well as age, parity,
genital hiatus, major levator defect, interspinous diameter, and
anterior-posterior diameter (Table 2). Posterior pelvic area
was not significantly associated with prolapse [OR 1.06,
(95% CI: 0.99, 1.14), p = 0.12]. Variation in genital hiatus
and levator defect score accounted for the most amount of
variation in prolapse (r2 = 0.39 and 0.29, respectively,
Table 2).

Because interspinous diameter, AP diameter, and obturator
internus are all borders and dimensions of the anterior pelvic
area and therefore colinear, only anterior pelvic area was in-
cluded in the final logistic regression model. While total pel-
vic area is also significantly associated with prolapse, this is
largely because of the changes in the anterior pelvic area, as
the posterior pelvic area changes were not significantly asso-
ciated with prolapse in bivariate regression. After adjusting for
age, parity, and major levator defect, prolapse was significant-
ly associated with increased anterior pelvic area [OR 1.27
(95% CI: 1.10, 1.46), p = 0.001, Table 3].

Discussion

We confirm that the anterior pelvic area is 12% larger in
women with prolapse than in those without, a fact that would
be consistent with a similarly larger load that it is subjected to
for any given abdominal pressure. Many of the other study
measures, which include the borders of the anterior pelvic area
(i.e., interspinous diameter, anterior-posterior diameter, and
obturator internus size), were significantly associated with
prolapse in our bivariate analysis. However, the r2 values for
these were much lower than that of the anterior pelvic area.
The posterior measurements of this plane were not significant-
ly associated with prolapse. This indicates that the anterior
pelvic area is likely the more important measurement to con-
sider when evaluating the effect of pressure on the pelvic
floor.

The anterior pelvic area, a composite of both bony and
muscular borders of the cross-sectional area at the level of
the levator ani muscle insertion, was 12% larger in prolapse
patients compared to controls in this study. This is consistent
with a prior study that showed that this same area was 14.4%
larger in patients with prolapse compared to similarly aged

primiparous controls [7]. The current study builds upon the
prior literature by confirming this finding in a larger sample
size of varying parity compared to the prior study. This area
explains 26% of the variation in prolapse and was the stron-
gest of our study measures. The total pelvic area, which
consisted of the sum of the anterior and posterior pelvic areas,
is 10.5% larger in prolapse, mainly because of the variation in
anterior pelvic area, as the posterior area was not significantly
different between women with and without prolapse.

The cross-sectional area of the obturator internus muscles
was 14% smaller in prolapse, accounting for 8% of the varia-
tion in prolapse. Prior studies looking at this measure showed
that it was 11–15% smaller in prolapse, but were unable to
show significance presumably because of inadequate power
[7]. The present study confirms that these muscles are in fact
smaller in patients with prolapse. The cause for this may be
multifactorial with possible causes being age, sarcopenia, or a
combination of both [12]. There is about a 25–40% decrease
in muscle volume between the 3rd and 7th decade of life
[12–14]. This means that the age difference of 3 years between
our groups would only account for 1.5–3% difference in mus-
cles size and that this finding is still important.

Many of the study measures, which included assessments
of bony and muscular landmarks of the pelvis, were signifi-
cantly different in women with prolapse; however, these mea-
sures are all related or form the borders of the anterior pelvic
area and are therefore collinear. These measures also played a
smaller role compared to the anterior pelvic area in accounting
for the variation in prolapse on bivariate regression. The AP
diameter was 3.3% larger in patients with prolapse, and while
this small difference was significant, it accounted for only 6%
of the variation in prolapse. The interspinous diameter was 5%
larger in prolapse, which is also consistent with prior findings,
[4, 6, 7, 15] and accounted for 11% of the variation in pro-
lapse. Not all published data on the interspinous diameter are
congruent, however, and some studies report no difference in
this measure in women with and without prolapse [16].

Clinical Implications

This mechanistic study adds to our understanding of the clin-
ical significance of the anterior pelvic area. The APA is

Table 3 Factors associated with
prolapse (n = 96) Characteristic Adjusted odds

ratio
95% Confidence
interval

p value

Age, years 1.03 (0.97, 1.08) 0.38

Parity, number 1.52 (0.76, 3.05) 0.24

Levator defect score 2.05 (1.44, 2.91) < 0.0001

Anterior pelvic area, cm2 1.27 (1.06, 1.67) 0.001
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measured at the level of the attachment of the levator ani
muscles to the arcus tendineous fascia pelvis, making it an
important area, as this is where levator injury occurs. The
levator defect score and genital hiatus accounted for the most
variation in prolapse in this cohort (29% and 39%, respective-
ly), relationships which have been well established in prior
literature [3, 17, 18]. Tracey et al. evaluated maternal birth
canal capacity with biomechanical modeling and found that
women with a smaller capacity are more likely to have a
predicted levator ani injury than those with a larger capacity
[19]. Conversely, levator ani defects have been associated
with some smaller pelvic dimensions such as a shorter
sacrococcygeal-inferior pubic point (SCIPP) line [20], and in
this study we find that a smaller anterior pelvic area is associ-
ated with not having prolapse. These opposing but logical
observations belie the complex interactions that can influence
prolapse. A small pelvis predisposes to support structure inju-
ry, but a large pelvic aperture results in increased load.
Therefore, it is possible that there is set of ideal pelvic dimen-
sions that are protective against developing prolapse, which
include a balance between having a pelvis large enough to
deliver a babywithout levator injury and having pelvic dimen-
sions such that they limit the amount of force over time trans-
ferred to the pelvic floor. Further studies are needed to evalu-
ate these relationships.

