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Abstract

The ureter transports urine from the kidney to the bladder. During the peristalsis, the contraction of the ureter helps to move
the urine in bolus form. In the current work, the ureter is modeled and a single peristalsis wave is used to know the effect of
pressure and velocity at a different location in the ureter at different intervals of time for four inlet boundary conditions. A
three-dimensional ureter model with 275 mm length is used in the current work. The analysis is carried out using a
commercially available computational dynamic package ANSYS-CFX. A single sinusoidal peristaltic wave with a change in
pressure is used for the analysis. The inlet pressure is varied as 0.1 Pa, 0.3 Pa, 0.5 Pa, and 0.7 Pa. The maximum pressure was
found to be 1.28 Pa at an input pressure of 0.7Pa. In the neck region, a negative pressure of -1.03 Pa is observed at 0.1 Pa. At
time T/4, it is observed that the maximum velocity of 0.0406 m/s at N1. In all the other time steps and locations, the minimum
velocity of 0.017 m/s is observed. The reverse flow due to negative pressure will develop the urinary tract infection in the

ureter and result in the bacteria and toxins from the ureter into the renal pelvis and kidneys.
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1. Introduction

The transport of urine from the kidney to the bladder is a
complex biological phenomenon known as peristalsis. The
ureter is the muscular structure that transports urine from the
kidney to the bladder. The renal pelvis collects the urine from
the kidney and by the peristaltic wave motion on the ureter
wall, urine is propelled to the bladder. Obstructions in the
ureter constriction and vesicoureteral reflux are the two major
problems that occur in the ureter, which may cause an increase
in bladder pressure.l*? During the peristalsis, the contraction
of the ureter helps to move the urine in bolus form. The
increase in the urine flow rate may increase the contraction
frequency and decrease the amplitude of the peristalsis.[®! Thus
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the ureter contracting rate and load required for contracting to
define the bolus formation or the urine movement in the
ureter.[+5]

Kill® described that the ureteral peristaltic rate rises in
most instances but may remain unaltered altogether or may fall,
and concluded that there is no regularity in the ureteral
response pattern to increased urine flow. Many researchers
studied theoretical and experimental modeling to understand
the biomechanics of peristalsis and urine propelled from the
kidney to the bladder."! Burns and Parkesi!¥ compared the
peristaltic motion for the symmetric pipe without any pressure
gradient and pressure gradient represented using the sinusoidal
wave to generate the peristalsis.'**? Bruijnes*¥ investigated
the functional pressure profile properties of the ureter and
carried out the pressure profile study on the dogs' ureter with
the polyethylene catheter. They showed constant pressure in
the ureter pelvis junction (UPJ) but significant variation in
pressure in the mid ureter and biphasic pressure profile in the
ureterovesical junction (UVJ). Kundo et al.F! documented the
amplitude, frequency, and pressure of contraction during
peristaltic movement and the dynamics of peristalsis of human
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and dog ureter. They showed that the reverse pressure forms
instantly after the progressive systolic contraction. Shafik et
al.t developed the report on a measurement of ureteric
pressure profiles in the normal and pathologic ureter to
provide a better understanding of the urine transport
mechanism from the kidney to the bladder. Their result shows
that ureteric pressure fluctuated from the basal pressure to a
high-pressure value during peristalsis. The numerical
simulation of the ureter lumen flow is limited to simple 2D
modeling and boundary conditions because of the complexity
of urine transportation.l'™ The mechanical properties of the
ureter are one of the key factors for the fluid-structure
interaction analysis.[6-2% Rassoli et a/.?l conducted a biaxial
study of a human ureter to predict the mechanical response of

the ureter tissue under complex mechanical loading conditions.

They found the ureter wall behaves as anisotropic, modeled as
hyperplastic material. They used modified Mooney- Rivlin
elastic to formulate the constitutive ureter model. Vahidi et
al.?l presented the basic 2D urinary system model with FSI
using real ureteral data to understand the flow behavior. In
another research Nasser et al.?? considered a simple
axisymmetric ureter model to investigate the ureter reflux
phenomenon and wall shear during the peristalsis. They
showed that reflux occurs at the beginning of the peristalsis
and peristalsis effectiveness is highly dependent on the ureter
wall properties. Najafi et al.%%1 presented and analyzed 2D
and 3D models for ureter flow with and without obstruction.
The velocity, pressure, and wall shear are compared for the
obstruction of different-sized stones placed in the ureter to
understand the effect of obstruction on the flow dynamics and
ureter wall.

