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Abstract

Introduction and hypothesis This study aims to develop a fluid-structural interaction (FSI) method to pinpoint the effects
of pressure changes inside the bladder and their impact on the supporting structure and the urethra mobility.

Methods A physiological model of the nulliparous female pelvis, including the organs, supportive structures, and urine, was
developed based on magnetic resonance images. Soft tissues with nonlinear hyperelastic material characteristics were mod-
eled. The Navier-Stokes equations governing the fluid flow within the computational domain (urine) were solved. The urine
and soft tissue interactions were simulated by the FSI method. The vesical pressure and its impact on the urethral mobility
and supportive structures were investigated during the Valsalva maneuver. Moreover, the simulation results were validated
by comparing with a urodynamic test and other research.

Results The results demonstrated that the vesical pressure simulated by the FSI method could predict the nonlinear behavior
of the urodynamic test pressure. The urethra retropubic bladder neck and the bladder neck-pubic bone angle changed 58.92%
and -55.76%, respectively. The retropubic urethral length distance changed by -48.74%. The error compared to the statistical
results of other research is < 5%.

Conclusions The total deformation and mobility of the urethra predicted by the FSI model were consistent with clinical
observations in a subject. The urethra supports dependence on the tissues' mechanical properties, interaction between the
tissues, and effect of urine fluid inside the bladder. This simulation effectively depicts the patterns of urethra mobility, which
provides a better understanding of the behavior of the pelvic floor.
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Abbreviations MPa  Megapascal

ABD Abdominal MRI  Magnetic resonance imaging
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Det Detrusor SUI Stress urinary incontinence
FSI Fluid-structure interaction URO  Urodynamic test

IAP Intra-abdominal pressure USL  Uterosacral ligament

LAM Levator ani muscle VES  Vesical

LLR  Lateral ligaments of the rectum
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Pelvic floor dysfunction (PFD) can induce stress urinary
incontinence (SUI) in women. Due to the prevalence of SUI
[1], numerous researchers have proposed several hypotheses
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the pelvic floor. The urethra lies on the endopelvic fascia and
the anterior vaginal wall supportive layer. This supporting
layer is connected to the pelvic sidewall by arcus tendineus
fasciae pelvis (ATFP) and levator ani muscles (LAM). This
pressure compresses the urethra to a hammock-like support-
ive layer and closes the lumen. This support provides the
urethral closure with the pressure that should be greater than
the IAP to prevent SUIL. However, it is essential to mention
that further investigation shows that urethral support is not
the only reason for SUI and the maximal urethral closure
pressure is the strongest factor associated with SUT [5].
Therefore, the urethra closure pressure and the “pressure
transmission” are essential in understanding SUI.

On the other hand, the hammock hypothesis exposes the
limitations of vivo experiments. For instance, this hypothesis
cannot explain why some operations such as mid-urethral
sling surgery fail [6]. Biomechanical models implementing
medical images do not have the limitations of vivo experi-
ments and deepen the understanding of supportive structures
and surgical techniques.

Several finite element modeling simulations of the pelvic
cavity have been carried out recently. However, these studies
develop limited clinical applications due to subsequent sim-
plifications such as removing critical anatomical structures
and disregarding supportive organs [7, 8]. Furthermore,
the poor imaging quality of the supporting organs makes
it undesirable to establish the boundary conditions and the
accurate loading in the research [9, 10]. Various studies
have investigated the impairment in the pelvic floor muscles
(PFM) and vaginal wall and the effect of impairment on pub-
ourethral, uterosacral (USL), cardinal (CL), and lateral rectal
(LLR) ligaments by considering the weakness in the mate-
rial properties [11, 12]. Despite applying relatively accurate
models, some of these studies assumed the ligaments were
modeled with linear elements [11], and the urine fluid is also
modeled as an elastic solid or not considered [7, 8, 11, 12].

