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Abstract

Pelvic organ prolapse (POP) occurs only in women and becomes more common as

women age. However, the surgical practices remain poorly evaluated. The realization

of a simulator of the dynamic behavior of the pelvic organs is then identified as a

need. It allows the surgeon to estimate the functional impact of his actions before

his implementation. In this work, the simulation will be based on a patient-specific

approach in which each geometrical model will be carried out starting from magnetic

resonance image (MRI) acquisition of pelvic organs of one patient. To determine

the strain and stress in the biological soft tissues, hyperelastic constitutive laws are

used in the context of finite element analysis. The Yeoh model has been implemented

into an in-house finite element code FER to model these organ tissues taking into

account large deformations with multiple contacts. A 2D model is considered in this
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preliminary study and the results show that our method can help to improve the

understanding of different forms of POP.

Key words: Pelvic organ prolapse, Finite element method, Soft tissue,

Hyperelasticity, Deformation

1 Introduction1

Pelvic organ prolapse (POP) occurs only in women and becomes more com-2

mon as women age. It refers to the loss of support to the structures contained3

within the bony pelvis and describes the descent of the pelvic organs into the4

vagina (Luft, 2006). By some estimates, about half of parous women expe-5

rience some degree of prolapse and that 10-20% seeks medical care (Thakar6

& Stanton, 2002). POP repairs consist of 20% of the gynaecological surgeries7

(Jackson & Smith, 1997). Symptoms associated with POP are various degrees8

of pelvic pressure, low back pain, vulvovaginal excoriation, bowel dysfunction9

and sexual difficulties (Hagen, Stark, & Cattermole, 2004). Reported by US10

National Center for Health Statistics that in 2007, POP was a common diag-11

noses associated with hysterectomy, resulting in more than 517,000 surgical12

procedures (Hall, DeFrances, Williams, Golosinskiy, & Schwartzman, 2010).13

However, the surgical practices remain poorly evaluated. It has been estimated14

that the recurrence of POP in nearly one third of women after repair surgery15

(Olsen, Smith, Bergstrom, Colling, & Clark, 1997), and that 80% of these cases16

recur within two years of surgery (Baden & Walker, 1992). The use of precise17
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numerical models of the female pelvic system will, in the future, provide the18

tools to simulate the dynamic behavior of pelvic organs. The realization of19

a simulator will allow surgeons to estimate the functional impact of his ac-20

tions before implementation, to perform the surgery in a more controlled and21

reliable way.22

In order to achieve these goals, we need to study the morphology and anatomy23

of these organs, to understand their environment and function to obtain mean-24

ingful boundary conditions and to determine material properties (Fung, 1993).25

From a mechanical point of view, the pelvic organs have specific geometries26

and material properties. They can be thought of as biomechanical structures27

which move and interact with each other due to external pressures, while the28

constraints are induced by rigid bodies (bones) as well as soft tissues such as29

muscles, ligaments and fascias, all ensuring the stability of these organs.30

In the modeling works of the consulted literatures, biological soft tissues are31

usually subjected to large deformations with negligible volume change and32

show a highly non-linear anisotropic mechanical response due to their internal33

structure (Pena, Mart́ınez, Calvo, & Doblar, 2006). To determine the strain34

and stress in the biological soft tissues such as ligaments, tendons or arterial35

walls, Spencer (Spencer, 1954) firstly developed the framework of continuum36

mechanics by means of the definition of a strain energy density function ex-37

pressed in terms of kinematic invariants to model the purely elastic response of38

these tissues. This approach was further adapted to finite element formulations39

of soft collagenous biological tissues (see for example (Weiss, Maker, & Govin-40

djee, 1996; Pena, del Palomar, Calvo, Mart́ınez, & Doblar, 2007) for ligaments41

and (Holzapfel, Gasser, & Ogden, 2000) for arteries). However, a large num-42

ber of elements of living organisms show very distinct anisotropic mechanical43
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properties (Holzapfel, 2006). Most energy densities used to model transversely44

isotropic and orthotropic soft tissues take a power law form (Schröder, Neff, &45

