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Abstract
Stress urinary incontinence is a condition that affects mainly women and is characterized by the
involuntary loss of urine in conjunction with an increase in abdominal pressure but in the absence
of a bladder contraction. In spite of the large number of women affected by this condition, little is
known regarding the mechanics associated with the maintenance of continence in women.
Urodynamic measurements of the pressure acting on the bladder and the pressures developed
within the bladder and the urethra offer a potential starting point for constructing computational
models of the bladder and urethra during stress events. The measured pressures can be utilized in
these models to provide information to specify loads and validate the models. The main goals of
this study were to investigate the feasibility of incorporating human urodynamic pressure data into
a computational model of the bladder and the urethra during a cough and determine if the resulting
model could be validated through comparison of predicted and measured vesical pressure. The
results of this study indicated that simplified models can predict vesical pressures that differ by
less than 5 cmH2O (<10%) compared to urodynamic pressure measurements. In addition, varying
material properties had a minimal impact on the vesical pressure and displacements predicted by
the model. The latter finding limits the use of vesical pressure as a validation criterion since
different parameters can yield similar results in the same model. However, the insensitivity of
vesical pressure predictions to material properties ensures that the outcome of our models is not
highly sensitive to tissue material properties, which are not well characterized.
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Introduction
Stress urinary incontinence (SUI) is characterized by the involuntary loss of urine from an
increase in abdominal pressure in the absence of a bladder contraction that raises the vesical
pressure to a level that exceeds urethral pressure1. In women, injuries to the pelvic floor
musculature sustained during vaginal childbirth contribute to SUI. While not a life
threatening condition, SUI can detrimentally impact quality of life as this condition is
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frequently manifested during such every day activities as coughing, laughing, sneezing or
straining1. In spite of the large number of women affected by SUI, little is known about the
mechanics associated with the maintenance of continence in women2.

Three theories dominate conceptualization of the mechanics of female continence: the
pressure transmission theory proposed by Enhorning, the hammock theory proposed by
Delancy, and the integral theory proposed by Petros3–6. However, the mechanics behind
these theories have never been validated. Several modeling issues including the appropriate
assignment of loads and the effect of material properties on model behavior must be
addressed in order to construct such a model.

The main goals of this study were to investigate the feasibility of incorporating human
urodynamic pressure data into a computational model of the bladder and the urethra during a
cough and determine if the resulting model could be validated through the comparison of the
predicted and measured vesical pressure. In addition, due to the lack of sufficiently detailed
material properties of the relevant tissues resulting from the difficulty of acquiring in vivo
values, this work also investigated the impact of material properties assigned to the modeled
structures on the mechanics predicted by the model7,8.

Materials and Methods
In-Vivo Measurements

Following IRB approval, urodynamic data during coughs at maximum cystometric capacity
was obtained from six continent women between the ages of 28 and 79 chosen at random
from a larger data set. To qualify for this study, women were required to have no history of
incontinence, pelvic floor surgery, or neuromuscular disease. Women were also excluded
from the study if they had given birth vaginally within six months prior to urodynamic
testing.

Cystometry was performed using sterilized water at a fill rate of 80 mL/min with the subject
in a birthing chair reclined at 45 degrees until maximum cystometric capacity (MCC) was
reached. To estimate abdominal pressure (Pabd), an 8 French micro tipped catheter (Millar
Instruments, Houston, Texas) was placed in the vagina. Urethral pressure profilemetry
(UPP) was performed through the use of an 8 French dual-micro tipped catheter with an
infusion port (Millar Instruments, Houston, Texas). UPPs were acquired by initially placing
the catheter so that both tips were located within the bladder. The catheter is then withdrawn
at a rate of 1 mm per second while pressure is measured every 0.2s. The catheter was then
reinserted so that the distal tip was located within the bladder to measure vesical pressure
(Pves) and the proximal tip was located within the urethra at the position corresponding to
the maximum urethral pressure measured during UPP, facing the 9 o’clock position to
measure urethral pressure (Pura). Abdominal, vesical and urethral pressure data were
acquired every 0.2s both with the participant at rest and during cough events (Figure 1)9, 10.
Although Pura was not incorporated in the models created for this study, a complete
description of the process by which the urodynamic data was obtained is provided for the
sake of completeness and clarity.