Obviously, specific injuries to individual component
structures influence the passive aspects of the urethra clo-
sure. Various parameters such as resting and transmission
pressures and the rate of abdominal pressure changes are
continuous variables due to the presence of the urine and
the interaction with the bladder, which accordingly impact
the urethra position, supportive layer, and the urethra closure
pressure. These parameters are essential and must be consid-
ered to demonstrate accurate clinical results.

Due to the lack of reported studies, a nearly realistic pel-
vic model has been designed and constructed employing
magnetic resonance imaging (MRI). Organs and the support-
ing structures including the pelvic floor muscles, ligaments,
and urine have been considered in this model. In addition, a
fluid-structure interaction (FSI) model has been developed to
simulate the effects of the supportive structures, the presence
of the urine inside the bladder, and its effects on the bladder
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displacement and supports. Moreover, the simulation results
of the present study have been compared with and validated
against those of some volunteer urodynamic tests as well as
those of other simulations and statistical analyses.

Materials and methods

A 3D computational model of the present work was con-
structed using an MRI of a 23-year-old female with a body
mass index (BMI) of 22 kg m~2, who was healthy, nul-
liparous, and without a history of any previous surgery. A
gynecologist rejected any present morphological or func-
tional abnormalities. The authors used the medical informa-
tion of the volunteer, and this article does not contain any
studies with human participants performed by any of the
authors. Also, the volunteer has consciously and knowingly
agreed for her medical information to be accessed by the
researchers, and ethical approval was not required for this
computational modeling study.

Pelvic MRI was performed using a 3-Tesla scanner (Gen-
eral Electric, Waukesha, WI, USA) while lying down at rest.
A high-resolution (T2-w) pelvic MRI with 1.25 mm slices
was obtained. The device's field of view was 436 mm, and
the matrix was 256 X 256. High-resolution images were
imported to Mimics 17.0 software (Materialise Group,
Leuven, Belgium). Under the supervision of an expert,
various parts of the pelvic organs and supporting structures
were identified, and the thresholds for different tissues were
determined to create the closed surfaces for each anatomical
structure called the surface masks. The surface masks are
converted to the computational volume of all parts' compo-
nents. Also, the smoothing algorithm was used to smooth the
models' surfaces. The 3D model was checked for the surface
intersection. The final 3D model includes:

The pelvic bone.

e All pelvic organs, including the bladder, urethra, vagina,
uterus, and rectum.

e The urethral support system including the PFM and pel-
vic fascia.

e Supportive ligaments of the urethra and uterus, CL, USL,
ATFP, and LLR.

e Urine.

The anatomical characteristics of the constructed geom-
etry were validated by other studies such as [13—15], and
an expert confirmed the final 3D model. Figure 1 illustrates
a final biomechanical pelvic model including all the above
structures for simulations.

Fluid and solid domains were discretized by unstructured
tetrahedral meshes. Mesh sensitivity analysis was performed
by ANSYS Fluent meshing 2019 R3 to make the mesh
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Fig. 1 Anatomical representa-
tion of the biomechanical model
based on the MR images. a, b
Isometric and ¢ axial views of
the pelvic bone, organs, and
support structures

a

independent and validate the results. Four different grids
were created for the fluid domain with 861,514, 1,013,546,
1,672,351, and 2,158,852 elements. It was observed that the
pressure change at the center of the bladder in time step 0.08 s
during the Valsalva maneuver between the two finest meshes
was < 1%. Therefore, the mesh with 1,672,351 elements was
selected for appropriate precision and to avoid high compu-
tational costs. Additionally, a mesh in the same order with
1,149,846 elements was created for the solid domain to estab-
lish the solution accuracy in the fluid and solid field interac-
tion. Figure 2 reveals the unstructured mesh in fluid and solid
domains.

