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Abstract

Purposes The objective of this study is to design a 3D

biomechanical model of the female pelvic system to assess

pelvic organ suspension theories and understand cystocele

mechanisms.

Methods A finite elements (FE) model was constructed to

calculate the impact of suspension structure geometry on

cystocele. The sample was a geometric model of a control

patient’s pelvic organs. The method used geometric recon-

struction, implemented by the biomechanical properties of

each anatomic structure. Various geometric configurations

were simulated on the FE method to analyse the role of each

structure and compare the two main anatomic theories.

Results The main outcome measure was a 3D biome-

chanical model of the female pelvic system. The various

configurations of bladder displacement simulated mecha-

nisms underlying medial, lateral and apical cystocele. FE

simulation revealed that pubocervical fascia is the most

influential structure in the onset of median cystocele

(essentially after 40 % impairment). Lateral cystocele

showed a stronger influence of arcus tendineus fasciae

pelvis (ATFP) on vaginal wall displacement under short

ATFP lengthening. In apical cystocele, the uterosacral

ligament showed greater influence than the cardinal liga-

ment. Suspension system elongation increased displace-

ment by 25 % in each type of cystocele.

Conclusions A 3D digital model enabled simulations of

anatomic structures underlying cystocele to better under-

stand cystocele pathophysiology. The model could be used

to predict cystocele surgery results and personalising

technique by preoperative simulation.

Keywords Cystocele � Functional anatomy � Pelvic
displacement � Finite elements simulation � Computational

modelling

Abbreviations and acronyms

ATFP Arcus tendineus fasciae pelvis

ATLA Arcus tendineus levator ani

FE Finite elements

Introduction

The phenomena underlying female genital prolapse are

multifactorial: parity, history of vaginal delivery, age,

obesity, and also biomechanical deficiency in the liga-

mentous, fascial and muscular support structures [1–5].

Cystocele is the commonest form and is pathophysiologi-

cally complex [6, 7]. The anatomic defects involved remain

unclear, despite the advent of biomechanical models

[6, 8, 9]. The respective roles of each component of ante-

rior pelvic support are controversial, with several anatomic
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theories [10–14]. Petros and DeLancey developed two of

the most complete theories of pelvic floor [10–13].

DeLancey’s theory, based on anatomic models and MRI,

provides a 3-level anatomopathological definition of pro-

lapse. Petros’s ‘‘integral’’ theory describes the interdepen-

dence of organs via their support systems, with a direct

relation between ligament-fascia lesions and clinical

expression [10, 11]. Both aim to assess a relationship

between anatomical impairment and symptoms, but attri-

bute different roles to the implicated ligament structures.

This study assessed bladder suspension structures sepa-

rately according to these twomain anatomic theories and the

structures which are considered essential to cystocele onset:

pubocervical fascia, endopelvic fascia, arcus tendineus fas-

ciae pelvis (ATFP), arcus tendineus levator ani (ATLA),

uterosacral ligament, and cardinal ligament [10–13] (Fig. 1).

The study objective was to design a 3D biomechanical

model of the female pelvic system, incorporating these

essential components of bladder suspension, and simulate

the bladder displacements involved in cystocele. The

impact of each ligamentous and fascial structure on onset

of the three types of cystocele (medial, lateral, apical) was

analysed. A finite elements (FE) model was constructed to

calculate the respective geometric impacts of the anatomic

structures on cystocele onset, shedding light on underlying

pathophysiology.

Methods

The study was registered with the local audit committee;

written informed consent was obtained from the control

subject. This control subject was a young woman aged

30 years without prolapse or other pelvic pathology on

clinical examination. Pelvic MRI was performed supine,

with high-resolution T1- and T2-weighted coronal, axial

and sagittal sequences (slice thickness, 3 mm; interval,

3 mm, voxel size, 0.48–0.72 mm; resolution, 512 9 512).

Only T2 static sequences were used to construct the FE

model.