However, all these studies focused on the flow behavior in
the ureter. This could help health providers to understand the
effects of fluid dynamics on the ureter wall. In this current
research, a three-dimensional model is numerically simulated
to understand the pressure and velocity effect in the bolus and
neck of the ureter during the peristalsis. Finite element studies
have significantly influenced medical applications.?*28 Using
computational fluid, in vitro studies can be performed to
analyze the functioning of human organs. This saves lots of
time and can predict the actual scenario without any
intervention. Nowadays Finite element method (FEM) and
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computational fluid dynamics are used in analyzing medical
implants.?629%1 [n the current work, the effect of peristalsis at
a different location with a change in pressure and velocity is
studied.

2. Material and methods

2.1 Modelling and meshing

Usually, the male ureter length will be between 150 mm to 290
mm.BY In the present work ureter with a length of 275 mm is
considered.*? The outer diameter of 3mm and wall thickness
of 1mm are considered for the ureter model and the ureter is
elastic.®! Ansys 2019-R2 is used for modeling the ureter. Fig.
1 shows the ureter modeled as the three-dimensional pipe.
Ansys-CFX, a
dynamics package is used for the analysis.

commercially available computational

Inlet

Peristalsis wave

outlet
\

Fig. 1 Ureter geometry and direction of bolus motion.

Using the second-order upwind scheme the standard

scheme, momentum and pressure, respectively are
calculated.*®l' Diffusion-based smoothing was adopted for
mesh movement. Fig. 2 shows the meshed structure of the
ureter. Ten layers of inflation are added at a 1.2 growth rate.
The simulation is set for 0.01s and a total flow time of 18s is
considered for the ureter flow. The final meshed model
consists of a total number of elements and nodes of 2,790,000
and 2,823,381, respectively. The grid dependency study is
carried out for an inlet pressure of 0.3Pa at 0.01 mesh size, and

no variation in pressure values was observed.[?

Fig. 2 Cross-section of the meshed structure of ureter.
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2.2 Boundary condition

During analysis, an inlet pressure of 0.1 Pa, 0.3 Pa, 0.5 Pa, and
0.7 Pa, and the outlet pressure of 0 Pa is applied for the ureter.
No slippage and no penetration between fluid and ureteral wall
are considered.*3 The moving ureteral wall is adopted by the
wave generated according to equation 3.

2.2.1 Governing equation
Urine is considered to be a homogenous, viscous, and
incompressible Newtonian fluid. The principal fluid equations
are incompressible Navier- Stokes equation with a constant
urine density, p = 1050 kg/m3, and viscosity, 4 =1.3cP.
The continuity equation is given as,

V. Uf =0
The momentum equation is,

aaitf + (wr.V)ur = —Vp + % (V2uy) ()
Where uy is velocity vector, p is the pressure, p is density and
u is fluid dynamic viscosity. The SIMPLE algorithm handles
the pressure components in momentum equations and employs
an iterative technique to acquire the solution to the discretized
equations.]

(1

2.2.2 Peristaltic motion

Sinusoidal peristaltic wave motion is applied on the ureteral

wall with a physiological velocity of 20mm/sec. This velocity

magnitude is used in our study because the range of peristaltic

physiological velocity is varying from 20 to 60 mm/s.[®!

The ureter wall displacement is considered as per equation 3,
d (z,t) = tasin(kz) sin(wt) ?3)

Where a= 1 mm, the amplitude of displacement, k= wave

number (considered as 2 for a single wave), and w =

frequency (1 Hz).

3. Result and discussion

A three-dimensional ureter model was modeled and analyzed
for the flow dynamics. A total wave cycle for 18s times with a
wave velocity of 20 mm/s is used. Eighteen seconds is
segregated with a time interval of 4.5 s. Table 1 shows the time
in which pressure and velocity profiles are analyzed. The
pressure and velocity profile at the center of the bolus and neck
is analyzed at a time step of 0.01s.

3.1 The pressure at the center of urine bolus and bolus neck
Figure 3 shows the bolus and neck center for the four steps of
T/4, T/2, 3T/4, and T s, where B1, B2, B3, and B4 are bolus

N4 N3
i =1 0 —t ®
B4 B3
T/2s N4 N3
| — ® —_— 0

B4 B3

center locations. similarly, N1, N2, N3, and N4 are bolus neck
centers.