Balzani, 2005) or present an exponential behavior (Fung, Fronek, & Patitucci,46

1979; Holzapfel et al., 2000). Although there might be some distinctions be-47

tween quadrupedal and bipedal, the mechanical anisotropy properties of ewe48

vaginal tissue was highlighted in the tests of Rubod et al. (Rubod, Bouker-49

rou, Brieu, Dubois, & Cosson, 2006a). Uniaxial tension tests were performed50

on the samples of vaginal tissue of patients with POP and fresh cadavers51

without prolapse (nPOP) (Jean-Charles et al., 2010), it shows that POP is52

significantly stiffer than nPOP tissue, both on anterior and posterior walls.53

Biomechanical properties of the vagina, aponeurosis and skin were compared54

(Gabriel et al., 2011), it turns out that the aponeurosis was much more rigid55

and less extendible than the vagina and skin, vaginal tissue was less rigid but56

more extendible than skin. In our work, Yeoh is chosen to model the isotropic57

and hyperelastic behavior of pelvic organs, and different material parameters58

are considered for different parts of the pelvic system.59

Numerical simulations of interactions between male pelvic organs (bladder,60

prostate and rectum) and modeling approaches of female POP have already61

been performed (Boubaker, Haboussi, Ganghoffer, & Aletti, 2009; Venugopala Rao,62

Rubod, Brieu, Bhatnagar, & Cosson, 2010). Since intra-abdominal pressure63

has been considered as the cause of some multi-organ dysfunction (Cobb et al.,64

2005; Chionh, Wei, Martin, & Opdam, 2006), a 2.5 MPa pressure is applied on65

the surface of pelvic organ models by Venugopala Rao et al. (Venugopala Rao66

et al., 2010) while in the work of Boubaker et al. (Boubaker et al., 2009), only67

internal pressures are applied on the internal surfaces of bladder and rectum.68

A ‘bear down’ simulation of pelvic floor muscles was performed by Noakes69
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et al. (Noakes, Pullan, Bissett, & Cheng, 2008). In their work, an average70

downwards displacement of 27.2 mm and an average posterior displacement71

of 18.4 mm were produced due to a pressure of 4 kPa applied on the levator72

ani. It’s very cumbersome to estimate the exact load on the pelvic system, so73

in present work, a displacement of 27.9 mm is identified and applied on the74

digitized surface of the pelvic floor muscle in the dynamic magnetic resonance75

image (MRI) sequence (Noakes et al., 2008).76

The purpose of this study is to present preliminary 2D simulation results of77

interactions between pelvic organs during prolapse process using the finite78

element method on computational meshes based on live subject data. The79

paper is organized as follows: in Section 2, the establishment of a geometrical80

model is introduced based on the MRI of a specific patient. In Section 3, the81

anatomic description of the pelvic system is introduced. The structural and82

mechanical properties of the organ tissues are presented. In Section 4, the83

material parameters of the postulated constitutive laws are identified from lit-84

eratures and the boundary conditions are established. Two simulation results85

are presented and discussed afterwards. In the last section, the conclusion and86

some perspectives of this project are proposed.87

2 Geometrical definition of pelvic organs88

To determine a realistic behavior of the organs, an accurate geometric model89

associated with a physical modeling is required. The geometric modeling of90

pelvic organs consists of medical imaging to reconstruct 3D models on which91

we must implement physical models and a numerical solution based on a92

spatial discretization from the finite element method. A geometrical rebuilding93
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of the pelvic organs of a female patient with no history of pelvic pathology94

perineal is performed with MRI data (Pirró et al., 2009). The acquisition of T295

static sagittal images of pelvic organs, with a thickness of 1 mm, was obtained96

in the supine position using a surface antenna (TR = 5.5 ms, TE = 2.7 ms,97

256 × 256 matrix) (Fig. 1). This acquisition was the basis of pelvic model. A98

sagittal dynamic acquisition of thick sections of 10 mm was also performed at99

rest and during thrust using a dynamic turbo T2 sequence (TR = 3.6 ms, TE100

= 1.8 ms, FOV = 24 cm, 256 × 256 matrix).101

The three-dimensional solid model was obtained from static images of MRI102

using free software segmentation (ITK-SNAP) based on the evolution of an103

active contour. The software can visualize simultaneously the organs in three104

planes and define the boundaries of areas to be segmented. A volumetric germ105

was placed in the defined area (Fig. 2), it grew automatically until it reached106

the defined limits. The cease of segmentation was automatic and was based107

on the variation of volume of the volumetric germ. At the end of the segmen-108

tation process, the geometrical irregularities were automatically corrected by109

smoothing, the three dimensional geometric model was generated as shown110

in Fig. 3. A thickness is added with an offset formulation, and the geometric111

model is finally exported in a hexahedral mesh (Bay et al., 2012). As a pre-112

liminary study of pelvic organs, a 2D model obtained in the sagittal plane is113

considered to test the capability of the developed algorithms and software to114

deal with large deformation hyperelastic problems with contact interfaces.115
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3 Characterization of pelvic organs116