First, a 3D representation of the pelvic system was

generated with manual delimitation of each structure of

interest: uterus, vagina, bowel, pubocervical fascia, endo-

pelvic fascia, ATFP, ATLA, uterosacral ligament, cardinal

ligament and levator ani muscle. Each organ was delin-

eated, segmented in terms of its outer walls, and recon-

structed in 3D, using AvizoTM 7 software (Fig. 1). MRI

segmentation was transformed into a 3D representation

composed of unstructured triangulated surfaces, using the

AvizoTM software, then converted into an organised sur-

face model using CatiaTM software, producing smoother,

more representative surfaces for FE meshing (Fig. 2). The

FE method is commonly used to investigate organ mobility

and the mechanisms involved, and to highlight patient-

specific aspects [9]. Stress was defined at the limits of the

model, i.e. the expected behaviour of various organs in

physiological condition, taking behaviour of each organ as

isotropic [15]. Physiological conditions were reproduced

by simulating a 10-3 MPa (or 10 cm H20 in urodynamics)

cough effort applied on the upper parts of bladder and

uterus, with an inclined surface force 45� to the subject’s

vertical axis [9, 16, 17]. Displacement was analysed at each

point of the FE model and compared to baseline in each

configuration. The model was supplemented with the

biomechanical properties of each anatomic structure, fol-

lowing the literature [15, 18, 19]. Table 1 presents the

elements employed in simulation, thicknesses of shell

elements and number of elements per structure (Table 1).

The various structures involved in the various forms of

cystocele were simulated using Abaqus/CAE 6.12-2 soft-

ware. This software allows us to perform simulations of the

FE method. Anatomical structures are modelled by FE

meshing to reproduce accurately the structures involved

(surface continuity, regularity of meshing). Several types

of elements are used to model the structures, using three-

dimensional (hexahedral element), two-dimensional (shell/

quad elements) or one-dimensional representation (beam

element) [9, 20]. Following the Abaqus library, shell ele-

ments were used for organs with constant thickness (and

hexahedral elements for the uterus), shell elements for

ligaments (and beam for the uterosacral ligament), and

solid elements for fasciae. To validate FE mesh quality, a

convergence test was conducted, rendering an adequate

mesh of 40,000 elements. For boundary conditions, pelvic

floor was modelled by a representative surface sustaining

organs and ligamentous structures, with edges fixed near
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Fig. 1 3D digital model of the pelvic floor. (1) Uterus. (2) Vagina.

(3) Bladder. (4) Endopelvic fascia. (5) Pubocervical fascia. (6) ATFP.

(7) Uterosacral ligament. (8) Cardinal ligament. (9) ATLA. (10)

Rectum. (11) Pelvic floor. (12) Rectovaginal fascia
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the sacrum, pubis and bone structures. Connective tissue

binding with organs used shared nodes. The first simulation

without change to the endopelvic or pubocervical fascia,

thus, represented baseline pelvic organ system displace-

ment under effort, without change in geometric character-

istics. For medial and lateral cystocele, bladder

displacement was analysed as the displacement of three

points located at the superior, middle and inferior parts of

the bladder, in the direction from bladder to vagina.

Likewise, three points were located in the upper vagina at

the cervix for apical cystocele.

Organ displacement was described by the maximal

displacement of these points. The percentage difference

was calculated between the baseline configuration and that

resulting from each geometric modification imposed on the

six relevant structures. This enabled differential displace-

ment to be represented for each form of cystocele

according to the two theories, taking account of the

Young’s modulus of the anatomic structures involved

(Fig. 3). The levator ani muscle was modelled in a sim-

plified form and not included in the final model, as it is not

directly involved in these anatomic theories of cystocele.

In medial cystocele, the FE model took account of

pubocervical and endopelvic fascia lengthening (configu-

rations 2 and 3) (Fig. 3). For lateral cystocele, 2 configu-

rations were implemented to analyse the effect of ATFP

and ATLA lengthening (configurations 4 and 5). For apical

cystocele, 2 configurations were generated according to

uterosacral ligament and cardinal ligament lengthening

(configurations 6 and 7) (Fig. 3).

