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Non-Invasive Urodynamic Analysis Using

the Computational Fluid Dynamics
Method Based on MR Images

MR Goriintiilerine Dayali Hesaplamali
Akiskanlar Dinamigi Yontemi ile
Non-invazif Urodinamik Analiz

ABSTRACT Objective: The pressure-flow rate test is invasive. In addition, several nomograms are
used and an exact standardization cannot be provided. For this reason, the search for new methods that
are called non-invasive by several authorities, and that will provide clinical data similar to urody-
namics, is ongoing. The aim of this study is to report a non-invasive, newly developed technique for
the assessment of bladder pressure and flow rate using Computational Fluid Dynamics (CFD). Mate-
rial and Methods: Participants consisted of 10 voluntary males. All data referring to volunteer demo-
graphics were recorded. Magnetic resonance imaging (MRI) was performed for the reconstruction of
the bladder. After the MRI process, the peak flow-rates were measured with a uroflowmeter. Using
CFD, first, by applying a pressure of 20 cm H,O to the bladder wall the geometry of the bladder was
obtained from processing of MR images and flow rates were determined. Secondly, the wall pressures
needed to provide flow rates obtained from uroflowmetry were calculated. Results: The average val-
ues of the measured flow rate and the computed flow rate were calculated as 21.9 + 7.8 ml/s and 24.6
+ 2.4 ml/s, respectively. It was found that the flow rates obtained from the uroflowmetry and the flow
rates calculated by CFD were consistent with each other (p< 0.05). The average value of the computed
bladder pressure was found to be 16.8 + 9.6 cm H,O. Conclusion: CFD, which is widely used in bio-
mechanical applications as well as engineering problems, was used to simulate the flow inside three
dimensional bladder models obtained from MR images. By comparing the results achieved by this
method and the results obtained by uroflowmetry, a significant correlation was found. A novel non-
invasive alternative method was developed to investigate the pressure-flow rate relationship in the
bladder which may also provide a basis for theoretical analysis.

Key Words: Urodynamics; numerical analysis, computer-assisted; magnetic resonance imaging

OZET Amag: Basing-akim hizi testi invaziftir. Buna ek olarak bazi nomogramlar kullanilmakta ve tam
bir standardizasyon saglanamamaktadir. Bu sebeple, bazi otoriteler tarafindan non-invazif olarak ad-
landirilan ve tirodinamiye benzer sonuglar verecek arayislar stirmektedir. Bu ¢aligmanin hedefi, me-
sane akim hizi ve basincinin belirlenmesi i¢in Hesaplamali Akigkanlar Dinamigi (HAD) kullanarak
gelistirilen yeni bir teknigi sunmaktir. Gereg ve Yontemler: Katilimcilar, 10 erkek goniilliiden olug-
mugtur. Tim katihimc: demografi verileri kaydedilmistir. Mesanenin rekonstriiksiyonu i¢in manye-
tik rezonans goriintilleme (MRG) uygulanmistir. MRG islemi ardindan, tiroflowmetri ile maksimum
akim hizlar 6lgtilmiistiir. HAD kullanilarak, oncelikle, geometrisi MR gériintiilerinin islenmesi ile
elde edilen mesanenin geperine 20 cm H,O uygulanarak akim hizlar1 belirlenmistir. Ikinci olarak ise,
iiroflowmetriden elde edilen akim hizlarini saglayacak geper basinglar1 hesaplanmigtir. Bulgular: Ol-
ciilen akim hizi ve hesaplanan akim hizinin ortalama degerleri, sirasiyla, 21.9 + 7.8 ml/s and 24.6 + 2.4
ml/s’'dir. Uroflowmetriden elde edilen ve HAD’dan hesaplanan akim hizlari uyumlu oldugu goriil-
miistiir (p< 0.05). Hesaplanan mesane basincinin ortalama degeri, 16.8 + 9.6 cm H,O bulunmustur. So-
nug: Gerek mithendislik problemlerinde, gerekse biyomekanik uygulamalarinda siklikla kullanilan
HAD ile, MR goriintiilerinden elde edilen ti¢ boyutlu mesane modelleri igerisindeki akis simiile edil-
mistir. Elde edilen sonuglar, tirodinami sonuglari ile uyumludur. Mesane igerisindeki basing-akim hi-
z1iligkisinin incelenmesinde, yeni, non-invazif ve alternatif bir yontem gelistirilmis olup, bu yéntem
teorik analizlerde de bir temel olusturabilir.