Under normal circumstances, the peristaltic waves ensure
the propulsion of the urinary bolus toward the bladder. As the
urine is collected in the renal pelvis, the pelvic pressure
increases and initiates a peristaltic contraction that is
propagated along the ureter to the bladder. The inlet pressure
was analyzed at 0.1 Pa, 0.3 Pa, 0.5 Pa, and 0.7 Pa. Wienberg
et al.® observed that the maximum pressure is generated
behind the propagating urine bolus. Similar pressure was
observed in the model used for the analysis.

Initially, at T/4 s, the peristalsis wave reaches locations B1
and N1, due to contraction in the neck due to peristalsis motion,
maximum pressure is developed in the bolus and a negative
pressure develops in the neck as shown in Fig. 4. The
maximum pressure was found to be 1.28 Pa at an input
pressure of 0.7 Pa (Fig. 4(a)). In the neck region, a negative
pressure of -1.03 Pa is observed at 0.1 Pa. In the remaining
regions, the pressure becomes almost equal to the resting
pressure when the lumen has reached its minimum diameter
(Fig. 4(b)). The negative pressure at location N1 indicates the
reverse flow at the inlet. Lykoudis et al.l*¥ reported the rise in
the pressure due to contraction in the ureter, and as the wave
propagates the pressure reached normal.

Table 1. Different time intervals at which pressure and velocity
profiles are analyzed.

SI No Time interval Time (in seconds)
1. T/4 0to4.5

2. T2 45t09

3. 3T/4 9t0 135

4 T 1351018

As the wave propagates further with the volume of urine at
time T/2s, the peristalsis wave reaches locations B2 and N2 as
shown in Figs. 5(a & b). It is observed that at B2, the
maximum pressure of 0.931 Pa for the input pressure of 0.7 Pa,
and at N2, the negative pressure of -1.145 Pa for the input
pressure of 0.1 Pa. High-pressure regions are formed
downstream of the contractions as shown in Fig. 5(a).
Similarly, at the 3T/4 s, the peristalsis wave reaches locations
B3 and N3. The pressure recorded here is 0.622 Pa for 0.7 Pa
input pressure at location B3 (Fig. 5(c)) and negative pressure
of -1.327 Pa for input pressure at N3 as shown in Fig. 5(d).

Similar to previous time steps, as shown in Fig. 6(a),
maximum pressure of 0.34 Pa for 0.7 Pa input pressure at B4
and the input pressure of 0.1 Pa with a negative pressure of -

N2 NI
+. -*ll

B2 Bl
N2 Nl
o o |
B2 Bl

Fig. 3 Locations on the ureter axis at the ureter bolus and neck center.

332 Eng. Sci., 2022, 20, 330-340

© Engineered Science Publisher LLC 2022



Engineered Science

Research article

(a) Pressure at location B1
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Fig. 4 (a) Pressure at bolus center B1 at time T/4 s; (b) Pressure at neck center N1 at time T/4 s.

1.512 Pa at N4 are recorded (Fig. 6(b)). This reverse flow due
to negative pressure will develop the urinary tract infection in
the ureter and results in the bacteria and toxins from the ureter
into the renal pelvis and kidneys.[*'42 This may further lead to
serious kidney problems over a period of time. The final stage
of propagation is T s, as shown in Fig. 6.

It has been observed for the 0.1 Pa, 0.3 Pa, 0.5 Pa, and 0.7
Pa input pressure the maximum pressure magnitude is found
at the input pressure of 0.7 Pa, and the bolus region and the
minimum pressure magnitude obtained in the neck region at

(a) Pressure at location B2
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0.1 Pa. To analyze, the percentage increase or decrease in the
flow, input pressure of 0.1 Pa and 0.7 Pa is considered as
shown in Table 2. As the wave propagates from T/4 sto T s,
pressure drop of 73% is observed for the inlet pressure of
0.7Pa in the bolus. On the other hand, in the neck region, a
drastic increase in the negative pressure of 43% was found for
the lower inlet pressure of 0.1Pa. This indicates that there is a
more tendency for reverse flow during the peristalsis motion.
The pressure due to peristalsis in the neck will affect the flow
in the form of reverse flow.

