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Abstract

A detailed review is presented on research contributions in peristaltic transport in the human
ureter in the presence of microliths. The studies reviewed are differentiated based on
methodologies deployed, namely analytical, numerical and CFD simulation techniques and also
experimental (clinical) investigations. Various 2-D and 3-D models are discussed along with
more advanced Fluid Structure Interaction (FSI) studies. The propagation of the incompressible
urine flow results in reflux nephropathy. As such, the peristaltic waves spread near the outlet of
the tube which manifests in a depletion in the flow rate. Due to the maximum pressure gradient,
urine backflow occurs. A full understanding of ureter reflux has however not yet been achieved.
This review surveys approximately 101 journals addressing the obstruction inside the ureter and
the associated hydrodynamics. As such it consolidates many different efforts in the field in a
single source which will serve as a guide to both clinical researchers (e. g. physicians) and also
mathematical and engineering research groups and is hoped that it will assist in the development
of new integrated approaches for robust treatments. The extensive survey of the scientific
literature in this review article confirms that stones (monoliths) detected in the proximal part of
the nephron are generally larger than those identified in distal parts. These papers defined the
position and shapes of microliths. Due to bolus transport inside the ureter flow, varying pressure

and velocity balances are also appraised. The more advanced FSI simulations provide much-
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needed insight into visualizing actual ureteral transport. Some future pathways for collaborative

efforts in improving healthcare for patients are also suggested.

Keywords: Computational Fluid Dynamics, Fluid Structure Interaction, Ureter hydrodynamics,
Peristalsis; Trapping Bolus, Visualization.

1. Introduction

1.1 General Characteristics

The average length of the human ureter is between 7 to 10cm.!*! Within that short tract
numerous functions are performed by the kidney. The actual transport of blood through the
kidney has been investigated extensively.??l Also, an executive model ! was presented on
renal physiology. The ultimate function of ureter is micturition (or urination which is the
emptying of urine from the urinary bladder).>! The bladder is the human urinary storage
system and comprises detrusor smooth or involuntary muscle. The urethral muscles consist of
the external and internal sphincter. The kidney first undergoes glomerular filtration for
separating minerals and unwanted particles from blood. This is followed by tubular absorption
and finally secretion of essential elements to neutralize the blood.[! The anatomical structure
of the human urinary systems is depicted in Fig. 1.

URINARY SYSTEM
Main Vein Main Artery
to the Heart from Heart
Carries Cleaned Brings Blood
Blood with Wastes
Right Kidney Left Kidney
Ureter
Carries Ureter
Urine
Nerve that Tells
Brain the
Bladder 5
Collects Bladder is Full
Urine
Muscle to
Keep Bladder
Closed w Nerve that Tells
Urethra | Bladder to Open




Fig. 1: The human urinary system [from wikipedia.org]
As soon as the urine is discharged to the renal pelvis from the calyces, the contraction process
starts.® This initiates the generation of sinusoidal wave form termed peristaltic motion. Both
contraction and expansion take place in peristaltic waves.[®! During this stage, certain minerals
are deposited and remain along the wall of ureter. The major systematic peristaltic process
begins at the proximal stage in the pelvic region filled with smooth cells known as ‘atypical’
muscle cells.*® Transport in the proximal tubule is characterized with 3-D ureter flow.[*%
Subsequently, the depositions are transformed into microliths (small stone deposits) which can
cause severe pain during urination in humans. To circumvent or mitigate these situations, a
number of diverse procedures are used in medicine.’? Both experimental and
theoretical/computational studies of ureteral impedance due to monoliths have been conducted
in both human subjects and also other mammals. Generally, three pathways for calculi
formation have been identified in detail which are observed commonly in the pelvic region of
human ureter.*31 The key aspects of ureteral transport with video recordings based on clinical
surveys of 50 urinary systems.!** Important experiments have been done on rodent subjects to
clarify the transport defects in renal tubules.*> Here, the focus was the size of microliths
formation inside the ureter. Important analytical studies of ureteral dynamics have generalized
the simpler Newtonian flow model to consider more sophisticated rheological models. Other
studies have also considered heat transfer. The exploration of viscoelastic ureteral flow in a
slanted cylindrical geometry with the Jeffrey model.['®! Other non-Newtonian models
employed in recent years include Eringen’s micropolar model which was deployed for using
the low Reynolds number and long wavelength approximations of lubrication theory and also
considering heat transfer.!”] Another key aspect of ureteral transport studies has been fluid
structure interaction (FSI). The ureter is a muscular tube with non-linear mechanical properties
which conveys urine, as noted earlier, from the kidneys to the bladder via peristalsis. This
process is essentially a biological fluid-structure interaction mechanism which requires
deformable conduits. In the urinary system, the peristaltic motion is induced by a muscular
contraction of the ureteral wall initiated by pacemakers which pumps the urine from the kidney
to the bladder through the ureter. Ureteral peristaltic motions are therefore characterized by a
complicated movement of a range of aligned muscle fibres in the ureteral wall. The walls of
the ureter deform via the fluid transport which in turn deform the fluid- this two-way dynamic
interaction is extremely sophisticated and generally requires the use of computational
mechanics software e. g. ANSYS, ADINA, COMSOL, OPENFOAM etc. Very few studies of
3-D FSI of peristalsis have been communicated in the literature, whether related to blood flow