Fluid domain

Urine was considered an incompressible Newtonian fluid with
a density of 1030 kg m™ and a viscosity of 7.97 x 10~ kg
m~!s7!at 37 °C [16]. The transient laminar urine flow regime
inside the bladder was calculated using the Navier-Stokes
incompressible 3D equations [17, 18]. The governing equa-
tions, continuity, and momentum equations are defined as:

Duf
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Ly T+f
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Supportive ligaments of the urethra
and uterus, CL, USL, LLR and AFTP

00000000

In this equation, u is the velocity vector, 7 is the stress
tensor, P is the pressure tensor, f is the force on the fluid,
and p is the fluid density [17, 18]. Boundary conditions must
be carefully selected to provide realistic results. For this pur-
pose, the bladder was considered full of urine at the begin-
ning of the simulation. In the FSI simulation, the entire outer
surface of urine was considered as the wall of the interaction
between the fluid and the structure. The outflow boundary
condition was also utilized at the bladder outlet.

Solid domain

The first step in accurately modeling the soft tissue of pelvic
organs and supporting structures is to select an appropri-
ate model for material properties. Many experiments have
been performed on human tissue properties, and it has been
found that nonlinear hyperelastic models provide the best
accurate prediction of soft tissue material properties. The
stress-strain relationship is typically derived from the strain
energy for hyperelastic materials. The first derivative of the
strain energy function relative to strain was employed to
evaluate the stress [17, 18]:

_ oW

O'S—Eij
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Fig.2 Computational mesh a
domains. a, b Coronal and
midsagittal section plane views
of the solid parts. ¢ Fluid part
(urine) and d midsagittal section
plane of the urine mesh

Section plane

where o is the Cauchy stress tensor in the solid domain, E;;
Green’s strains, and W the strain energy density.
Experimental data have been used to model different tis-
sue material properties [19-23]. The curve-fitting algorithm
extracts appropriate hyperelastic models based on the pre-
sent experimental data. The curve fitting results demonstrate
that Ogden's [24] and Yeoh's [25] models adhere to the best
agreement with the experimental results. The strain energy
density of Ogden and Yeoh's models proposed the following:

Wk, A = ) oE G + A+ 4y 4y = 3)
P

W= Z,»+,-=1 Cyly =3+, —3)

where Aj are principal stretches withi,j = 1,2. yp ‘ap, C are
the material constants, and / is the strain invariant. Also, the
bones are considered linear elastic materials [7].

Table 1 presents the calculated curve fitting parameters of
the hyperelastic models used for different structures.

Thirty-five different contact constraints determine the relation-
ship among all tissues. The bonded constraint type connects liga-
ments to the pelvic organs and the pelvic floor muscle to the pelvic
fascia. In addition, the connection between other tissues was fric-
tionless. The pelvic bone and supportive ligaments of the urethra
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Section plane
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and uterus, USL, CL, ATFP, and LLR attached to the pelvic bone
were fixed. The entire surface inside the bladder was considered
the FSI boundary, and the lateral movement of the bladder, vagina,
and rectum was limited. IAP values were extracted from the vol-
unteer's urodynamic test. Since MRI imaging was performed
while the volunteer was supine, at rest, and different from the
urodynamic test position, it was necessary to correct the amount
of IAP applied in the simulation. For this purpose, the average
IAP of the volunteer at rest (5.78 cmH,0) was subtracted from
the TAP of the Valsalva maneuver of volunteer urodynamic test
results. The maximum IAP of about 40 cmH,O was calculated,
consistent with Noakes et al. [26]. Standard gravity acceleration
(g=9.8066 m.s~2) was also applied to the FSI solution.

Solution method

The effect of urinary fluid on pelvic organs and the support-
ing structures was simulated by strongly coupled two-way
FSIin ANSYS 2019 R3. The two-way method applied the
structural changes on fluid. The reactions of fluid are also
applied to the structure. The strong coupling means solv-
ing each time step more than once to obtain more accurate
results. Fluent for fluid flow with finite volume method and
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Table 1 Properties of hyperelastic materials and models made from experimental data

Organs and supportive structures oy Wy Model Experimental data

Bladder and urethra 2.55 0.14 Ogden Chantereau et al. [19]

Rectum 13.23 0.064 Ogden Rubod et al. [20]

Vagina and uterus 12.26 0.15 Ogden Rubod et al. [20]

Pelvic ligaments (ATFP, CL, LLR, USL) 10.73 0.59 Ogden Rivaux et al. [21]

Supportive ligament of the urethra 10.86 0.29 Ogden Rivaux et al. [21]
Cio Cy Cy Model Ref.