Anahtar Kelimeler: Urodinamikler; sayisal analiz, bilgisayar-yardimli;
manyetik rezonans goriintiileme
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ecause urodynamic testing is difficult to im-
Bplement and mostly invasive (needs cathe-

terization, results are complicated and can
be affected by artifacts), it is performed only for vi-
tal conditions in routine clinical applications. For
instance, although the pressure-flow rate study is
accepted as the gold standard examination for de-
termination of the obstruction in lower urinary
system, implementing this method on a patient for
the decision of obstructive prostate surgery is not
suggested in daily clinical application. This sugges-
tion is not only because the pressure-flow rate test
is invasive but also several nomograms are used and
an exact standardization cannot be provided. For
this reason, the search for new methods that are
called non invasive by several authorities, and that
will provide clinical data similar to urodynamics,
is ongoing."?

Bladder outlet obstruction (BOO) is commonly
associated with lower urinary tract symptoms
(LUTS) in men.* BOO is a mechanical phenome-
non; therefore, it is normally studied using mecha-
nical parameters, such as pressure and flow.
Urodynamic tests are the current standard for the
classification of the degree of obstruction.* Pressu-
re-flow studies constitute the gold standard for di-
agnosing BOO, through the use of the Abrams-
Griffiths and Schifer nomograms.>®

This study aims to simulate the flow dynamics
inside the bladder using Computational Fluid Dy-
namics (CFD) in order to develop an alternative
non-invasive method to estimate the bladder pres-
sure-urine flow rate relation. Here, only the peak
value of the time dependent flow-rate curve is con-
sidered where the CFD procedure is combined with
the reconstruction of three-dimensional bladder ge-
ometry using magnetic resonance (MR) images.

I MATERIAL AND METHODS

In this study, a technique for the assessment of
bladder pressure and urine flow rate using Compu-
tational Fluid Dynamics is investigated. This inves-
tigation has four stages. In the first stage, bladder
images of subjects were scanned using magnetic
resonance imaging (MRI). Three dimensional blad-
der models were constructed using these MR ima-
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ges in the second stage. In the third stage, the uri-
ne flow inside the bladder was simulated using
CFD. This stage had two steps: first, 20 cmH,O
pressure was implemented on the bladder walls and
the average flow velocity at the proximal urethra
was calculated. The second group of analyses inc-
luded the investigation of the bladder wall pressu-
re that will supply the clinically measured flow
rate. In the fourth part, a statistical correlation be-
tween numerical and experimental data was deter-
mined.

PARTICIPANTS

The participants were 10 healthy, voluntary males.
The participants had not undergone surgical treat-
ment of the lower urinary tract and were not on me-
dical treatment for their symptoms. This study
follows the principles of the Helsinki Declaration.

PROCEDURE

MR imaging was carried out while the subjects we-
re in the supine position with a full bladder. Sie-
mens 1.5 Tesla closed MRI equipment was used.
The subjects’ images were examined on the blad-
ders’ sagittal and coronal plane with 1.5 mm cross-
sections. After the MRI process, the urinary flow
was measured with a Lifetech uroflowmeter. The
clinical data can be seen in Table 1.

DATA ANALYSIS

To search for a correlation between the urinary
flow and bladder pressure, 3D modeling of MR im-
ages of subjects’ bladders and urinary system ima-
ges were processed in three steps. A flowchart of
the steps is given in Figure 1. These procedures are
described stepwise in the following subchapters.
The described software modules are not manda-
tory; however, during the development of this
algorithm, we found no relevant issues in data
transfer using these packages. The developed algo-
rithm to generate an appropriate three dimensio-
nal model of the bladder (Figure 1) was based on a
number of software packages used.

Image Processing

The MR images of the human bladder were obta-
ined from different age and weight groups. Multi-
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TABLE 1: Demographic data of volunteers.
No Age Weight (kg) Height (cm) Body mass index Waist circumference (cm)
1 33 72 178 22.72 92
2 30 78 174 25.76 102
3 25 71 162 27.05 96
4 48 82 168 29.06 128
5 55 92 180 28.39 106
6 29 90 175 29.38 105
7 46 80 174 26.42 121
8 22 70 160 27.34 90
9 31 75 172 25.35 104
10 28 84 173 28.06 95
34.7£10.9 79.427.7 171.6£6.4 26.95+1.9 103.9£12.3

a) MR Scanning
FIGURE 1: Basic steps of the implemented methodology: a) Obtaining the MR images of the human bladder, b) Implementation of three dimensional recon-
struction and smoothing, ¢) CFD simulations.
MR: Magnetic resonance, CFD: Computational fluid dynamics.