or urine transport. The ANSYS CFD code was utilized to compute Newtonian and non-
Newtonian peristaltic pumping with the Carreau and power-law models, also for visualizing
the vorticity and trapping bolus patterns carefully.*8l Computational fluid dynamic (CFD)
software has great potential in simulating in 3-D the characteristics of for example Extrinsic
Ureteral Obstruction (EUO). Later in this review, relevant studies will be appraised in this
regard. The article will also provide a very useful single source of benefit to both industrial and
biomedical sectors which may assist in mobilizing a concerted effort to mitigate ailments
associated with the disturbance of urinal flow patterns. An extensive range of topics is included
herein and both analytical and computational studies are examined. Articles addressing the
hydromechanical efficiency of the pelvic region are highlighted. Two major factors of
relevance to peristaltic pumping are reflux and trapping phenomena which constitute intensive
areas of modern research in both applied mathematics and biomechanical engineering. The vast
majority of studies reviewed in this article have been found to focus on the basic mechanism
of peristaltic propulsion inside the ureter, the associated variations in pressure caused and the
geometric deformations in urinary tract vessels (tubes, channels etc). It is envisaged also that
the current article will be of use to both mathematical and clinical researchers (physicians) in

the continued efforts to relieve patients from suffering with calculi formation.

2. Analytical Studies

Early mathematical focused on peristaltic motion in the human oesophagus. These did not
correlate closely with biological data collections. Later, more comprehensive hydrodynamic
models were developed, and analytical and numerical solutions were shown to qualitatively
agree with experimental data.l*®! Earlier models were based on viscous-dominated flows and
utilized the lubrication theory, neglecting inertial effects. Later asymptotic expansions were
used to consider higher order viscous and inertial effects in peristaltic pumping in a tube by
including the nonlinear advection terms in the equations of motion.?? That demonstrates that
the reflux (mean flux in the negative axial direction in a layer of fluid adjacent to the wall when
the net mean flux is positive) arises whenever an adverse mean pressure gradient is present,
and this is independent of the peristaltic wave form. Significantly later, considerable progress
has been made in simulating steady ureteral dynamics with a collapsible tube model
approaching the physics with a “compressive zone” model, valid at both low and high Reynolds
numbers.!?!l The confirmation done using lubrication theory that peristaltic pumping of urine

from the kidney into the bladder occurs at comparatively small mean flow rates, during which



isolated boluses of urine are displaced gradually via the ureter by the contraction waves. It also
determined that an upper limit to the mean flow rate exists with steady peristaltic propulsion,
which is strongly influenced by the mechanical properties of the ureter. At excessively high
flow rates the peristaltic contractions obstruct the transport of urine through the ureter and
pumping is highly inefficient. A coupled fluid-structure interaction model has been deployed
for ureteral pumping, combining wall deformation and unsteady fluid flow, thin-shell and
lubrication theories, with smooth muscle activation based on clinical data.[??! They focused on
the activation wave of muscular contraction and conducted for the case of an infinite tube,
theoretical (small amplitude) and numerical computations. They considered several important
physiological features including phase-lag in wall constriction, lumen occlusion (associated
with thickening lumen material with contracting smooth muscle) and simulated the bolus
dynamics. They identified several contributory factors which damp the hydromechanical
efficiency of pumping, namely elastic and hydrodynamic properties of the ureter associated
with ailments and further showed that while a linear flow rate-pressure rise relationship is
present for weak to moderate activation waves, it becomes nonlinear when the lumen contracts
to a closed position. It has also been established that during ureteral peristaltic pumping, the
muscular activity creates a contraction wave that propels the bolus of urine along the ureter and

the pressure rises to a peak and then diminishes to a threshold level, as depicted in Fig. 2.
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Fig. 2. Pressure distribution during bolus transport in the human ureter [l
During urine flow, certain mineral-based deposits (e. g. monoliths) may be formed due to few

chemical depositions in ureter.
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Fig. 3: The human urinary system- courtesy Dr. Tim Nathan, Urology, Sunshine Coast
University Private Hospital, Queensland, Australia

These masses may originate in the kidney and move into the ureter. A stone begins when
particles of minerals in stagnated urine crystallize and form a mass. The stone-like structural
depositions induce extremely severe pain to humans during urination. If the ureter is occupied
by either stones or bacterial infections, this can lead to long-lasting pain. Fig. 3 depicts the
many types of these stones which can arise in the human urinary system. Fig. 4 further
elaborates the multiple processes involved in producing human urine, an extremely complex
sequence of events.