Pelvic fascia 0.93 -0.64 0.5 Yeoh Jelen et al. [22]

Pelvic floor muscles 0.032 0.032 0.035 Yeoh Janda [23]
Young's modulus Poisson's ratio Density Model Ref.

Bones 2130 MPa 0.3 2000 Linear elastic Cosson et al. [7]

transient structure for the solid domain with finite element
method were the solutions that participated in system cou-
pling. The boundary conditions for fluid-structure coupling
[17] between the urine and the bladder wall are given by:

Uslls = —O'fllf
Uf = l.l‘Y
X =d,

where o, and o, are the Cauchy stress tensor for solid and
fluid domains, n, and n, are normal unit vectors for solid and
fluid domains, u, andu, = % are the fluid and solid velocity,
and x; and d, are the fluid and solid displacement.

Four convergence criteria for the transient structure, fluid
flow, data transfer from fluid flow to transient structure, and
data transfer from transient structure to fluid flow were
obtained at every time step during the simulation.

The "dynamic mesh" implementing the algorithms of
"remeshing" and "smoothing" updated the mesh in each
time step based on the changes in the boundary of the fluid
domain. Volume-based solution stabilization has been uti-
lized to stabilize the convergence.

The Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm in pressure-based segregated methods was
selected. The second-order implicit Euler and the second-order
upwind schemes were adopted to achieve the pressure and the
momentum discretization of the governing equations, respectively.

Results
Fluid domain
Vesical pressure results and validation

A two-way strongly coupled FSI simulation was performed
for the generated mesh. IAP during the Valsalva maneuver

was extracted from the volunteer urodynamic test results.
The simulation end time and the time step were 0.16 and
0.005 s, respectively.

The simulation results of pressure changes at the center
of the bladder (Pygg ggy) were extracted from the fluid
domain and compared with the vesical pressure (Pygg yro)
of the urodynamic test (Fig. 3a). As shown in Fig. 3a, the
simulated Pygg gy agrees well with Pygg yro. Since the
simulation employs a strong two-way FSI solution, the
convergence would improve with the continuation of the
solution.

The difference among Pygg ggp, and Pygg re is partly due
to the value of IAP in the urodynamic test being non-zero at
the start. However, the IAP of loading at the beginning of the
simulation is forced to be zero to prevent a shock in the com-
putational domain due to the sudden loading effect. Moreo-
ver, the 5.78 cmH,0 IAP loading was subtracted because
the volunteer position in MRI and the urodynamic test are
different. Although the detrusor muscle pressure (Ppgr yro)
was not applied in the FSI simulation, the Ppgt ygo is given
in Fig. 3a for comparison purposes.

Barzegari et al. [27] calculated the pressure at the
center of two simple spherical models. The first model
(physiological model) has a supportive structure. Also,
the linear elastic model was utilized to simulate material
properties. The second model (pathological model) has
no supportive structure. In addition, the linear elastic and
hyperelastic (Mooney-Rivlin) models were used to simu-
late material properties.

The present simulated (Pygg, gs;) were compared
with those reported by Barzegari et al. [27] because of
their initial phase similarities of IAP loading (Fig. 3b).
The present Pygg gg; has increased from the beginning
to 0.05 s and is converged to the physiological model.
After that, by increasing the pressure simulation load, the
Pygs, s diverged from the physiological model and con-
verged towards the pathological models' results because
of the hyperelastic materials model employed.