(b) Pressure at location N2
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(d) Pressure at location N3
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Fig. 5 (a) Pressure at bolus centre B2; (b) Pressure at neck centre N2; (c) Pressure at bolus centre B3; (d) Pressure at neck centre N3.
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Fig. 6 (a) Pressure at bolus center B4; (b) Pressure at neck center N4.

3.2 Peristalsis wave velocity profile

The velocity profile is given a clear idea of when urine reflux
takes place at the inlet. If the rate of reflux is high, then it
causes serious damage to the kidneys over some time. Fig. 7
shows the flow vector streamlines for the moving bolus. As
the peristalsis wave begins to move from inlet to outlet exactly
at 1.4 sec (Fig. 7(a)), a high magnitude velocity and backward
flow are generated at the inlet exactly at 2.9 s (Fig. 7(b)). As
the peristalsis wave propagates, a large number of the
backward flow is generated at the UPJ at a time of 3.5 s as
shown in Fig. 7(c). Hosseini et al showed that the

14s

o

R st

e
o

A

(a)

w
LW

(c)
4s

(d)

maximum shear stress on the wall depends on the velocity of
the contraction in the ureter and also reported that due to fluid
inertia the maximum flow occurs at the contracted region.

During the peristalsis wave motion, the inlet backward
flow section was restricted to the area near the ureter axis but
in a bolus of the ureter backward flow regions were prolonged
to the contracted portion of the ureter. When the wave
propagates to a distance of 24 mm that is at 4 s, the retrograde
flow at the inlet will disappear and the reflux regions are
formed as the bolus moves towards the bladder as shown in
Fig. 7(d).l34

2.9s

(b)

| SRR AT |

Fig. 7 Urine velocity streamlines for moving bolus. a) Peristalsis wave begins at the inlet at 1.4 s; b) At the time 2.9 s ureteral
backward flow generates as peristalsis wave propagation towards the outlet; (c) The generation of the backward flow at 3.5 s; and

(d) At 4 s the reverse flow will disappear at the inlet.
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Fig. 8 (a) Velocity at the location B1 of bolus center; (b) Velocity at N1 at bolus neck center.

(b) Veloeity at location N1
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Table 2. The results of pressure magnitude at the bolus and neck shown that when the contraction starts, there is a large
for the input pressure of 0.7 Pa and 0.1 Pa.

Time Location  pressure Location Pressure
(bolus) magnitude (Neck) magnitude

(Pa) for input (Pa) for input
pressure of pressure of
0.7 Pa 0.1Pa

Tl4s B1 1.28 N1 -1.03

T/2s B2 0.931 N2 -1.145

3T/4As B3 0.622 N3 -1.327

Ts B4 0.34 N4 -1.512

3.3 Velocity at the center of urine bolus and bolus neck
Analysis of peristalsis-induced transport in the ureter has to the contraction of the wall by the peristalsis wave maximum

(a) Velocity at location B2
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backward flow to the kidney at the entrance of the ureter. The
velocity was plotted at an inlet pressure of 0.1 Pa, 0.3 Pa, 0.5
Pa, and 0.7 Pa for the time steps, T/4, T/2, 3T/4, and T at the
bolus and neck center, where B1, B2, B3, and B4 are bolus
center locations. Similarly, N1, N2, N3, and N4 are bolus neck
centers as shown in Fig. 3.

During the peristalsis wave propagation at time T/4 s, the
maximum magnitude of velocity travels from UPJ to the
contraction region near the symmetry line. It is observed that
the maximum velocity of 0.0406 m/s at N1 and B1 and the
minimum velocity of 0.0148 m/s for the input of 0.1 Pa are
recorded as shown in Figs. 8(a & b). At Bolus neck (N1) due

(b) Velocity at location N2
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{d) Velocity at location N3
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Fig. 9 (a) Velocity at Bolus center B2; (b) Velocity at neck center N2; (c) Velocity at Bolus center B3; (d) Velocity at Neck center

N3.
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Fig. 10 (a) Velocity at location B4 of bolus center; (b) Velocity at N4 at bolus neck center.

velocity is recorded downstream of the flow (Fig. 8(b)).