ple cross sectional images of the bladder were
scanned with an interval size of 1.5 mm using a Si-
emens MR device which is located at the Sifa Hos-
pital, Izmir. Hospital, Therefore, the reconstruction
of bladder morphology is based on a stack of MR-
slices. The quality of the reconstructed bladder
structures depends on the resolution and the vo-
xel size of the MR-scan. During the imaging pro-
cess, the participants were in the supine position.
A total of 65 + 4 images were taken. The files,
which included all of the sectional slices calculated
by the MRI scanner, were imported into the soft-
ware MIMICS.

Three Dimensional Reconstruction of Bladder Morphology

First, the bladder region was identified, and then
transferred to the reconstruction software. The
surfaces of the model were constructed by identif-
ying bladder and urethra regions. After the blad-
der configuration was labeled in all slices of the
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b) MR surface construction

¢) CFD

MRI scans, an automatic three dimensional recon-
struction of the soft tissue was performed, creating
triangulated surfaces. MIMICS provides tools to
smooth the surface and to enhance its quality, but
this can also be done in other software at a later
stage.

For a clear formation of a three dimensional
body out of the slices, it is important to remove ho-
les and small islands in the labels. Corresponding
functions for the removal of holes and islands are
implemented in MIMICS. It might be necessary to
adjust the position of the bladder in order to achi-
eve a definite position. Finally, a smoother surface
was achieved using AutoCAD software.

Computational Fluid Dynamics (CFD) Simulations of the Bladder

CFD is the process of obtaining approximate solu-
tions to the Navier-Stokes equations which can be
basically defined as the governing equations of
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fluid motion, using numerical methods. Amongst
several approaches, Finite Volume Method based
on commercial code Fluent was used to discretise
and solve these equations; as a result, the velocity
and pressure fields inside the bladder were obtai-
ned.

In the preprocessing stage, the fluid domain
was decomposed into a finite number of volumes
by meshing the bladder geometries which were
created from MR images. To investigate grid inde-
pendency, each bladder model was meshed with
three different resolutions (coarse, fine, very fine)
and simulated. The mesh sizes for the highest mesh
resolution are presented in Table 2.

In the analysis stage, the three dimensional
flow inside the bladder was assumed to be incom-
pressible, steady, turbulent. The boundary condi-
tions are given in Figure 2. Trigon, which is the
portion of the bladder that does not contribute to
pressure, is also shown in Figure 2 as a wall type
boundary.

The material properties are defined as the pro-
perties of water at 40°C having a density p=992
kg/m? and dynamic viscosity p=0.657 x 10 kg/(ms).
In the first group of analyses, 20 cm H,O pressure
was implemented on the bladder walls and the av-
erage of the flow velocity at the bladder outlet was
calculated. The second group of analyses included
the investigation of the bladder wall pressure that

will supply the clinically measured flow rate of
each case using the Target Mass Flow Rate feature
of the software.

In the post processing stage, the pressure and
the velocity fields were obtained. The area weigh-
ted average of the flow velocity and the volumet-
ric flow rate of urine at the bladder outlet were
calculated using Fluent.

Statistical Analysis

A non-parametric correlation test, the Spearman
correlation, was used for the parameter selection.

TABLE 2: Computed flow rates at the proximal urethra
at 20 cm H,0 bladder pressure.
Flow Rate (ml/s)

No Mesh Size Measured Computed
1 1121131 41.1 25.9
2 634 376 212 25.7
3 489 637 18.0 27.2
4 1015 206 17.7 23.6
5 1131 954 15.9 216
6 470 952 28.7 25.8
7 1155723 233 25.8
8 460 226 18.9 27.8
9 471 325 19.4 215
10 356 420 15.1 216

730695 + 331730 21.9+738 24624

p=0.028
Trigon
PressureQOutlet

Pressure Inlet

FIGURE 2: Three dimensivonal views and assigned boundary conditions for bladder no 1.
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Statistical analyses were performed using the Statis-
tical Package for Social Sciences (SPSS). A statisti-
cally significant level of p= 0.05 was used.

I RESULTS

The velocity and pressure distributions that are ob-
tained from CFD simulation of bladder no 1 are
presented in Figure 3. Here, it is observed that
urine maximum velocity occurs at the urethra-
proximal urethra section. Additionally, the pres-
sure distribution shown in Figure 3d states that
the pressure decreases to minimum at the proxi-
mal urethra section as expected from Bernoulli’s
Theory.