Computational Model
The initial model for this study incorporated urodynamic data, including Pabd and Pves,
obtained from a 28 year old continent female participant during a 1.8 second cough. This
model was then used to determine which set of material properties (linear or nonlinear)
when incorporated in the model would result in the most accurate prediction of Pves as well
as the sensitivity of Pves to variations in material properties. Once determined, an additional
5 models were constructed utilizing the urodynamic data from 5 additional continent control
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participants selected at random from a larger data set to test whether the results obtained in
the original model were reproducible in other similarly constructed models.

Several simplifying assumptions were made to create the geometry of the models as medical
images were not available for this group of patients. These assumptions included modeling
the bladder as a sphere, the urethra as a cylinder with no lumen and the support structures as
a bowl shaped structure with a hole in the base through which the urethra could pass (Figure
2). The decision to model the bladder as a sphere was based on the work of Damaser and
Lehman who determined that the material properties assigned to the bladder are more
important in predicting the mechanics of this structure than the shape of the bladder11. The
inner diameter of the bladder was set based on the MCC recorded for the subject. The
thickness of the bladder wall was calculated based on the findings of Chan et al, who
reported that average bladder wall thickness was 1.7mm when the bladder contained 200 cc
of fluid in a cohort of normal women12. By assuming that bladder wall material is
incompressible, as has been done previously, the wall thickness of the bladder could be
calculated based on the subject’s MCC11,13.

In the current model, the geometry of the urethra was simplified by modeling it as a
cylindrical tube as has been done in several other studies utilizing computational models of
the urethra14–17. The urethral length was set based on the duration of the subject’s UPP and
the withdrawal rate of the catheter (1mm/s). The outer diameter of the urethra was set to
11.5 mm based on measurements published by Umek et al18,19. Since the participants
utilized for this study were continent, we assumed that the urine remains in the bladder at all
times, allowing the geometry to be simplified by not including a urethral lumen.

The support structure through which the urethra passes and on which the bladder rests was
assumed to be bowl-shaped, based on drawings observed in anatomy text books20,21. The
dimensions of the bowl were based on the dimensions of a pelvic inlet determined by Janda
et al who reported the pelvic inlet to be elliptical in shape with a long axis dimension of 140
mm and a short axis dimension of 122 mm22. To further simplify the geometry, a circular
shape was adopted by taking the average of the two axis values and setting the diameter of
the top rim of the support structure to 131mm. The outlet of the bowl was set to be equal to
the diameter of the urethra to prevent excessive movement of the urethra. As an initial
approximation, the thickness of the bowl was set to 2 mm to equal the thickness of the
levator ani muscle reported by D’Aulignac et al23. These dimensions were used in all
models in this study.

All structures were represented in the models as a mesh of solid eight node hexahedral
elements with the exception of the fluid which was represented using eight node hexahedral
elastic fluid elements, allowing the fluid to be treated as a quasi-solid24,25. All meshes were
created using the commercially available software package TrueGrid (XYZ Corporation
Livermore, CA).

To prevent rigid body translation, the top rim of the support structure was completely
constrained to fix this portion of the structure in space and prevent the rigid body motion of
this structure. In addition, to prevent non physiologic movement of the urethra the walls of
the urethral orifice were constrained to prevent motion along the x axis (right to left) and z
axis (front to back) of the structure while allowing for the motion along the Y axis (top to
bottom) of the structure in this region. Vaginal support was simulated by constraining the
distal two-thirds of the dorsal wall of the urethra to prevent translation of this region of the
urethra in all directions. In addition, this region was also constrained to prevent rotation
about the z-axis Contact occurring between the structures was modeled using a surface to
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surface contact algorithm provided with the LS Dyna software package (LSTC Corporation,
Livermore California).

Plan of Simulations
In each model a cough was simulated as a dynamic event with the magnitude of the pressure
loads based on urodynamic measurements of Pabd during the cough event. Pabd acting on
the bladder during a cough event was modeled as the change in Pabd relative to its baseline
value with time (Figure 3). The time dependent pressure loads were applied to the top
hemisphere of the bladder in such a manner that the magnitude of the pressure is equal at all
nodes to which the pressure load was applied. Each of the structures incorporated in the
model was defined utilizing the Lagrangian kinematic description. The time dependent
equations relating force and displacement were solved with the explicit finite element solver
LS Dyna. Each of the 6 models was loaded based on a unique cough event that was recorded
for each participant. In modeling each cough event it was assumed that the rise in bladder
pressure observed during a cough resulted solely from increased abdominal pressure that
occurred in the absence of bladder contractions.