As the peristalsis wave is at the middle of the ureter which
is at location B2 and N2 at time T/2 s. A maximum velocity of
0.038 m/s and a minimum of 0.017 m/s are recorded at the N2
and B2, respectively, for the inlet pressure of 0.1 Pa as shown
in Figs. 9(a & b). Similarly, at locations, B3 and N3 same
magnitude of B2 and N3 is observed as shown in Figs. 9(c &
d). The condition of ureter contraction with a low-velocity
magnitude does not have an evident effect on the urine
velocity magnitude. Therefore, in these cases, the peristaltic
mechanism does not have a noticeable effect on the ureteral
outlet flow. Bahman et al.l**! report the contraction wave with
a higher velocity has a noticeable effect on the outlet flow.

At the last location of the ureter, for the time T s maximum
velocity of 0.038 m/s and a minimum of 0.017 m/s is found at
the N4 and B4 respectively. This maximum velocity is
observed due to the outlet boundary condition and contraction
of the ureter wall. Figs. 10(a & b) show the velocity at location
B4 of the bolus center and N4 at the bolus neck center.

Table 3. The results of velocity magnitude at the bolus and neck
for the input pressure of 0.7 Pa and 0.1 Pa.

Time Location  Velocity Location Velocity
(bolus) magnitude (Neck) magnitude

(Pa) for input (Pa) for input
pressure of pressure of
0.7 Pa 0.1 Pa

Tl4s B1 0.026 N1 0.042

T/2s B2 0.020 N2 0.038

3T/4s B3 0.019 N3 0.038

Ts B4 0.019 N4 0.038

Table 3 shows the results of velocity magnitude at the bolus
and neck for the input pressure of 0.7 Pa and 0.1 Pa,
respectively. With the initiation of wave motion inside the
ureter the maximum velocity is observed at T/4 s. The
magnitude tends to decrease as the wave propagates in the
ureter along with its length. It is observed that there is a
velocity decrease of 26% and 9% in the bolus and neck region,

336 | Eng. Sci., 2022, 20, 330-340

respectively. This velocity decrease is observed during the
flow time T/4 s to T s. This study clearly shows that peristaltic
motion does not affect the magnitude of the velocity
associated with urine bolus, however, it creates sufficient
pressure difference to facilitate the motion of bolus in the wave
packet form.

4. Conclusion

The current study clearly showed that there is reflux of urine
that takes place at the inlet of the ureter due to contraction in
an area created by peristalsis wave motion. However as in the
current study, it is considered for single wave motion, further
multiple wave motions could be considered for the same to
know the effect of multiple number wave motion on the reflux
of urine. The length of the ureter was considered 275 mm
throughout the study. But as per the reported literature, an
adult man's ureter length varied from 150 mm to 290 mm. So,
for a better understanding, multiple models with changes in
the ureter lengths could be used to know the effect of the ureter
length on the reflux phenomenon. In the current study, the
ureter was considered elastic. Further, Fluid-structure
interaction was performed to know the effect of fluid
interaction on the ureter wall. Peristalsis wave motion formed
due to urine bolus in the ureter was analyzed for single wave
motion. The peristalsis mechanism on the ureteral wall was
evaluated at different time intervals. The results showed that
maximum pressure generates behind the propagating bolus at
the time of T/4 s, and the negative pressure developed
downstream of the flow. Different inlet pressures of 0.1 Pa, 0.3
Pa, 0.5 Pa, and 0.7 Pa were considered to analyze the pressure
and velocity pattern in the ureter bolus and neck. It was found
to be a maximum pressure magnitude of 1.28 Pa for an inlet
pressure of 0.7 Pa at the time interval of T/4 s. A minimum
pressure of -1.512 Pa was found to be at an inlet pressure of
0.1Pa at the time, T s. The peristaltic motion from T/4 sto T s
leads to an increase in the negative pressure of 43% for the
lower inlet pressure of 0.1 Pa. This showed that there is a
tendency to be reversed during the peristalsis motion. Reverse
flow due to negative pressure will develop the urinary tract
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infection in the ureter and results in the bacteria and toxins
from the ureter into the renal pelvis and kidneys. This may
further lead to serious kidney problems over some time. Also,
it was observed that the maximum velocity magnitude of
0.0406 m/s at the time T/4 s for the input pressure of 0.1 Pa.
The velocity for the other timesteps was constant. The
minimum velocity required was 0.0148m/s. The peristaltic
motion does not affect the magnitude of the wvelocity
associated with urine bolus however it creates sufficient
pressure difference to facilitate the motion of bolus in the wave
packet form. Further, prototype models can be used to validate
the results in in-vitro conditions. This helps clinicians to
understand the bouls movement in the ureter.
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