To perform a numerical simulation of the pelvic organ’s motion and deforma-117

tion, it is essential to have a good recognition of the environment and location118

of the pelvic organs and to determine their material properties.119

3.1 From an anatomical point of view120

To have a good geometrical description of the true pelvis also called pelvic121

cavity leads us to the recognition of the anatomy of the pelvic organs (bladder,122

uterus and rectum). Fig. 4 illustrates a normal female pelvic anatomy. The123

pelvic floor lies at the bottom of the abdominal cavity, with this position, it124

acts as a supportive layer that prevents the pelvic organs from falling down125

(DeLancey, 1993; Messelink et al., 2005). Bladder and rectum are positioned126

anteriorly and posteriorly in the pelvic cavity. The bladder is supported by the127

adjacent parts of the skeleton and the pelvic floor (Drake, Vogl, & Mitchell,128

2010). The urethra passes through the pelvic floor to reach the perineum,129

where it opens outside. Following the sigmoid colon at the vertebra, the rectum130

ends in the anal canal, which crosses the pelvic floor to open in the perineum.131

The pelvic cavity contains most of the reproductive tract of women. The vagina132

crosses the pelvic floor and is inserted into the uterus in the pelvic cavity which133

is placed between the rectum and bladder (Drake et al., 2010). The uterus is134

stabilized by the existence of transverse ligaments, anterior (pubocervical)135

and posterior (utero-sacral) formed by the pelvic fascia and connected to the136

pelvis walls. These ligaments would act primarily at the cervix leaving some137

rotational mobility of the uterus to adapt to the repletion of the bladder and138
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rectum.139

According to the anatomical analysis, the existing ligaments in a pelvic system140

for fixation are difficult to precisely individualise on MRI, thus we have these141

following biomechanical considerations for the mobility of organs:142

• The outlet orifices of the urethra and vagina in the perineum are almost fixed143

points relative to pubic bone (except serious malfunction of the perineum).144

• The musculoskeletal pelvis wall can be considered as fixed and rigid with145

respect to the elasticity of the pelvic organs.146

• The rectum is attached to the pelvic floor. The dorsal part of the rectum147

almost does not move, it relies on the back of the pelvic floor.148

• The bladder is attached to a part of the fascia stretched along a plane149

of inclination at the point of connection of two ureters and the urethra,150

acting like a hammock. It is slightly held at its apex in the direction of the151

umbilicus. It is also surrounded by lateral ligaments belonging to the fascia,152

which start from the pubis to rejoin the cervix.153

• The uterus is supported at the cervix by a set of ligaments from the fascia.154

The vagina is maintained by the fascia more or less rigidly following the155

stiffness of this part of the fascia. The vagina is kept separate from the156

rectum through the septum.157

3.2 Mechanical properties and constitutive laws158

To perform the numerical simulation, it is essential to characterize the mechan-159

ical behavior of pelvic tissues. Many uniaxial tension tests of pelvic tissues were160

performed and stress-strain curves were obtained (Rubod, Boukerrou, Brieu,161
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Dubois, & Cosson, 2006b; Gabriel et al., 2011) and a hyperelastic behavior162

of the tissues was highlighted. To determine the strain and stress in the bio-163

logical soft tissues such as ligaments, tendons, pelvic organs or arterial walls,164

hyperelastic constitutive laws are often used in the context of finite element165

analysis. Many attempts have been made to develop a theoretical stress-strain166

relation that fits experimental results for hyperelastic materials (Charlton &167

Yang, 1994; Boyce & Arruda, 2000; Miehe, Göktepe, & Lulei, 2004).168

In order to describe the geometrical transformation problems, the deformation169

gradient tensor is defined by170

F = I+∇u, J = det(F) > 0 (1)

where I is the unity tensor and u the displacement vector. Because of large171

displacements and rotations, Green-Lagrangian strain is adopted for the non-172

linear relationships between strains and displacements. We note C the stretch173

tensor or the right Cauchy-Green deformation tensor (C = FTF). The Green-174

Lagrangian strain tensor E is defined by175

E = (C− I)/2 (2)

In the case of hyperelastic law, there exists an elastic potential function W (or176

strain energy density function) which is a scale function of one of the strain177

tensors, whose derivative with respect to a strain component determines the178

corresponding stress component. This can be expressed by179
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S =
∂W