A sensitivity analysis was conducted to evaluate the effects of material properties on Pves
predicted by the model. For the original models of the sensitivity analysis, two versions of
the model based on the urodynamics of a continent 28 year old were constructed. The
models were identical in every way except for the material properties assigned to the bladder
and urethra (Table 1). In the first version of the model, the material comprising the bladder
was defined as a Mooney Rivlin hyperelastic material, while the material comprising the
bladder base and urethra was described as a Blatz Ko hyperelastic material based on the
work of Haridas et al8. In the second version of the model the material comprising the
bladder and urethra were defined as linearly elastic material based on the work of
Yamada7,26. The support structure in both models were described as linearly elastic while
the fluid was described as an elastic fluid whose deformation was determined based on the
bulk modulus of the fluid24,25. These two original versions of the model were evaluated by
comparing Pves predicted by each model to Pves measured during urodynamics. The effect
of varying the material properties was evaluated by running the simulations detailed in Table
2 in both versions of the model. Each model was evaluated by comparing Pves predicted in
each of the simulations to Pves predicted by the original linear or nonlinear version of the
model, respectively.

To test the repeatability of the model, 5 additional models were constructed utilizing the
urodynamic data from 5 additional continent control subjects as described above. In each
case, the model was evaluated by comparing Pves predicted by the model to Pves measured
during urodynamic testing. Nonlinear material properties were used in these models since
our initial results demonstrated that Pves predicted by models incorporating nonlinear
material properties more closely replicated measured Pves.

Results
The initial model used to test if the incorporation of non-linear and linear material properties
would have an effect on the Pves predicted by the model was based on a 28 year old
continent female. The inner diameter of the bladder which was set based on the MCC for
this subject (535.7 mL) was set to 100.8 mm and the outer diameter was determined by the
method described earlier was set to 102.6 mm. (Bladder wall thickness = 1.8 mm). The
length of the urethra as determined from the UPP was 34 mm. In the five additional models
used to validate the findings of the original model, the range of bladder inner diameter was
92.2–108 mm (mean 98.6 mm), corresponding to MCCs of 410–660mL, while the range of
bladder wall thickness was 1.6–2.0 mm (mean = 1.9 mm). While the urethral length varied
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between 15.8–39.8 mm (mean 27.9 mm). The urodynamic measurements acquired during a
1.8 second cough were used to define the Pabd loads acting on the bladder in the initial
model while the Pves measured during the event served to evaluate the Pves predicted by the
model. In cough events utilized in constructing and validating the additional models varied
between 1.4 and 2.0 seconds in duration.

The original version of the model generally underestimated Pves compared to the measured
values of Pves when either linear or non-linear published material properties were utilized.
In both the original versions of the non-linear and the linear model, Pves was overestimated
in only one instance and in both cases this overestimation was less than 1 cmH2O (3.1%).
Pves predicted by the original model incorporating published nonlinear material properties
was in closer agreement with measured Pves than those predicted by the original model
incorporating published linear material properties (Figure 4). The least difference between
measured and predicted values in the nonlinear model was −0.1cmH2O (0.2%), which
occurred at 0.6s; whereas the greatest difference was −5.2 cmH2O (8.6%), which occurred
0.2 s after peak abdominal pressure. In contrast, in the model incorporating linear material
properties the least difference between predicted and measured Pves was −0.28 cmH2O
(0.8%), which occurred at 0.2s; while the greatest difference was −7.2 cmH2O (6.1%),
which occurred 0.2s prior to peak abdominal pressure.

Altering material properties in the version of the model incorporating non-linear material
properties produced changes of less than 7.0 cmH2O (5.4%) in predicted Pves in all
simulations compared to the original version of the model (Figure 5). The greatest changes
in Pves predicted by the model with nonlinear material properties resulted from increasing
compliance of all modeled structures. Varying material properties in the version of the
model with linear material properties resulted in increases in predicted Pves between 3.0 and
8.2 cmH2O (2.7% – 7.2%) at 0.8s compared to the original version of this model (Figure 5).
However, these large increases were limited to this time, since at all other times these
changes resulted in Pves changes of less than 2 cmH2O. The largest changes in Pves
predicted by the version of the model with linear material properties were realized by
stiffening the bladder neck and the urethra (Simulation D) and by stiffening the material
properties of all modeled structures (Simulation H; Figure 5).