@ Springer
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Fig.3 Validation of pressure changes in the center of the bladder (a)
Comparison between FSI results and volunteer urodynamic test. (b)
Comparison of the FSI results and numerical solution of Barzegari
et al. [27] and (c) total deformations of organs and supportive liga-
ments

Solid domain
Total deformation and urethra mobility

Based on the FSI simulation results, the bladder, urethra,
uterus, vagina, and rectum are exposed to the highest
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deformation rates. The bladder was compressed 7.8 mm
towards the symphysis pubis bone at t=0.08 S. In addition,
the rectum and the uterus are descended 4.08 and 4.45 mm,
respectively, at t=0.016 S. The pelvic floor muscle moves
inferior and posterior about 8.44 and 2 mm at t=0.03 S
(Figs. 3c and 4a-e). In addition, despite the minimum
changes of the supportive ligaments of the urethra, at the
maximum deformation time, the highest concentration of
equivalent von Mises stress, about 0.53 MPa, was seen in
this area. Since von Mises stress is a combination of normal
and shear stresses, the risk of injuries in this ligament is
high.

Table 2 illustrates the bladder neck mobility compared
with the results of statistical shape modeling by Routzong
et al. [28]. The urethral length reduced by 7.58% because
of the Valsalva maneuver. The rotation of the bladder neck
changed the retropubic bladder neck and the bladder neck-
pubic bone angle by 58.92% and -55.76%, respectively.
Furthermore, the bladder and urethra were compressed to
the symphysis pubis bone. The retropubic urethral length
distance was altered by -48.74%. Also, the percentage of
errors between these FSI results and the statistical results
of Routzong et al. [28] was < 5%, indicating the simulated
model's accuracy.

Moreover, the alpha angle defined by Pregazzi et al. [29]
is calculated. The alpha angle is between the BN-S line and
the midline of the symphysis pubis. The distance from the
bladder neck (BN) to the lowest point of the symphysis pubis
(S) is also called BN-S line.

The alpha angle at rest was 91° and at the Valsalva
maneuver was 108°, which are in a good agreement with
those reported by Pregazzi et al. [29] and Brandao et al. [12]
(91 vs.92.0+6.0 and 91.8 at rest, 108 vs. 100+ 8 and 105.7
at Valsalva maneuver).

Discussion

A nulliparous female pelvic model was constructed based on
MRI including the organs, ligaments, supporting structure, and
urine. The biomechanical simulation based on the FSI method
predicts the pressure changes inside the bladder and urethra
mobility. Validation of the fluid simulation results is performed
by comparing with both an actual urodynamic test (Pygg, gsy vS.
PyEs. uro) and the simulation results of Barzegari et al. [27].
The solid domain results are compared against the statistical
results of Routzong et al. [28]. Also, the alpha angle changes
are compared by Pregazzi et al. [29] and Brandao et al. [12].
Figure 4 presents the mobility of the pelvic organs dur-
ing the Valsalva maneuver. Increasing the IAP causes the
bladder, uterus, and rectum to move inferior and posterior.
The urethra rotates clockwise in the form of a “C” shape
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Fig.4 Total deformation a
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and surrounds the pubic bone [11] (Fig. 4a—e). Despite the
increase in IAP, the urethra returns slightly to its first posi-
tion and rotates in the opposite direction, and the “S” shape
was observed [28] because of the hyperelastic mechanical
properties of the supporting tissues (Fig. 4f-h).

b
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The findings of the current study indicate that changes
in the bladder and urethra's total deformation and mobility
rates were neither linear nor simple. As mentioned, the most
significant change occurs at t=0.08 S, and the IAP of simu-
lation loading is 13.86 cmH,0 before reaching the maximum
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Table 2 Comparison of bladder neck mobility parameters in the present work with the statistical analysis data of 23 volunteers by Routzong

et al. [29]
Variable FSI simulation (present study) Dynamic ultrasound measurements (statistical analysis) Error (%)
[29]
Rest Valsalva Change Change (%) Rest Valsalva Change Change (%)