Fig. 2 Finite elements model generation (example of vagina). a Surface representation (CAD). b Meshing. c In green: interface between vagina

and pubocervical fascia. d Iso-values of displacement

Table 1 Mechanical properties

of pelvic soft tissue and FE

model data (element type,

thickness and number) [8, 18]

Young’s modulus (MPa) Element

Typed
Thickness (mm) Element Nb

ATLAa and ATFPb 0.78 Quad 2 1 k

Bladder 0.24 Quad 2 3.6 k

Cardinal ligament 1.32 Quad 1 2.7 k

Endopelvic fascia 2.22 Quad 1 2.1 k

PCFc 0.03 Hexa na 7 k

Pelvic floor 0.03 Quad 2 3.5 k

Rectum 0.54 Quad 3 3.7 k

Uterosacral ligament 0.78 Beam na 0.03 k

Vagina rectum fascia 0.04 Hexa na 8 k

Vagina 0.66 Quad 3 2.4 k

a Arcus tendineus levator ani
b Arcus tendineus fasciae pelvis
c Pubocervical fascia
d Several types of elements are used: three-dimensional (hexahedral element), two-dimensional (shell/quad

elements) or one-dimensional representation (beam element)
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Results

FE simulation of the various bladder displacements between

baseline and effort allowed different analyses of each

structure involved in each form of cystocele (medial, lateral,

apical) (Fig. 4). In medial cystocele, the two anatomic

structures involved (pubocervical fascia and endopelvic

fascia) made a major contribution to the pathophysiological

mechanisms (Fig. 4a), pubocervical fascia playing the

leading rolewith increasing pubocervical fascia lengthening,

bladder displacement increased linearly and significantly for

each study point. After 40 % pubocervical fascia lengthen-

ing, bladder displacement continued to increase. In contrast,

after 40 % endopelvic fascia lengthening the rate of increase

in bladder displacement fell, with just 6 % displacement

after 60 % lengthening (Fig. 4a).

In lateral cystocele, large 30 % lengthening of both

ATLA and ATFP had the same effect on maximal bladder

Fig. 3 Suspension structures involved in the different configurations.

PCF pubocervical fascia, EPF endopelvic fascia, ATFP arcus

tendineus fasciae pelvis, ATLA arcus tendineus levator ani, CL

cardinal ligament, USL uterosacral ligament, red cross points located

to analyse bladder displacement for each configuration. a For medial

cystocele. PCF for configuration #2 and EPF for configuration #3.

b For lateral cystocele. ATLA for configuration #4 and ATFP for

configuration #5. c For apical cystocele. USL for configuration #6 and

CL for configuration #7

Fig. 4 Percentage difference in displacement with: a pubocervical

fascia (PCF) and endopelvic fascia (EPF) lengthening, b arcus

tendineus fasciae pelvis (ATFP) and arcus tendineus levator ani

(ATLA) lengthening, c uterosacral ligament (USL) and cardinal

ligament (CL) lengthening. In medial cystocele, after 40 % pubocer-

vical fascia lengthening, bladder displacement continued to increase

(a). In lateral cystocele, 8 % ATLA lengthening induced less than

10 % difference with respect to baseline. With 8 % ATFP lengthen-

ing, the difference was 15 % (b). In apical cystocele, as of 10 % USL

lengthening, bladder displacement rapidly reached 20 % (c)
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displacement. Under shorter lengthening, impact was twice

as great for ATFP as for ATLA. Under 8 % ATLA

lengthening, difference from baseline was less than 10 %,

while equivalent ATFP lengthening gave a 15 % difference

from baseline (Fig. 4b). Thus, under short lengthenings,

ATFP has a greater influence on lateral cystocele

displacement.

In apical cystocele, the uterosacral ligament exerted a

greater influence than the cardinal ligament. After 10 %

uterosacral ligament lengthening, displacement became

faster and greater, reaching 20 % with respect to baseline,

compared to only 10 % for cardinal ligament lengthening,

no matter how great (Fig. 4c). Cardinal ligament impact on

displacement continued to increase slightly after 10 %

lengthening. According to the present model, apical sus-

pension is primarily governed by the uterosacral ligament.