In all simulations in which nonlinear material properties were incorporated into the model,
resultant displacements in all structures was less than 2cm (Figure 6). However, notable
differences in displacement distribution were observed when the stiffness of the support
structure was increased (Simulation C) and when the stiffness of all structures was increased
(Simulation H) relative to the original version of this model. In both cases, a reduction in
displacement is observed in the center top half of the bladder (Figure 6). Similar results were
also noted in simulations in which the material properties of all structures were defined as
being linear in that the resultant displacement in all structures was 2 cm or less (Figure 6).
Reduced displacement was also observed in the simulations in which the support structure
was stiffened (Simulation C) as well as in the simulation where all structures were stiffened
(Simulation H). In both of these cases, displacement in the center of the top half of the
bladder was also reduced.

Similar results were obtained in the models generated using urodynamic data from 5
additional subjects incorporating published nonlinear material properties. In all models the
maximum difference between predicted Pves and measured Pves was less than 10.0 cmH2O
(8.8%), with 3 of the five producing maximum differences of 3.0 cmH2O (5%) or less
(Figure 7). Deformation distributions were similar in all models with predicted maximum
displacements of less than 2cm (Figure 8).
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Discussion
In this work, a simplified computational model of the lower urinary tract was used to
determine the feasibility of using urodynamics to simulate the mechanics of these structures
during a cough. The female pelvic floor and lower urinary tract consist of complex
structures that are not well characterized biomechanically. Most published descriptions of
the geometry of these structures are qualitative in nature, focusing on the shape and location
of each structure while providing minimal quantitative descriptions of geometry5,27.
Therefore several simplifying assumptions were incorporated into our models.

In an ideal situation, the geometry of the modeled structures would have been obtained from
medical images and the deformations of the structures also tracked and measured by medical
images to allow for the validation of the model while urodynamic data would also be
collected. However, this is not standard clinical practice. Even if medical images were
acquired, the usefulness of these images would have been limited due to the fact that the
medical images would have been acquired with the patient in the supine position whereas
the urodynamic data was collected with the patient in a birthing chair reclined to 45 degrees.
Furthermore, due to the transient and non-repetitive nature of coughs and the limitations of
temporal resolution in MRI, soft tissue deformations could not be captured accurately for
use as further validation criteria. As a result, several simplifying assumptions were made
with respect to the geometry of the model. The bladder was assumed to be spherical in shape
based on the work of Damaser and Lehman, who found that the shape of the bladder was not
as important as the mechanical properties of the bladder wall when modeling its
mechanics11. The decision to model the urethra as a tube was informed by the work of Bush
et al who found that minimal differences existed in the pressure and flow data collected from
a straight tube and the corresponding data collected from a patient specific model of the
urethra during micturition28. The bowl shape geometry used in our model to represent the
support structure was selected based on drawings of the levator ani muscle and pelvis in
anatomy text books which show that these two structures form a bowl-like shape inside
which the bladder rests20,21.

In this model two sets of material data were tested based on the work of Haridas et al and
Zhang et al7,8. These sets were selected since the structures of interest in both cases were
modeled as part of a larger model of the lower urinary tract and pelvic floor and not as
individual structures. It is anticipated that any future model focusing on the mechanics
underlying stress urinary incontinence will not be able to focus on individual structures but
will need utilize a model of the entire pelvic floor and lower urinary tract. In addition, future
models will need to account for fluid-structure interactions occurring during stress events.
The complexity of these models will require simplifying assumptions of the material
properties to generate solvable models. Therefore our model sought to determine if either
material data set would impact Pves predicted by the model.

Pves predicted by the nonlinear model more closely matched Pves measured during
urodynamic testing than Pves predicted by the linear model; however, the difference
between predicted and measured Pves never exceeded 8 cmH2O (8%) in either model.
Biological tissues are known to exhibit nonlinear behavior when subjected to outside forces.
As a result, this outcome was not unexpected as one would assume that the nonlinear
material properties would more closely replicate the in vivo behavior of the tissues
manifested in the urodynamic measurements29,30.