∂E
= 2

∂W

∂C
(3)

where S is the second Piola-Kirchoff stress tensor. In the particular case of180

isotropic hyperelasticity, Eq. (3) can be written by181

S = 2

[
I3
∂W

∂I3
C−1 +

(
∂W

∂I1
+ I1

∂W

∂I2

)
I− ∂W

∂I2
C

]
(4)

where Ii (i = 1,2,3) denote the invariants of the right Cauchy-Green deforma-182

tion tensor C :183

I1 = tr(C) ; I2 = (I21 − tr(C2))/2 ; I3 = det(C) (5)

Among the various energy density functions available in the literature (Mooney,184

1940; Rivlin, 1948; Arruda & Boyce, 1993; Harth-Smith, 1996; Gent, 1996;185

Lambert-Diani & Rey, 1998; Feng, Vallée, Fortuné, & Peyraut, 2006), we have186

chosen the Yeoh constitutive law for the simulation of the isotropic soft tissues.187

This model leads to a mathematical function that fits well with the experi-188

mental data because it takes into account the global form of the experimental189

stress-strain curve. This model has been implemented into the in-house finite190

element code FER (Feng, 2008). The Yeoh strain energy density formulation191

is given by192
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W (I1) =
3∑

i=1

Ci0(I1 − 3)i +
K

2
(J − 1)2 (6)

where Ci0 are the material constants. K is user-defined parameter which can193

be interpreted as the bulk modulus of the material. It is noted that if J194

approaches to unity, the last term of Eq. (6) will approach to zero, which195

corresponds to an incompressible Yeoh material.196

By deriving the energy density Eq. (6) with respect to the three invariants,197

then reporting the results in Eq. (4) gives198

S = 2(
3∑

i=1

iCi0(I1 − 3)i−1)I+K(J2 − J)C−1 (7)

4 Finite element modeling199

In order to test our algorithms on solving of hyperelastic problems with con-200

tact, we considered in our present work to simulate directly a 2D model in the201

sagittal plane. In this case, we start by selecting nodes belonging to a sagittal202

plane; then from these selected points, we create the contours in the plane203

using spline functions, which allows us to define the surfaces to be meshed.204

This 2D model includes 3262 plane quadrilateral elements and 3430 nodes205

(Fig. 5). The organs were meshed as filled but with different materials zones206

shown with different colors as depicted in Fig. 5, in which orange represents the207

bladder, green represents the uterus and vagina, blue represents the rectum.208

The yellow area represents the nearly incompressible material which can be209
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assumed as liquid inside these organs, the effect of shear on the material210

surrounding is neglected. The facia connecting organs is represented by dark211

green area. The pubis is next to the bladder and is considered as fixed.212

As introduced previously in Section 3, the pelvic organs have hyperelastic ma-213

terial properties. We decided to identify the coefficients of Yeoh model for each214

organ from the experimental results of Venugopala Rao et al. (Venugopala Rao215

et al., 2010), because the results are consistent with those of Boubaker’s thesis216

(Boubaker, 2009), by using the identification function of MSC.Marc Mentat217

software. The material parameters for each organ from experimental data are218

obtained and presented in Table 1. The pubis is fixed without considering its219

deformation. To the authors’ knowledge, there is no reference for the material220

inside the organs and the fascia, so we chose the parameters which make them221

more soft and incompressible than organs.222

Two simulations of the 2D model are performed. The first is the prolapse of223

pelvic organs due to a single displacement, the second is a direct comparison224

with dynamic MRI images taken in the sagittal plane. The finite element sim-225

ulation of interactions between pelvic organs is performed in the framework of226

large deformation, the total Lagrangian formulation is selected in this work to227

describe nonlinear behavior. A frictionless sliding contact with no interpene-228

tration is considered between the deformable bodies (uterus and bladder) and229

between the bladder and pubis (Feng, Peyraut, & Labed, 2003; Feng, Peyraut,230

& He, 2006).231
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4.1 Simulation based on data from the literature232

It is difficult to estimate the exact load imposed on pelvic organs, therefore, for233

the first simulation, an inferior displacement of 27.9 mm which was identified234

on the digitized surface of the pelvic floor muscle in the dynamic MRI image235

sequence (Noakes et al., 2008) is applied on the upper anterior part of uterus236

to see the interactions and deformations of the pelvic system. The simulation237

was performed by the in-house solver FER and the results are displayed by238

the postprocessing software FER/View (Feng & Feng, 2004).239

The boundary conditions are specified in terms of node displacements: the240

pubic bone is totally constrained (Ux = Uy = 0). As mentioned before, the241

pelvic floor lies at the bottom of these organs and acts as a supportive layer,242

although it was not defined in our model, but its effect was considered equally243