In the first group of analyses, the flow rates at
the proximal urethra were calculated from CFD si-
mulations of 10 volunteers’ bladders at 20 cm H,O
pressure since it is known that micturition pressu-
re is approximately 20 cm H,O clinically.” These
values are presented in Table 2. In addition, peak

values of measured flow rates are also given in Tab-
le 2 where the actual pressure inside the bladder
may not necessarily be 20 cm H,O. Thus, these
flow rates are shown in order to investigate a pos-
sible correlation, rather than a direct comparison
with each other. The p value in Table 2 belongs to
the non-parametric Spearman correlation test. As a
result, a positive correlation was found between the
measured flow rate and computed flow rate, and
this correlation was statistically significant (corre-
lation coefficient= 0.689, p= 0.028< 0.05).

In the second group of analyses, the bladder
pressure that will supply the peak flow rate from
uroflowmetry is searched for each bladder model.
For instance, the pressure within the bladder no 6
to provide the peak flow rate of 28.7 ml/s was fo-
und as 26.5 cm H,O.

The results presented in Table 2 and 3 belong
to the simulations of the highest mesh resolution.
The effect of mesh resolution on the computed

|
i
i per b
T35

1':1.-'.
50
"]

=
Aol
=

FIGURE 3: Numerical results obtained from CFD for bladder no 1: a,b and ¢) Several views of the velocity field d) pressure field.

CFD: Computational fluid dynamics.
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flow rate is given in Table 4 as an example. Here,
we concluded that by increasing mesh size, com-
puted flow rate converges.

I DISCUSSION

In recent years, there has been an increase of inte-
rest in non-invasive urodynamic techniques in an
attempt to maximize diagnostic information befo-
re resorting to the invasive test with its costs and
risks. For this reason, the search for new methods
that are non-invasive is ongoing. Some of non-in-
vasive urodynamics techniques devoloped in recent
years are; the drop spectrometer,® Condom cathe-
ter,’ Penile cuff deflation,!® Penile cuff inflation,!!
Doppler ultrasound.!?

Reis et al. measured the intravesical protrusi-
on of the prostate (IPP) and prostatic volume thro-
ugh an abdominal ultrasound which is non invasive
and accessible method that significantly correlated
to urinary BOO, and they found it useful in the di-
agnosis of male urinary obstructive problems."

TABLE 3: Computed bladder wall pressure that will
supply clinically measured flow rate.

Measured peak Computed bladder

No flow rate (ml/s) pressure (cm H,0)
1 411 40.6
2 21.2 13.5
g 18.0 10.8
4 17.7 13.2
5 15.9 10.6
6 28.7 26.5
7 23.3 16.6
8 18.9 11.1
9 19.4 14.9
10 15.1 10.4
21978 16.8+ 9.6

TABLE 4: Computed flow rates at 20 cm-H,0O bladder
pressure for different mesh sizes (Bladder no 1).

Mesh size Computed flow rate (ml/s)
149 507 27.3
527 696 26.05
1121131 25.9

Turkiye Klinikleri ] Med Sci 2011;31(5)

Griffiths et al.'* developed a new noninvasive
test to measure bladder pressure in males based on
controlled inflation of a penile cuff during voiding.
They compared the new technique with simulta-
neous invasive bladder pressure measurement.
They found that invasive and non-invasive pres-
sure measurements agreed well. Average cuff
pressure at interruption of flow exceeded mean si-
multaneous isovolumetric bladder pressure plus or
minus standard deviation by 14.5 + 14.0 cmH,O.
The average bladder pressure in our study was fo-
und to be 16.8 + 9.6 cmH,O which is in agreement
with the results of Griffiths et al.

McArdle et al. assessed the variability in inter-
preting non invasive measurements of bladder
pressure and urine flow between experienced and
novice users of the bladder. They observed that ex-
cellent levels of agreement in measurement and ca-
tegorization after a short training period suggested
that introducing the penile cuff test as part of the
assessment in men with lower urinary tract symp-
toms would be straightforward.! Clarkson et al.
performed a pragmatic study of the penile cuff
test; a noninvasive method of categorizing blad-
der outlet obstruction. They found that diagnostic
category repeatability was similar to that of con-
ventional urodynamics, although there was grea-
ter variability in pressure measurements.’