Comment

FE simulations of the pelvic floor determined the respec-

tive roles of each pelvic support structure in the three forms

of cystocele. Medial cystocele showed a significant role of

pubocervical fascia; in lateral cystocele, the ATFP had

greater influence on vaginal wall displacement under short

lengthening; in apical cystocele, the uterosacral ligament

played the major role.

This study created an innovative FE model of the pelvic

floor, including the anatomic structures essential to

understanding cystocele. The anterior vaginal wall plays a

major role in supporting the bladder [10–14, 21]. It is this

part of the vaginal wall, subject to abdominal pressure that

induces the discomfort associated with cystocele [22].

DeLancey’s ‘‘paravaginal support’’ theory was initially

founded on anatomic models and later on MRI, with a

3-level anatomopathological definition according to the

affected anatomic structures: high or apical cystocele

involving failure of the superior third of the vagina,

including the uterosacral and cardinal ligament origins on

the cervical ring (level 1); lateral cystocele involving

failure of the arci tendinei (level 2); and medial cystocele

involving failure of the sagittal suspension system at the

upper cervical ring (pubocervical fascia and/or endopelvic

fascia) [10–13]. DeLancey’s theory is constantly evolving

with clinical experience and the development of dynamic

MRI and biomechanical models [6, 22, 23].

The bladder lies on the pubocervical fascia, essential to

medial cystocele. In Petros’s theory, pubocervical fascia

lengthening at the cervical ring is the key feature [10, 11].

In DeLancey’s theory, a major role is also played by the

endopelvic fascia, a connective tissue layer covering the

levator ani muscle laterally; medial cystocele is induced by

lengthening of not only pubocervical but also endopelvic

fascia [12, 13].

In the present model, both structures did indeed play

major roles in medial cystocele, but that of the pubocer-

vical fascia was preponderant, as Petros suggested (Fig. 4);

the greater the pubocervical fascia lengthening, the greater

the bladder displacement. Thus, pubocervical fascia

lengthening was the essential contributor to medial cysto-

cele according to the present biomechanical model.

Lateral cystocele results from ligamentous and fascial

failure of ATLA and ATFP in the inferior/anterior part of

the pubocervical fascia, forming a transverse ‘‘hammock’’.

Lengthening of either impairs bladder support, inducing

lateral cystocele [10–13]. Richardson et al., exploring high-

grade cystocele, reported ATFP avulsion from the pubo-

cervical fascia and vaginal wall in more than 90 % of cases

[24]. The present biomechanical model suggests that lateral

cystocele implicates an anatomic defect between the

anterior vaginal wall and the ATFP, which seems to be the

essential ligamentous structure involved in lateral bladder

support, as suggested by both DeLancey and Petros.

DeLancey also implicated ATLA in lateral cystocele, but

the present model indicated a greater effect of ATFP

[12, 13].

Concerning apical cystocele, recent clinical and radio-

logical studies highlighted the apical component of pelvic

organ support, although its specific contribution remains

undetermined [25, 26]. The uterosacral-cardinal ligament

complex directly bears on cervical statics and vaginal dome

suspension above the levator floor [27]. The uterosacral

ligament inserts to the cervical ring and posterosuperior

angles of the vaginal fornix at the cervical orifice, while the

cardinal ligament is a collagenic environment, corre-

sponding to less well-defined endopelvic fascia structures,

the supportive role of which remains controversial [10, 11].

The posterosuperior pubocervical fascia is mainly

supported by the uterosacral ligament, the principal sup-

port of the posterosuperior bladder base [10–14, 28]. For

Petros, apical cystocele implicates cardinal ligament

failure and complete pubocervical fascia avulsion from

the cervical ring; uterosacral ligament hyperlaxity desta-

bilises the pubourethral ligament and pubocervical fascia,

inducing both cystocele and urinary incontinence [10, 11].