by fixing in one direction of the bottom of bladder, vagina and rectum, while244

allowing a little decline during POP (Ux = 0, Uy = −10 mm).245

The simulation result is shown in Fig. 6. A comparison between initial con-246

figuration and deformed shape at last step is presented with the distribution247

of von Mises stress. We can see that the organ deformed as expected and the248

multi-contact between these organs was well handled. The maximum stress249

seems to occur in the anterior and posterior part of the vagina. It is well250

known that the anterior vaginal wall prolapse, clinically known as cystocele,251

is the most common form of pelvic organ prolapses (DeLancey, 1992). Among252

the women who had some form of prolapse, 34.3% have cystocele, 18.6% have253

rectocele and 14.2% have uterine prolapse (Hendrix et al., 2002). Both the254

cystocele and rectocele occur when the tissues and muscles that hold the or-255
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gans in place are stretched or weakened. They cause separately the bladder256

and rectum to move from its natural position and press against the forward257

and back wall of the vagina, as shown in the simulation result. Therefore, this258

model as well as our software could help understand the reasons of such form259

of prolapse and estimate the virtual effect of the organ’s interactions.260

4.2 Simulation based on dynamic MRI images261

The dynamic MRI acquisition, performed with a 1.5 T Philips Gyroscan in262

the sagittal plane, allows to observe the movements and deformations of pelvic263

organs. Each MRI sequence considered is a subset of 12 frames extracted from264

an acquisition during an abdominal pushing down maneuver. The 2D images of265

the MRI sequences are segmented in order to produce a set of closed contours266

of four organs of interest: bladder, rectum, uterus and vagina. Fig. 7 illustrates267

three frames of a MRI sequence, in which the first frame represents the organs268

at rest, the last frame shows the condition when the pushing down effort269

is at its maximum. From these contours, we can characterize the movement270

by calculating the center of mass of each organ, the organ trajectory will271

summarize the displacement (Rahim, Bellemare, Pirró, & Bulot, n.d.). We272

can also characterize the deformation by using the shape descriptors (Zhang273

& Lu, 2004). Two shapes of organs are compared by computing a distance274

between their own descriptor coefficients. The quantification process of the275

deformation will not be detailed in this paper, more informations can be found276

in (Rahim, Bellemare, Bulot, & Pirró, 2010). The displacement of contours277

between each frame is obtained, which has also been correlated with the nodes278

in the contours of our mesh model. By imposing the displacement on each279
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organ’s contour, the contact forces can not be considered, which reveals the280

inter-penetration between organs. We have also removed the fascia part and281

the pubis to adapt the new condition. Fig. 8 shows the comparison between282

the simulation and dynamic MRI images of 12 frames.283

5 Conclusion and perspectives284

In this paper, we focused on the simulations of 2D model of pelvic organs. We285

have modeled one of the mechanical process occurring within the female pelvic286

organs in order to improve the understanding of POP. We have simulated the287

deformation of each organ by imposing the displacement calculated from a288

MRI sequence of 12 frames during an abdominal pushing down maneuver.289

The isotropic hyperelastic mechanical behavior is considered for the organ290

tissues. This is a first step which opens many perspectives and can propose a291

tool to help physicians to characterize functional impact of these organs. With292

this tool, it is possible to have a good idea of the contact force, the dimension293

of contact surface, the deepness of significant stresses, the energy absorbed by294

the soft tissue, etc.295

Biological soft tissues are often assumed to be anisotropic and hyperelastic296

(Fung, 1993; Holzapfel et al., 2000). Therefore, as a perspective of this work,297

anisotropic material laws should be adopted in the future. Moreover, a three298

dimensional model based on MRI data including pelvic organs, pubic bone,299

as well as ligaments and fascias shall be used in further simulations. To im-300

prove the simulation accuracy, more realistic boundary conditions should be301

considered.302
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en radiothérapie de la prostate: modélisation et simulation numérique du317
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Table 1

Material parameters of organs according to Yeoh strain energy density

Material coefficients Vagina(uterus) Rectum Bladder

C10 (MPa) 0.175 0.088 0.071

C20 (MPa) 8.648 3.092 0.202

C30 (MPa) 8.632 2.871 0.048

K (MPa) 16.0 11.0 9.0

Fig. 1. MRI image for the development of the geometric model
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Fig. 2. Volumetric germs placed inside of the uterus and vagina

Fig. 3. Complete geometric model
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Fig. 4. Schematic location of pelvic organs in the pelvic cavity

Fig. 5. Initial configuration and meshes
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Fig. 6. Initial configuration and deformed shape with von Mises stress

Fig. 7. Segmented MRI sequence
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Fig. 8. Comparison of the deformation between numerical results and MRI images
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