2.1 Newtonian ureteral hydrodynamic studies

Perturbation solutions were derived for time-dependent Newtonian peristatic pumping in a two-
dimensional channel model of the ureter containing a geometric obstruction (stone).?31 They
examined the creeping dynamics for the stone modelled as a small rigid sphere including
Stokes drag, virtual mass, Faxén, Basset and gravity force effects. They computed flow
streamlines, velocity profiles and pumping rates achieving good agreement with experiments.
They also visualized particle trajectories for scenarios involving stone deposits comprising
calcium oxalates for calculosis and Escherichia coli type for bacteria and noted that retrograde
or reflux motion of the particles and also bacterial conveyance may arise in the upper urinary
tract when there is a partial occlusion of the peristaltic wave. Theoretical study has been done
on the particle dispersion in a two-dimensional ureteral peristaltic flow with zero pressure rise,

observing that forward or reflux motion of the wave is strongly dependent on the degree of



occlusion of the peristalsis.[?!l They also noted that the particle trapping efficiency is elevated

with wave amplitude ratio.
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Fig. 4 Detailed mechanism of urine formation

2.2 Non-Newtonian Ureteral hydrodynamic studies

An extensive number of theoretical and numerical studies of ureteral peristalsis have been
reported in the literature. Numerical methods are required for resolving nonlinearity associated
with rheological characteristics. Many different techniques have been applied in recent years
and are summarized in Fig. 5. Some popular non-Newtonian models are given in Fig. 6. The
immersed boundary method (IBM) is just one example of an extremely versatile and accurate

numerical scheme used in peristaltic hydrodynamics and other biological propulsion



simulations. The popularity of numerical methods is largely due to the facility of coding
complex material models through in-house programs, since the commercial computational
fluid dynamics (CFD) software do not offer the full range of material models. A notable study
in this regard in which the IBM has been successfully applied with an Oldroyd-B rheological
formulation to compute the complex characteristics of ureteral obstruction (single solid
particle) peristaltic dynamics with two-way coupling between the viscoelastic fluid and the

particle.[?!]
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Fig. 5: Numerical methods deployed in ureteral peristaltic simulations.

SHEAR-THINNING/THICKENING
MODELS (OSTWALD-DEWAELE,
CARREAU, CROSS, YASUDA)

COMMON NON-
NEWTONIAN MODELS
DEPLOYED IN
PERISTALTIC
TRANSPORT
MICROSTRUCTURAL SIMULATION
MODELS E.G. STOKES
COUPLE STRESS (POLAR),
ERINGEN MICROPOLAR,
ERINEGN MICROSTRETCH

VISCOPLASTIC (YIELD STRESS)
MODELS E.G. BINGHAM,
HERSCHEL-BULKLEY

VISCOELASTIC MODELS E.G.
OLDROYD-B, PPT, FENE-P,
WALTERS-B, MAXWELL,
JOHNSON-SEGALMAN,
SISKO

Fig. 6: Popular non-Newtonian models used in ureteral hydrodynamics.



They employed a square computational domain with side length equal to one wavelength of
the channel and periodic boundary conditions at the walls. Eulerian discretization was
employed with a uniformly spaced MAC (marker and cell) grid. Second-order accurate Kim-
Moin projection, Adams-Bashforth and Crank-Nicholson techniques were utilized for the
temporal discretization of viscous and convective terms. In the IBM formulation, Eulerian
force density was specified as a Dirac delta function layer of force supported by the immersed
boundaries, and a regularized delta function with compact support was utilized to spread the
Lagrangian elastic forces from the immersed boundaries. Stiffness constants were implemented
to enforce the traveling waves along the ureteral channel domain. They obtained excellent
agreement for the Newtonian creeping flow case (vanishing Weissenberg number and unity
Reynolds number) in the absence of a solid particle.?! Generalized IBM simulations were
conducted for Reynolds number of unity, Weissenberg number (ratio of elastic to viscous
force) of 5, a particle (monolith) of radius r = 0.075 initially placed along the centerline of a
channel with occlusion ratio = 0.4 and aspect ratio = 1.5. Fig. 7 shows the contour
visualizations deployed to determine the impact of the solid particle on stress fields for times t
=1, 4 and 12, for either no particle (top row) and in a channel with the particle (bottom row).
Their results confirm that peak stress distension is located in the contracted region of the
ureteral channel both with and without the monolith, although evidently higher values arise for
the latter case. A key observation of this study was that reflux is induced only when the
monolith is located in the most constricted zone and is therefore pumped backwards. The stress

build-up in the contraction accelerates the reverse motion.

Figure 7: Stress contour plotsatt =1, t = 4, and t = 12 without (top) and with a solid
particle (below).[?]
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Other non-Newtonian investigations include variable viscosity formulation to compute the
rheological effects in peristaltic transport in a non-uniform tube and channel considering two-
layered fluid model (peripheral and core flow zones).?®l Since curvature is also intrinsic to the
ureteral system, other investigators have explored two-dimensional peristaltic rheological

pumping in curved geometries.

Figure 8: Curved ureteral peristaltic model of Riaz and Sadiq ! [Reproduced with

permission]