DeLancey implicates not only the cardinal but above all

the uterosacral ligament. The present model confirmed

that the uterosacral ligament plays a greater role than the

cardinal ligament; the greater the uterosacral ligament

lengthening, the greater the apical bladder displacement

(Fig. 4). Likewise, sectioning the uterosacral ligament

induces descent of the uterus, cervical ring and postero-

superior bladder base [10, 13]. Clinically, McCall’s cul-

doplasty comprising uterosacral ligament shortening, and
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fixation on the medial line, repositions the vaginal floor

suspension structures [29].

Clinical data suggest a strong correlation between

anterior compartment (point Ba on the POP-Q classifica-

tion) and apex (point C) (r = 0.86; p\ 0.0005), especially

in high-grade cystocele [22, 26]. Dynamic MRI confirmed

a strong correlation between anterior and apical prolapse

(r = 0.73) [26]. These findings are relevant to surgical

treatment of cystocele accompanied by uterine prolapse or

primary anterior support structure impairment. The strong

correlation between high-grade cystocele and cervical ring

defect demonstrated by DeLancey may explain the efficacy

of apical correction in isolated level 1 defect (sacro-

colpopexy) or apical associated to paravaginal repair in

level 1 and 2 defect.

Specific lesions underlying each form of cystocele may

be visible on MRI, allowing a novel strategy redefining

indications and surgical repair techniques [30].

For instance, Yousuf et al., comparing cystocele

according to POP-Q and anatomic lesions on MRI,

demonstrated a correlation between high-grade cystocele

and cervical ring defect: 75 % of high-grade cystoceles

involved uterosacral ligament and pubocervical fascia

failure at the uterine isthmus insertion [22]. The higher the

cystocele grade, the larger the number of severe apical

suspension lesions [22]. Summers and DeLancey estimated

the role of the pubocervical fascia in apical cystocele at

40 % and that of the uterosacral-cardinal ligament complex

at 60 % [26]. Chen et al.’s FE biomechanical model of

cystocele mechanisms implicated degradation of the leva-

tor ani muscle and apical support in cystocele onset, in

parallel to increased abdominal load [6]. The present

results agree with those of DeLancey’s team, implicating

the pubocervical fascia, arcus tendineus and uterosacral

ligament in all three forms of cystocele [12, 22, 26].

In the near future, preoperative simulation should enable

the results of a surgical procedure for cystocele to be

predicted and the technique to be adapted to the individual

patient. Indeed, a better knowledge of the anatomic pelvic

system may help the clinicians in the understanding of the

pathophysiological mechanisms of cystocele. The 3D dig-

ital model enables simulations of anatomic structures

underlying cystocele and could provide a specific tool to

choose the correct surgical technique [8].

The strength of this study lies in the digital FE model

specifying the geometric impact of each support structure

in medial, lateral and apical cystocele, allowing the two

main theories to be tested.

The study has certain limitations. First, it was founded

on data for one healthy subject; however, this avoided

large-sample clinical studies and the problem of individ-

ual differences. Second, the levator ani muscle and uro-

genital hiatus were not part of our model but it would be

interesting to incorporate them in future studies. Third,

the subject was supine for MRI, whereas it would be

useful to perform MRI with the subject standing and

under abdominal pressure. Another relevant study would

be to calibrate an FE model on patients actually pre-

senting cystocele and to analyse the geometry of the

structures involved.

Conclusions

We developed a refined 3D model of the pelvic floor,

enabling FE simulations, incorporating the anatomic

structures essential to the understanding of cystocele.

The two main anatomic theories of apical and lateral

bladder suspension, DeLancey’s and the integral theory of

Petros, are complementary but differ in mechanisms. The

present biomechanical model enabled these theories to be

assessed and simulations of the various mobilities involved

in cystocele to be designed. The model determined the

influence of each support structure for the three forms of

cystocele: apical, lateral and medial. In medial cystocele,

the model identified a significant role for the pubocervical

fascia; in lateral cystocele, the ATFP had greater influence

on vaginal wall displacement under short lengthening; in

apical cystocele, the uterosacral ligament played the major

role. This FE model of the pelvic system pelvic displace-

ment improves understanding of the pathophysiology

underlying cystocele.
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