Urethral length (cm)? 345 3.19 -026 -7.53 4.01+0.60 3.60+0.58 -041+£0.36 -10.22 2.69

Retropubic bladder neck angle 56 89 33 58.92 57.34+23.57 88.33+22.71 30.99+23.58 54.04 4.88
(0)3

Retropubic urethral length 1.19 0.61 -0.58 -48.73 2.09+0.68 1.04+0.68 -1.05+£0.61 -50.23 1.5
(cm)*

Bladder neck-pubic bone 52 23 -29 -55.76 65.40+22.00 28.25+56.81 -37.16+21.27 -56.81 1.05
angle (°)

'Difference in % change across FSI simulation (present study) and dynamic ultrasound measurements (statistical analysis) [29]

2Urethral length: The distance between the urethral meatus and the opening of the urethra

3Retropubic bladder neck angle: The angle between the BN-S line and the line following the superior edge of the symphysis pubis from the S

point
4Retropubic urethral length: The length of the BN-S line

SBladder neck-pubic bone angle: The angle between the BN-S line and the vertical axes from the S point

IAP of simulation loading. The supporting structure trying
to prevent this movement is seen in Fig. 3c. As a result, the
pelvic floor mechanism should not be analyzed using simpli-
fied simulations, and the FSI simulations are recommended
to be utilized to provide accurate findings.

One should note that the present study has its own
limitations. First, the simulation model is based on some
MRIs of a specific volunteer; hence, it may not be gener-
alized to all cases. However, the authors aimed to estab-
lish a method for achieving accurate and realistic results
that could alleviate this restriction when compared with
available statistical data. Furthermore, this method can
be applied to other groups of volunteers in future studies.
Second, the LAM in our model differs from anatomical
descriptions in the literature regarding origin, insertion,
and shape. The effect of these differences is unknown, so
our findings should be considered conceptual. It might be
better to model the LAM as a combination of puborecta-
lis, pubococcygeus, and iliococcygeus muscles to improve
the accuracy. Third, available literature indicates that the
supportive ligaments of the urethra and the impairment
of these ligaments in SUI patients considerably impact
urethral support [12]. On the other hand, as mentioned in
the results, the maximum changes in equivalent von Mises
stress are observed in supportive ligaments of the urethra
area, which is consistent with the literature. However,
it is essential to note that this ligament is modeled as a
single supporting ligament of the urethra and uterus. It is
necessary that the modeling of this part is more accurate
and the ligaments are modeled separately and address
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other connective tissue attachments in this area. Further
consideration of these connective tissue attachments of
the urethral support might be beneficial to improve the
accuracy of the simulations. Fourth, The maximum IAP
of about 40 cmH,O calculated in the Valsalva maneuver is
considered for simulation loading pressure in the present
study. Still, it is necessary to mention that the research
of Fuganti et al. [30] investigated SUI in 319 women.
The results show that the cough leading to SUI had a
leak point and peak pressures are > 120 and 140 cmH,O0.
Therefore, it is recommended that cough IAP pressure of
> 150 cmH,O0 is simulated in future research.

Despite all the above-mentioned limitations, the authors
believe that the present study, which is based on a relatively
complete categorical female pelvic model, is a step forward
in simulating realistic pelvic organs and their supportive
structures.

Conclusions

A model of a 23-year-old female pelvis was generated.
The biomechanical simulation was performed by consid-
ering the effects of urine on the bladder employing the FSI
method. Vesical pressure and its impact on the urethral
mobility and supportive structures were investigated dur-
ing the Valsalva maneuver. It was determined that the total
deformation and urethra mobility did not change linearly
with increasing IAP. The urethra support and mobility
depend on the material properties of the tissues, interaction
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among the tissues, and effect of urine fluid inside the blad-
der. This simulation depicts urethral movement patterns
consistent with clinical observations, which is valuable for
better understanding the behavior of the pelvic floor.
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