The Saffman-Marble fluid-particle suspension (dusty) model was utilized in conjunction with
the Eyring-Powell rheological model to study analytically the transport of solid particles in
non-Newtonian laminar incompressible urine dynamics in a diseased, symmetric, curved
distensible-walled channel geometry representing the ureter (Fig. 8).[2°1 Perturbation solutions
were derived and showed that increasing concentration of solid particles depletes both velocity
and pressure magnitudes and significantly modifies the pumping characteristics. of the liquid.
They further showed that increasing curvature of the channel also inhibits peristaltic transport
and manifests in a clustering of particles at the lower zone of the channel. They further
computed the influence of various parameters on the circulating bolus trapping (Fig. 9) and
observed that the number of boluses in increased with greater curvature, whereas for the
particulate phase streamlines, the number of boluses is reduced to one with higher curvature.
However, this study did not explicitly address the rheological effects associated with the
Eyring-Powell model. Further studies include the Stokes couple stress fluid model and Saffman
particle suspension model to compute the peristaltic pumping in a ureteral geometry under

magnetic field, as a simulation of magnet-assisted therapy.% They used Mathematica software
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to evaluate the pressure and velocity distributions and showed that stronger magnetic field
inhibits pumping in the core zone whereas increasing concentration of solid particles
suppresses flow along the entire duct. They further noted that pumping rate is depressed with
higher couple stress (non-Newtonian) parameter and bolus size and quantity are reduced with

greater magnetic field.
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Figure 9: Trapping bolus visualization for fluid phase with concentration parameter = 3 and
different values of curvature parameter (A) 3.1, (B) 3.2 and (C) 3.3.1°

3. CFED/FSI Simulations

The inherent geometric complexity of the urinary system means that analytical and numerical
(2-D) simulations, as described in the previous sections are gross approximations. The actual
system is 3-dimensional, and the biological tissue is very complex. Many of these challenges
have been summarized lucidly including detrusor hyperactivity, renal function interplay,
nonlinearity of the ureteral biomaterial, complex interactions of compression waves, adhesion
of stones to the ureteral wall and so on.B**2 The accurate analysis of realistic ureteral
peristaltic transport therefore necessitates 3-D computer modelling and engineers have
dominated this area for decades, rather than mathematicians. The basic methodology of finite
element analysis (FEA) underpins the commercial software platforms available for 3-D
simulations which may be purely fluid (CFD) or combined fluid-structure interaction models
(FSI). These so-called field solvers include ADINA-FSI, ANSYS, ABAQUS, COMSOL,
OPENFOAM, MARC, NASTRAN, PHOENICS, SOLIDWORKS and many others. In certain
cases, due to axi-symmetry of the geometry, 2-D simulations can be utilized which still retain
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much of the essential physics. Here we shall review several of the most interesting
contributions in computational simulations reported in recent years. A detailed study utilizing
the ADINA-FSI software (developed by MIT’s K.J. Bathe, founder of ADINA R & D, 1986)
has been presented. ]

They assumed linear elastic, isotropic properties of the ureter wall with a Young’s modulus of
0.5 MPa. The urine is assumed to be Newtonian with density of p = 1050 kg/m? and viscosity
of = 1.3 ¢ Poise. The constraint function method was deployed to accommodate non-linear
contact conditions and 2-D nine-node axisymmetric solid elements for the structure and 2-D
three-node axisymmetric fluid elements for the urine flow were used. They also implemented
an (ALE) Arbitrary Lagrangian-Eulerian. The fluid wall shear stress behind the contracted wall
and the maximum values of shear stress around the throat of the moving contracted wall is
suppressed as the peristaltic wave progresses towards the bladder. Close to the entry zone of
the ureter in the vicinity of the kidney a much greater shear stress is generated. Numerous other
investigations have also been conducted identifying many other aspects of ureteral dynamics
including pressure difference ranging from 1 to 0.01mmHg.B*3" Exploration of three different
ureter models (Fig. 10) and studied the different flow patterns of urine and flow rate through
the numerical computation.®® They identified that the luminal rate of flow is principally

influenced by the posture of the ureter since this greatly influences peristaltic wave efficiencies.

Tubular Funnel-shaped Undulated

o ] -

Fig.10 Three different curved, funnel shaped and undulated models of ureter.[l
CFD FSI simulation showed that the occurrence of inertial forces inside the urine flow which

exhibits peristaltic motion, encourage the ureteropelvic junction to resist the reflux particularly
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during the commencement of the wave propagation.*°! The urine velocity enhances at the bolus
location inside the ureter. However, the velocity is supressed at the neighbouring zone of the
bolus when compared to the motion inside the bolus. These computational results have proved
quite beneficial in urinary treatments. A further excellent computational study using a different

numerical code, COMSOL, has been communicated.[*"]
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Distinct from the study, which assumed a compressive force, which struggles to generate a
bolus of urine when compressed, deploys expansive force on the ureter wall.234% They
deployed the Boyarsky-Labay data which estimates that urine is transported due to an isolated
bolus of sized 3 to 12 cm in length and 1 to 4 mm in width. They constrained both ends of the
ureter and considered the case of a stone as a fixed obstruction modelled as a semicircle of 3.6
mm of radius with its centre located 3 cm away from the inlet and resulting in an 81% blockage
in the undeformed flow path. The mesh utilized is shown in Fig. 11. The fluid structure
interaction (FSI) results included both hydrodynamic contours and stress plots, the latter are
shown in Fig. 12. A key novelty of this work is that it is among the first computational models
to include realistic material properties for the human ureter i. e. anisotropic hyperelastic
behaviour, as opposed to the much more simplistic linear elastic properties assumed in other
studies. The FSI model deployed therefore employed at least a layer of meshing between the
solid obstruction and the solid ureter wall, and more accurately simulates the solid-solid contact
between the stone and the ureteral wall, would be infeasible to model. However, to model a
translating obstruction within the ureter is extremely complicated dynamic meshing approach
which is also very extensive computationally and requires large compilation times. This study
correctly predicted that high peaks in the values of wall shear stress and pressure gradient arise
near the stone obstruction (Figure 13) and have minimal impact on von Mises stress