To further investigate the effects of nonlinear and linear material properties on predicted
Pves, a sensitivity analysis was performed in which the material properties of the two
original models were stiffened or made more compliant in subsequent simulations. Varying
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material properties in this manner resulted in mean changes to predicted Pves of less than 3
cmH2O, and an average percent difference of less than 3%, indicating that material
properties have minimal impact on Pves predicted by the model. As a result, the models
cannot be described as singular when predicting Pves, since similar results can be obtained
with different parameters defining the model. When coupled with the finding that varying
the material properties of the bladder and urethra resulted in different deformation patterns,
we conclude that Pves cannot be used as the sole validation criteria for the model. However,
the insensitivity of predicted Pves to changes in material properties may prove beneficial in
evaluating more complex models of the pelvic floor and lower urinary tract since this
parameter could be utilized in the early stages of model construction to evaluate whether the
model is appropriately constructed and loaded, as demonstrated by matching predicted Pves
to measured Pves.

Mathematical biomechanical models have been shown to be useful for gaining insight into
the underlying mechanics of various physiological phenomenon that cannot be acquired by
any other means31. This study focused on determining if the increase in Pves resulting from
an increase in Pabd recorded during clinical urodynamics could be replicated in such a
model and how varying that models parameters would affect the Pves prediction of the
model. One of the most difficult tasks encountered when constructing a biomechanical
model is validating that the model is an accurate representation of the physiological
phenomenon that it is being used to study. Frequently clinically obtained data is utilized for
this purpose with the model considered to be accurate if the clinical data is replicated by the
model31. Pves measured during urodynamics offers a potential method for validating future
models of the lower urinary tract being used to study stress urinary incontinence as by
definition in this condition the rise in Pves is the direct result of forces acting on the bladder
in this case Pabd. Therefore in order to be considered accurate this increase must be
accurately replicated. This study showed that this could be achieved in this simple model to
within 5 cm of H2O. which indicates that the model can accurately reproduce this increase
in Pves. However, it was also noted that this increase was not sensitive to other modeling
parameters such as material properties.

In an ideal situation, medical images would be acquired during the stress event and the
displacement of the modeled structures would be used as validation criteria. Unfortunately
the highly transient nature of the events modeled and the temporal resolution required,
coupled with the need to acquire urodynamic data simultaneously, makes this approach
unfeasible at this time. The ultimate goal of modeling in stress urinary incontinence is to
study the mechanics behind which leakage occur. In such a model a potential validation
criteria would be if the model could accurately predict whether a leak would result during a
given stress event, along with accurate prediction of vesical pressure. However, this would
require the incorporation of a collapsible tube representing the urethra and the forces that act
on that tube to maintain it in its collapsed orientation, which are poorly understood.
Accurate prediction of the vesical pressure in such a model will still be critical to determine
if the pressure upstream of the urethra in the bladder is accurate and sufficient to generate
flow under the appropriate circumstances.

The finding that varying material properties of the model did not appreciably affect
quantitative displacements agrees with the findings of Chi et al32. Using image guided
radiotherapy, they found that increasing or decreasing the linear material properties of the
bladder wall did not significantly affect its deformation32. Displacements predicted by this
model are also qualitatively in agreement with those published by Zhang et al., who found in
their model of a subject landing a jump, that the largest displacements in the bladder appear
to be in the top portion of the bladder dome with only minimal displacements occurring in
the bladder neck and urethra7. It should be noted that their model did not incorporate
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urodynamic data either as loads or as validation criteria7. Our results also meet one of the
validation criteria proposed by Kim in his two dimensional model of the bladder and urethra
during increased abdominal pressure: that the inferior displacement of the pelvic floor was
less than 2cm13.

Although varying material properties resulted in little quantitative difference in the
deformations predicted by the model, it produced qualitative asymmetric differences in the
deformation patterns predicted by the model. The greatest differences in the deformations
predicted by the model were realized by stiffening the support structure and stiffening all
structures in both the linear and the non-linear models, which resulted in a decrease in
deformation as was expected.