Stothers et al. reported a non invasive techni-
que and numerical method of analysis for the
assessment of BOO in male subjects using near-
infrared spectroscopy (NIRS) and to test the in-
dependent ability of NIRS data to distinguish
between patients with and without obstruction
using a classification and regression tree algo-
rithm. They found that using the classification
and regression tree algorithm (CART) and non
invasive NIRS data during voiding had an inde-
pendent discriminatory ability related to the clas-
sification of BOO.?

Oelke et al. compared the diagnostic accuracy
of detrusor wall thickness (DWT), free uroflow-
metry, postvoiding residual urinary volume and
prostate volume with pressure-flow studies to de-
tect BOO in men. They reported that measure-
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ments of DWT could detect BOO better than free
uroflowmetry, postvoiding residual urinary volu-
me or prostate volume.?

McRae et al.'® introduced the interesting idea
of applying the principle of non-invasive blood
pressure measurement to assess voiding pressure.
They fitted a pediatric blood pressure cuff to the
penis, inflated it and then, while the patient was
trying to void, slowly deflated the cuff until flow
began.

In a review by Griffiths and Pickard,' it has
been stressed that Q,,,,,> 15 ml/s is considered nor-
mal, Q< 10 ml/s is considered reduced for rea-
sons of outlet obstruction or a weak bladder in
men. Based on this criteria, we conclude that par-
ticipants are considered normal (Table 2).

Jin et al.'® developed a three-dimensional uro-
dynamic bladder-urethra system, which includes
bladder, bladder neck, prostate, and urethra; the re-
alistic recirculation process of the urinary bladder
during the physiologic voiding process in conjunc-
tion with a flow simulation through the female uri-
nary bladder and urethra. They found that the
computational results show that a dead-water zone
and the zone of secondary flow occur, independent
of the shape of the prostatic urethra. Pel and Mas-
trigt' developed a CFD urethral model including
urethral geometry to study the relation between
generated noise and the degree of obstruction. That
model comprised a bladder, bladder neck, prostate
and urethra. They found that the location of the
maximum amplitude of perineal noise mainly de-
pends on the degree and shape of the prostatic ob-
struction.

This study presents the implementation of
CFD software widely used in engineering prob-
lems to bladder models obtained from MR images.
In addition to the studies mentioned above,!%1?
the flow rate obtained from uroflowmetry was
used as an input for CFD simulations. The results
were then compared with the results of uroflow-

metry.

In simulations, proximal urethral flow-rate
was calculated assuming that the detrusor
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in the bladder contracted with a pressure of
20 cm H,O. Via using this software on bladder
simulations obtained from MR images, correlated
results were found in terms of flow rates (Tab-
le 2).

Secondly, the bladder pressure to supply the
peak flow rate which was acquired from uroflow-
metry was calculated. It is known that micturition
pressure is approximately 20 cm H,O clinically.?
The bladder pressure that will supply the clinically
measured flow rate was found to be 16.8 + 9.6 cm
H,O from CFD simulations (Table 3). When com-
pared to the micturition pressure, this value indi-
cates that present method yields valid results. It
should be noted that lower pressure values are re-
lated to the neglected urethral and prosthatic resis-
tances. When these parameters are taken into
consideration by including urethra and prostate in
the reconstruction process, an increased accuracy
is expected. Additionally, insufficient contraction
of patient detrusor is also another reason for low
bladder pressure.

Urodynamics devices plot the patient’s pressu-
re-flow rate results on nomograms. The condition
of the patient is then determined according to the-
se nomograms. Most commonly referred nomog-
rams are, Abrams-Griffiths Nomogram, Schafer
Method, Group-Specific Urethral Resistance Fac-
tor Nomogram and the ICS Provisional Nomog-
ram.” In practice, the comparison of the results of
current study with these nomograms lead to confu-
sion. For this reason, the simulations are based on
the detrusor pressure at the maximum flow rate
condition which eventually simplifies the evalua-
tion of present method.

I CONCLUSION

Conducted research that is presented in this paper
is a preliminary study on urodynamics. It is forese-
en that the use of the finite volume method with
the Fluent software, together with sophisticated
devices providing 3D images such as MR and ultra-
sound (no ionizing radiation), allows to obtain de-
tailed information about the bladder without the
need for invasive urodynamic techniques. The sig-

Turkiye Klinikleri ] Med Sci 2011;31(5)
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nificant correlation between simulation results and
measured results show that the proposed model co-
uld be appropriate for bladder dynamics.

A comparative study of the current method

with clinically measured pressure and flow rate da-
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