magnitudes, indicating that a rupture due the presence of obstruction is a very weak possibility.
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ANSYS workbench FSI deployed to simulate 3-dmensional obstructed ureteral peristaltic
pumping.[*! They utilized spherical stone obstructions and varied the size as 5% (2mm),15%
(3 mm) and 35% (4 to 6 mm) are taken into consideration. Fig. 14 visualizes the velocity
distributions for all three stones. They also assessed the influence of stone shape comparing
the effects of sphere to those of cubical and star-shaped stones, all at a fixed obstruction
percentage of 15%. They noted that a larger obstruction manifests in stronger flow reversal,
higher pressure gradients and amplified wall shear stresses in the vicinity of the obstruction.
Star-shaped stones were also observed to produce maximum pressure gradient whereas cube-
shaped stones generated the strongest flow reversal. A key deduction of this study was that
stone shape does not markedly modify the wall shear stress for the obstruction percentage

considered.

(b)
Cubical shaped stone

(a)
Spherical shaped stone

(c)

Star shaped stone

Fig. 14 (a-c) velocity distribution for three different types of stone formation inside ureter.[*!]

ABAQUS commercial software deployed to simulate numerically the fluid-structure
interaction between urinal fluid and a double-J stented ureter.[*?l They implemented three

material models for an isotropic ureteral wall, namely the Mooney-Rivlin, Yeoh and Ogden
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constitutive formulations. They modelled the length of a healthy ureter from the Ureteropelvic

Junction (UPJ) to the Vesicoureteral Junction (VUJ) i. e. a 28 cm distance.
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Fig. 15: Top left - Fluid domain mesh (a) and solid domain mesh (b). Top right- Radial
stresses distribution. Below left- Circumferential stresses distribution. Below right-
Tangential stress distribution.[*?]

The stented ureter (opened after the muscle tone vanishes) was simulated as a cylindrical tube
with both length and wall thickness of 1 mm and an internal 3mm diameter. The fluid domain
was discretized with 16800 hexahedral linear elements (FC3D8 elements in the ABAQUS
Elements Library) and the structural (solid) domain meshing for the ureter utilized 10080
hexahedral linear continuum elements (C3D8H). The stent was analysed as a cylinder coaxially
disposed with the ureter and with 1mm diameter. Their FEA simulations are shown in Fig. 15.
They showed that the Ogden model achieves the most accurate representation due to its ability
to reproduce the lower zone region of the stress-strain curve behaviour and that all stresses
(radial, circumferential and tangential) generated by urine peristaltic pumping in addition to
the intra-abdominal pressures have relatively low magnitudes. This indicated that in the studied
pressure regime, the ureter exhibits rigid body (non-deformable) characteristics. ABAQUS
finite element software was utilized in addition to a detailed mechanical formulation for
stone/ureter  interaction, to compute the initial separation angle and radial
stress distribution between the spherical obstruction geometry and ureteral tube wall.[**l They



17

also benchmarked their computations with in vitro experimental measurements. The Kidney
stone was treated as a rigid sphere with radius variation and a static friction coefficient of 0.5
was utilized, based on SEM images of uric acid stone for the average friction coefficient
between kidney stone and ureter. A Fung-type constitutive elastic model was deployed for the
ureter. 4-node bilinear axisymmetric quadrilateral, hybrid elements (CAX4RH) were utilized.

Fig. 16 shows the finite element ABAQUS model with different radius ratios.

(a) (b)

|[kidney stone kidney stone

ureter wall R ureter wall

Fig. 16: Stress distribution and deformation in ureter caused by a kidney stone: (a) FE model
of kidney stone and ureter with radius ratio = 1.3, and (b) FE model of kidney stone and

ureter with radius ratio = 3.4
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Fig. 17 (a) Compression stress distribution and deformation in ureter due to spherical kidney
stone with radius ratio of 1.3. (b) Compression stress distribution and deformation of ureter

caused by kidney stone with y = 3.4 [43]
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Fig. 17 depicts the stress and deformation contour plots. This study identified that the critical
diameter of kidney stones is 11%-22% larger than the inner diameter of ureter; however, there
IS a negative correlation of kidney stone magnitude to the confining pressure outside the ureter
which inhibits ureteral pumping efficiency.

4.Combined Numerical and Experimental Studies

In addition to purely analytical, numerical and commercial CFD FSI simulations, other
researchers have also explored both experimental and numerical modelling of ureteral
peristalsis with and without obstructions. Ureteral experiments studies conducted on three
female dogs for picturing the pressure distribution in renal pelvis.[*l They showed that
obstructions inside the ureter brings undefined pain during urination and depositions adhere
inside the ureter and the flow depends upon the magnitude of deposition. 2-dimensional
ANSYS finite volume simulations of peristaltic contractions in obstructed ureter flows were
reported.[®! They used the Patankar SIMPLE algorithm with clinical experimental data to
investigate the influence of different percentage obstructions (0%,5%, 15% & 35%) for
spherical stones with a major focus the maximal stone size of 35% obstruction.!] They showed
that backflow is 20 times larger in obstructed cases when compared to the unobstructed ureter.
Fig. 18 visualizes their pressure distributions during contraction and expansion stages of the

peristaltic motions.