Conclusions
We found that simplified models can replicate Pves measured during urodynamics within 5
cmH2O and that varying material properties had minimal impact on Pves and displacements
predicted by the model. The finding that varying the material properties had minimal impact
on Pves predicted by the model limits the use of Pves as a validation criterion. Pves cannot
be considered singular since similar results can be obtained when different parameters are
used to define the model. However, the insensitivity of Pves ensures that the outcome of our
models is not highly sensitive to tissue material properties, which are not well characterized.
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Figure 1.
Schematic illustrating the positioning of the catheters for the acquisition of abdominal
(blue), vesical (pink) and urethral (green) pressures during urodynamic testing.
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Figure 2.
Finite element model based on urodynamic data acquired from a 28 year old continent
female. Subject specific dimensions: bladder inner diameter = 100.8mm; bladder outer
diameter = 102.6mm; urethral length = 34mm.
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Figure 3.
Pressure loads acquired from the same 28 year old continent subject as modeled in Figure 1,
during a 1.8 second cough event and normalized to baseline.
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Figure 4.
Example Pves predicted by a model incorporating non-linear material properties (pink) and
by a model incorporating all linear material properties (green) compared to Pves measured
during urodynamics (blue).
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Figure 5.
Effect of varying material properties on Pves predicted by the models. All models were
evaluated by comparing Pves predicted by each model to Pves predicted by the original
model in which published values were incorporated for all structures (solid line). a.
Differences vs. time in models incorporating non-linear material properties for the bladder
and urethra. b. Differences vs. time in models incorporating all linear material properties. c.
Percent differences vs. time for models incorporating non-linear material properties for the
bladder and urethra. d. Percent differences vs. time for models incorporating linear material
properties. Letters in legend denote simulation parameters identified in Table 2.
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Figure 6.
Displacements at peak pressure in models incorporating nonlinear material properties (top)
and linear material properties (bottom). Letters denote simulation parameters identified in
Table 2 (Displacements in cm).
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Figure 7.
Maximum differences (A) and percent differences (B) in Pves predicted by models created
from urodynamic data of additional 5 subjects. Both maximum difference and maximum
percent difference were determined relative to Pves measured during urodynamic testing for
each subject.
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Figure 8.
Displacements at peak pressure in models constructed from urodynamic data obtained from
5 additional subjects incorporating nonlinear material properties. It should be noted that
peak pressure varied in each subject based on the cough event (Displacement in cm).
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Table 1

Material Properties Used in Non-Linear and Linear Models (A and B = Experimentally determined constants
for a Mooney Rivlin Hyperelastic material, E = Young’s Modulus, μ = Shear Modulus, K = Bulk Modulus,
Poisson’s Ratio = 0.45 for all solid structures)

Structure Density
(kg/m3)

Material Type
(Non-Linear
Models)

Constants(Non-
Linear Models)

Constants
(Linear
Models)

Bladder
(Published)

1030 Mooney Rivlin A=7500
B=2500

E = 5e4 Pa

Bladder
(Stiff)

1030 Mooney Rivlin A=15000
B=5000

E = 1e5 Pa

Bladder
(Compliant)

1030 Mooney Rivlin A=3750
B=1250

E = 3.75e4 Pa

Support Structure
(Published)

1040 Linear Elastic E = 5e6 Pa E = 5e6 Pa

Support Structure
(Stiff)

1040 Linear Elastic E = 1e7 Pa E = 1e7 Pa

Support Structure
(Compliant)

1040 Linear Elastic E = 3.75e6 Pa E = 3.75e6 Pa

Urethra & Bladder
Neck

(Published)

1030 Blatz Ko μ = 1e5 Pa E = 5e6 Pa

Urethra & Bladder
Neck
(Stiff)

1030 Blatz Ko μ = 2e5 Pa E = 1e7 Pa

Urethra & Bladder
Neck

(Compliant)

1030 Blatz Ko μ = 7.5e4 Pa E = 3.75e6 Pa

Urine 1000 Elastic Fluid K = 2.2e9 Pa K = 2.2 e9 Pa
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Table 2

Details of simulations used to test model sensitivity to material properties

Simulation Description

A Published Values for all Structures

B Stiff Bladder Wall

C Stiff Support Structure

D Stiff Urethra & Bladder Neck

E Compliant Bladder Wall

F Compliant Support Structure

G Compliant Urethra & Bladder Neck

H Stiff values for all structures

I Compliant values for all structures
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