As with any new measurement, it will take time to learn
how differences in the APA factor into the development, clin-
ical management, and counseling regarding prolapse. It is un-
known as of yet whether any of these measurements are mod-
ifiable in women with and without prolapse. This research
adds specific data regarding one element of the pelvic organ
support system that can be added to the growing number of
observations about specific factors involved in causing pro-
lapse. Now that a system for quantifying this feature is
established and its relation to prolapse demonstrated, its inter-
action with other factors such asmuscle atrophy, injury, pelvic
bone and muscular structure, and force measurements on the
pelvic floor can be carried out. In this study, there were no
associations between prolapse and BMI. BMI contributes to
increased intraabdominal pressure, which could then increase
pressure and thereby force on the pelvic floor. Further studies
are indicated to further explore whether any relationship exists
between BMI, as an indicator of force, and anterior pelvic
area.

Previous studies have shown in a smaller group of primip-
arous women that the novel measurement of the anterior pel-
vic area was a potentially important measure regarding pelvic
organ prolapse but were under-powered to evaluate some of
the other measurements in this plane. One strength of this
study is that it includes a larger number of women from a
diverse background of parity and age for both controls and
cases. In this cohort we were able to confirm previous findings
that anterior pelvic area is associated with prolapse and affirm

that prior non-significant trends regarding the size of the ob-
turator internus muscles are significant and important. This
area measurement factors in the relationship of muscle size,
which is known to change with age, in addition to the static
bony dimensions of the pelvis [12]. By tilting the plane to
include the bilateral ischial spines and inferior pubic point in
each individual subject, we were able to overcome the effect
of how subjects may be laying, and their individual pelvic tilt,
in the MRI machine. The interrater reliability in this study was
high, indicating that measurements in this novel plane are
reproducible.

The study is limited by a lack of racial diversity. Our pop-
ulation was mostly Caucasian, limiting the generalizability of
the findings, as prior studies have reported racial differences in
similar pelvic floor measures [5, 21]. This is not a population-
based sample, and despite aims to match based on age and
parity, both were slightly lower in the control group. Age is
known to affect pelvic floor support and obturator internus
muscle size [10, 12]. There were also, as expected, fewer
major levator ani defects in the control group compared to
the cases. Therefore, we controlled for age, parity, and pres-
ence of major levator defects in our final model. The study
was not powered to assess the relationship between anterior
and posterior predominant prolapse with the study measures,
and this is an area for future research. Many of the variables
that were significantly associated with prolapse in bivariate
regression were collinear with each other because of some
measurements forming the borders of the pelvic cross-
sectional area, thus limiting what could be included in the final
logistic regression model. Because of this collinearity, how-
ever, these measures are reflected in the pelvic area measure-
ments, and bivariate regression showed that the anterior pelvic
area accounted for the largest percentage of variability in pro-
lapse of the study measures.

The relationship among force, stress, and area is linear and
most often relates to orthogonal application of stress to an area
in question; while the direction of IAP on the APA approxi-
mates orthogonal application stress, the pelvic floor mecha-
nism also experiences stress applied at oblique angles due to
contraction of the supporting musculature [10]. Thus, another
limitation of this study is the inability to control for these
additional stressors as well as for tissue integrity, both of
which likely contribute to the development of POP.
Defining patients with prolapse as those with the lead point
1 cm or more beyond the hymen represents another potential
limitation as the control group would likely include patients
with prolapse, albeit non-visible or asymptomatic, thereby
leading to a potential underestimation of the effect of the
APA on development of prolapse. Future studies should in-
clude the leading point as an ordinal rather than a categorical
variable.

We confirm that the anterior pelvic area is related to pro-
lapse extending 1 cm or more beyond the hymen, after
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adjusting for levator ani defect and age. Reduced bulk of the
obturator internus muscle contributes to this increase in area.
Other factors that affect the size of this area include the mus-
cular and boney dimensions that affect the borders, some of
which change with age (muscle), while others remain relative-
ly constant (bone). Understanding the relationship between
pelvic structures and spaces and their relationship to the force
on the pelvic floor is critical. A more complete and evidence-
based understanding of pelvic floor biomechanics is needed to
develop interventions for prevention and treatment.
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