PR D AN D GO PO
» c@&s-’ NI \‘} \@@ o “:O DB

Contraction of the ureter wall

Expansion of the ureter wall

I

Fig.18 Ureter pressure contours at two intervals of contraction and expansion a) T/4 and b)
3T/4 1]
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2-D and 3-D FSI ANSYS simulations were performed on the obstruction in ureteral
pumping.*’ They concentrated on stones with 5mm diameter which can enter the ureter walls.
They showed that stones larger than 5mm, do not have ability to enter into the ureter. These
large diameter stones will stay in the pelvis itself and they settle therein. The authors visualized
cases with radii of 50% (2.8mm) and 70% (3.4mm). They studied the elevation in the
obstruction size with rise in the amount of back flow. The wall shear stress and pressure
gradient values were observed to peak at the obstruction. They noted a slight deviation in wall
shear stress values in obstructed cases compared to the unobstructed cases. They also identified
a high amount of backflow in obstructed ureter and the contrary behaviour in the unobstructed
ureter. They further emphasized that obstruction in the interior part of the ureter can precipitate
several severe diseases including urinary tract infections. Peristaltic flow characteristics in
diseased ureteral situations experimentally examined, considering the effects of
pharmacodynamics, intraluminal pressure, flux and other characteristics.[*®! Non-intrusive
examining voiding dysfunction in ureteral obstructions encountered in older patients, focusing
on urine transport characteristics in the prostatic urethra (PU) with bladder outlet obstruction
(BOO).** They generated detailed normal PU and three phase models with 3D-CAD software
tracing cystourethroscopic images. They prescribed a normal detrusor pressure to the bladder
side in each model and showed that a sizeable vortex arises close to the bladder outlet (BO)
with increased hydraulic energy loss accompanying transport via the tract. The opening of the
BO section however removes this vortex and suppresses hydraulic energy losses. They
obtained excellent correlation with clinical measurements based on catheterized pressure
sensors inserted into the urethra in addition to urethral diameter urethrographic measurements.
Other studies have explored multiple physical effects in ureteral peristalsis. Investigation done
on electrical field effects on ureteral peristaltic flow with heat transfer effects.[® Urine
transport with a COMSOL finite-element-based solver with a two-way fully coupled fluid
structure interaction approach between the ureter wall and urine.’* Fig. 19 shows the mesh
design utilized. They analysed the ureter wall as an anisotropic hyper-elastic material based on
experimental data and propulsion was simulated as a series of isolated boluses. They observed
that the peristalsis mechanism has a natural tendency to create a backflow as the isolated bolus
moves forward. They also analysed the flow of urine through ureter to bladder at the interval

of timing incudes 1,6.5,12 &17 seconds respectively. As a result, the urine can flow backwards
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from the bladder to the ureter at the ureterovesical (ureter-bladder) junctions, if the one-way

valve starts to malfunction.

Fig. 19 Ureter with mesh design.®

Analysis on ureter flow described that when the ureteral reflux becomes low due to the large
amount of pressure difference occurs between kidney and urinary bladder.®2 They
concentrated on reducing the occurrence of reflux. They studied the characteristics of stented
ureter impact on the flow. This stent permits the ureter walls to have flexibility when the fluid
flows with heavy pressure hits the boundary. It also relaxes the wall of the ureter. Thus, both
solid structure and fluid structure domains were coupled simultaneously. This research
recommended the detailed study of geometry, and also the blockage locations inside the
annulus. An additional assessment of ureteral computational fluid structure interaction was

reported.B®! The geometrical model they studied is shown in Fig. 20.

outlet

Peristalsis wave

Inlet

Fig. 20 Geometry of the Ureter.[>
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5. Some key findings on ureteral studies

5.1. Urinary Obstructions

The magnitude of the trapping bolus was cleanly observed. Computational works are
executed along with real clinical implications. Peristaltic transport simulated in ureteral
channel and tube geometrical models.>° The equation was unrevealed by expressing stream
function by using perturbation solutions.®”! Differentiation of the mechanical properties
between chronically affected ureters and normal ureters of certain mammalians including dogs
and humans.[®® They also determined clinically that ureteral tissue shows similar properties
like other tissues in the body. Research on peristaltic movement in the presence of different
obstructions (stones).[®®! In most of the stones, calcium oxalate content will be very high.[6%61]
Owing to the prolonged depositions inside the ureter the renal replacement becomes
unavoidable in patients.[?1 These disturbances impact the urinary flow which undergoes
changes in flow patterns.l3l Several treatments for removing barriers inside the ureter have
suggested.[®*! Discussions on recent developments in the formation of pathogenesis inside the
ureter due to chemical depositions like Calcium Oxalate, Calcium Phosphate and Cystine have
been explored.l®® Urine is generally assumed to be incompressible in mathematical and
numerical models. The governing equations for urine are the Navier-stokes equations (mass
and momentum conservation) are as follows:"]

V.usyia = 0 1)

OUfyid

P~ T p(Uriuia- V)Usiq = V- [—Pl +u (Vufluid + (Vufluid)T)] +F (2)

5.2. Bolus Properties over the Wall

Further experimental research summarized proposed that the tissue around the ureter acting as
a biologic elastometer.[%8! They also correlated the physical and mechanical characteristics of
ureteral tissue with microscopic validation. Also, there is a gradual enlargement in volume of
urine bolus when peristaltic propulsion is intensified.[®”! Description was given detailly related
to ureteral muscle.l® They applied the isometric technique for the evaluation of these muscles.
SIMPLE (semi-implicit pressure-linked equation) finite volume approach was used to compute
pressure and velocity distributions and to simulate the formation of urine bolus and its effect
along the wall of ureter.®l Clinical realistic values were deployed for calculating pressure
when the bolus passes through the ureter.["®! Pressure differences were observed during reflux

which was found to be low when compared to pressure in the bladder.["! The wall shear stress
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diminished when the external magnetic field is applied in ureteral magnetic therapy.[’? A novel
idea was given to record peristaltic contractions using a pacemaker.[’*741 New models were
implemented for reducing the costs of computational simulation.l””! Modelling of a single
peristaltic wave assisted in determining the pressure gradient at 4 discrete time intervals with
corresponding inlet boundary conditions.’®! They employed ANSYS-CFX software. By
simulating the pumping actions which diminish the particle concentrations in the flow which
is very much helpful for preventing urinary tract Infections.’’l These investigations have
provided very useful guidance for physicians in utilizing novel treatments effectively. Many of
these studies have demonstrated that backflow in the urine is principally attributable to the

lower functionality of the ureteropelvic junction relative to the ureterovesical junction.
5.3. Reflux Phenomena

To address the reflux phenomena in the ureter, a non-linear 2D ureteral model was
developed.l’® A Mooney-Rivlin model was constructed for bring out the mechanical properties
and reflux phenomena happening inside the ureter.[’®8% Clinically based numerical study of
reflux phenomena inside the ureter has been presented.® A detailed insight into reflux reaction
was presented.®28 Further studies on reflux response in 2D non-uniform channels were
communicated.®*81 Additional studies were conducted on peristaltic ureteral flows inside
circular tubes.®8871 Managing Resonance (MR) scans have also been examined and shown that
similar reflux reactions occur for children during obstructions.®® In many of these
investigations a robust formulation for the ureteral fluid-wall geometry of the tapered channel

of urine flow has been utilized which takes the form. 4

H{(X,t*) =a— Xtana + b sin (kX —wt* — %) - lower wall of channel (3a)

H,(X,t*) =a+ Xtana + b sin (kX —wt* + %) - upper wall of channel (3b)

5.4. Location of Calculi

Intraluminal pressure differences were observed in both normal and acute ureter during
peristaltic flow.[®°! The position of calculi and the pressure variations due to the disturbances
along the wall was discussed.[®® To define the surface of stone, researchers utilized a major
technique called CT (Computerized Tomography).®* There are different types of stones
deposited inside the ureter. One among those are calcium oxalate stones and its pathogenesis

was studied in detail.’®¥ Calculi characteristics were determined by Prstojevic.®2 Numerous
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tests were conducted among mice to establish changes in ureteral hydrodynamics with and

without obstructions.[®® The urine flow inside the ureter and also patterns within the stented

ureter were simulated using CFD.[**l A survey was conducted among 2,38,500 cases to

highlight the major problems in ureteral obstruction.[® This study recommended that patients

utilize ureteral stents. In certain cases, there may be failure of stents. Hence failure-free stents

were tested among 300 patients.[®® To reduce failure of stent usage rates, stiff tandem stents

were introduced and popularized among patients.[*”l This Tandem stent is stiff and remains

active over long periods.[®®! The 3-D modelling of stents has been performed using MRI-

generated data.® In these relevant studies, Table 1 summarizes the major studies reviewed in

this article.

Table 1 Classification based on FSI, Analytical and numerical-focused articles.

Authors Name Purpose FSl Journal_& year of Method Software
used publication used
Vahidi and Analysed the Reflux IEE, 2007 ALE- (Arbitrary
R FSI 33] Lagrangian- ADINA
Fatouraee reaction inside the ureter :
Eulerian)
: Journal of
Maximum shear stress Biomechanical
Vahidi et al., found across Proximal FSI - . ALE ADINA
Engineering, 2011
part of the ureter [37]
Modelling in ureter will
Journal of
Vahidi and be. more use_ful to Theoretical Biology
physicians to figure out FSI ' ALE ADINA
Fatouraee . . 2011
disorders and find better [39]
way to cure.
International
Reflux nephropathy .
Takaddus et al., | happens due to failure of | FSI Mechanical Eng._ ALE CO.SMO.L
g . Congress & Exposition Multiphysics
ureteropelvic junction [40]
2016
Stone size will not give Journal of
substantial effect on Biomechanical
Najafi et al., ureter wall when the FSI . . ALE ANSYS
. . Engineering, 2016
obstruction disturbs the [41]
flow.
Shear stress will reach its Computer Methods
peak in case of in Biomechanics &
Najafi et al., obstruction when FSI Biomedical ALE SIMPLE
compared to without any Engineering, 2017
obstruction. [49]
Variation in Pressure, International J_ournal
wall shear stress and for Numerl_cal Finite
Takaddus and J Methods in
reflux nephropathy were | FSI . . ALE Element
Chandy . Biomedical
observed during - . Solver
. Engineering, 2018
obstruction. [47]
Takaddus and J | Observance of peristaltic Es| Computer Methods ALE COSMOL
Chandy flow inside the ureter. in Biomechanics & Multiphysics




24

Biomedical

Engineering, 2018
[51]

International Journal

When the obstruction for Numerical Finite
enhances, reflux Methods in Element
Takaddus etal., nephropathy considered FSI Biomedical ALE Monolithic
to be increase. Engineering, 2018 Solver
[57]
Backflow will be
. measured along the centre
Vahidi & and top surface of the FSI Measurer[ggnts, 2007 ALE ADINA
Fatouraee .
tube due to ureteropelvic
junction failure.
To reduce Failure of stent Journal of
Haifler et al., usage rate, stiff Tandem FSI | Biomechanics, 2021 ALE ADINA
stents were introduced. [o7]
. Medical &
Better comparison was iological
. made between clinical B'.O ogica
Barzegari et al, . FSI Engineering & ALE ADINA
and predicted values for :
: Computing, 2020
ureteric pressure [101]
The failure of clearing
residuals from the upper . . ——
Lozano et al., urinary tract calculi after Nil Physical Review E, Analytlcgl MATLAB
2009 [23] perturbation
successful extracorporeal
shock wave lithotripsy
The increase in peristaltic
. . pumping causes a . Frontiers in Physics, Analytical- MATHEMA
Riaz and Sadiq decrease in the solid Nil 2020 [29] perturbation TICA
particle concentration.
To determine the
biomedical characteristic Mjgcuhrgr?ilccs)fin Numerical-
Keni et al., of urinary bladder wall Nil . ANSYS
due to change in the . Medicine and FEM
Biology, 2019 [12]
volume
The high level of wall
shear stress and the reflux Biomedical
Hosseini et al., | usually occur at the Nil | Engineering Letters, | Numerical-CFD CglLes
beginning of the lumen 2017 [81]

closure.
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®m Numerical Simulation = Analytical Methods
m Experimental

Analytical
Methods...

Fig. 21 Solution procedures executed in articles.

From the analysis, we can conclude that out of 101 journals, 64 papers have examined ureteral
peristaltic dynamics with obstructions by a numerical simulation approach, 25 papers have
utilized analytical methods and the remaining 12 papers were experimentally based. Hence, by
virtue of this review, one has access to an extremely diverse and state-of-the-art collection of
key studies using all three scientific approaches- analytical, numerical, and experimental- for

ureteral peristaltic transport phenomena.

6. Conclusions

An extensive review has been presented of 101 articles addressing theoretical (analytical),
computational and experimental studies of ureteral peristalsis with and without obstructions
(monoliths). These studies have provided shear stress, velocity, pressure, bolus dynamics and
other key characteristics associated with real ureteral dynamics. Back flow has been identified
when the pressure of urine reaches negative values at the time of outlet. This has been shown
to lead to damage in the Ureterovesical Junction. Many different commercial software has been
deployed to analyse fluid-structure interaction (FSI) including ABAQUS, ANSYS/CFX,
COMSOL etc. The 2-D and 3-D simulations on FSI have clarified the impact on ureter flow
with blockages i.e. solid particles. These investigations have provided excellent visualizations
with a range of material models for the ureter wall and different monolith stone (obstruction)
sizes and topologies which have provided very useful knowledge. This has provided a dual
approach in parallel with ultrasound and MRI technology elaborating key phenomena
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associated with the etiology of obstructions in the kidney and also ureteral system. It is
observed that significant progress has been made in understanding the physiology of microliths
behavioural pattern due to urinary flow. The strong compressive wave action procced its
direction towards from abdominal region of the ureter to the area of pelvis which results in
urinary reflux. From this quantifying analysis, the observation of microliths size is highly
important. The particles that exist in filtration of kidney combine to form as sedimentation
when it is not filtered properly. Then if the sedimentation is enhanced, finally tends to the stage
of renal failure.2% 291 The precaution procedure for this situation is surgical intervention. To
avoid those anisotropic behaviour in the wall of the ureter, clinical visit should be the better
solution when there is struggle in the normal urine flow. Some key findings are crystallized

below based on numerous studies reviewed herein.

» The flow pattern is disturbed significantly by solid particles e.g. stones (monoliths).

> Experiments disclosed the interrelation between pressure gradient, velocity profile,
shear stress, bolus trapping when the urine is passing through ureter with or without
stones.

» There is gradual decrease in the pressure values when the bolus reaches the outlet.

> At the time of collision between boluses inside the ureter, the pressure gradient reaches
generally attains a peak.

> As soon as the bolus hits the outlet, the pressure gradient becomes negative, and this
encourages the backflow of urine. This backflow provides a mechanism for antigen

entry into the ureter and contributes to renal failure.

Future studies may explore more detailed mesh refinement in the sliding interface between the
monoliths and ureteral walls and also consider deformability of deposits and particle (mass)

transfer during propulsion.
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