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Flow Dynamics in Stented Ureter

Shaokai Zheng, Dario Carugo, Francesco Clavica, Ali Mosayyebi, 
and Sarah Waters

1 � Introduction

Urinary flow is governed by the principles of fluid mechanics. Urodynamic investi-
gations are frequently employed to diagnose lower urinary tract symptoms [1, 2], 
and many recent studies have focused on the fundamental flow dynamics of the 
ureter using fluid mechanical modelling methods, both theoretical and experimental 
[3]. Such studies have revealed the fundamental kinematics and dynamics of urinary 
flow in various physiological and pathological conditions, which are cornerstones 
for future development of diagnostic knowledge and innovative devices.

In a nutshell, there are three primary approaches to study the fluid mechanical 
characteristics of urinary flow: reduced order, computational, and experimental 
methods. Reduced-order methods exploit the disparate length scales inherent in the 
system to reveal the key dominant physics. Computational models can simulate 
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fully three-dimensional, time-dependent flows in physiologically-inspired anatomi-
cal domains. Finally, experimental models provide an excellent counterpart to 
reduced and computational models by providing physical tests under various physi-
ological and pathological conditions.

2 � Fundamental Characteristics of the Stented Ureter 
for Modelling Purposes

The key components of the human urinary system are illustrated in Fig. 1. The base 
flow is established by urine transport from the kidneys to the bladder. The generated 
urinary flow rates are in the order of 1 mL/min for each kidney [3], but can be higher 
or lower based on fluid intake or pathological conditions such as polyuria and dia-
betes mellitus.

For most fluid mechanical studies, the kidneys and bladder are treated as bound-
aries of the ureteric domain where pressure conditions are prescribed. The intralu-
minal renal pelvic pressure averages 12–15  cmH2O [4, 5], and is generally 
considered to be below 20 cmH2O for healthy individuals. The intraluminal renal 
pelvic pressure is often imposed as the inlet pressure boundary condition (BC) for 
ureteric flow models.

The bladder pressure is usually defined as the detrusor pressure, which is clini-
cally measured by subtracting the intra-abdominal pressure from the intravesical 
pressure. The detrusor pressure remains small (roughly 2–5 cmH2O) during the fill-
ing phase, but rises in the voiding phase, especially in men as a result of the extra 
resistance caused by the prostate. In a retrospective study of 976 healthy 

Urine flow production
Chemical composition

Material property

Special requirements for in-
vitro studies

Urine storage

Periodic pressure
change

Internal/external
obstruction

Bladder Pathologies Urethra

Flow dynamics in urinary tract

Microparticles and/or
microorganism

Periodic out flow
activation

Urine elimination

Urine transport

Complex
geometry

UreterKidneyUrine

Fig. 1  Illustration of the key components of human urinary system and the primary considerations 
in designing a physiological model. For multi-organ models, connections between components 
need to be carefully addressed as well
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individuals, the detrusor pressure at maximum flow rate during voiding was reported 
as 38.3 ± 11.5 cmH2O for males and 32 ± 10.6 cmH2O for females [6]. The voiding 
time of a normal bladder (capacity of approximately 500 mL) is around 40 s for 
healthy individuals [6]. The magnitude and duration of the pressures during filling 
and voiding can be used to specify the outlet condition of the ureteric domain, in 
contrast to explicitly including the bladder and urethra in the model.

The ureter is usually described as a tube of approximately 22–30 cm in length 
[7], and 1–6 mm in diameter [8]. The diameter is smaller at the ureteropelvic junc-
tion (UPJ), ureterovesical junction (UVJ), and where the ureters turn medially and 
cross the common iliac vessels. The ureter is typically modelled as either a straight 
or an undulated tube [9, 10].

Finally, to complete a model setup, characteristics of the stent need to be pre-
scribed. This is straightforward for in-vitro studies at the macroscopic level, where 
commercially available stents can be directly used in the model ureter. For research 
into the fundamental physics, design parameters such as stent length, diameter 
(outer/inner), side hole arrangements (e.g. diameter, spacing, vertex angle), and 
material properties can be investigated at different scales (e.g. local behaviour in 
vicinity of side holes of varying geometries).

3 � Reduced Models

Reduced-order methods are often employed to develop theoretical models of the 
flow dynamics within a (stented) ureter. Here we highlight the approaches adopted, 
and refer the interested reader to the review paper by Zheng et al. [3] for discussion 
of the details of the mathematical equations.

Lubrication theory was used to derive some of the earliest reduced models for the 
ureter [11–13], motivated by the small aspect ratio of the ureter (i.e. ratio of radius 
to length is small or R/L <<1) and the small reduced Reynolds number of ureteric 
flow (Re ~ 1). In the lubrication regime, the full Navier–Stokes equation was simpli-
fied to derive the urine flux and pressure distribution within a ureter subject to pre-
scribed displacement of the ureter walls [11] to model the effects of peristalsis. The 
insertion of a catheter (or stent) was shown not to affect the pressure distribution 
within the ureter, providing confidence that urological pressure measurements made 
with a catheter are trustworthy [12].

Major limitations of the earliest models include the neglect of kidney and blad-
der activities, and the treatment of the catheter or stent as a solid tube without side 
holes, so that the permeability of the walls of the catheter or stent was neglected. 
This was ameliorated by Cummings et al. [14], where the kidney and bladder were 
treated with dynamic pressure BCs and the stent walls were assumed to be perme-
able. The ureter was considered to be a passive linearly-elastic tube that deformed 
in response to the transmural pressure across it. Their results indicate that during 
voiding the bladder pressure rises significantly and reflux can occur. Stents with 
higher permeability cause less total reflux than those with smaller permeability, 
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which suggests that more side holes can help reduce urine reflux. The model was 
further developed to incorporate more physiological descriptions of bladder pres-
sure variation [15] (i.e. during voiding or spasms), a nonlinear elastic ureter wall 
law [15, 16], and the urine production from kidneys [16]. The authors argued that 
reflux exacerbates stent encrustation (primarily caused by the crystalline deposits of 
salts from urine) by returning bladder urine and bacteria to the ureter and renal pel-
vis. Increased duration of bladder spasm pulse and higher peak pressure during 
voiding were both shown to increase the total reflux, suggesting that patients should 
not squeeze hard during voiding, and the stent design should be optimized to reduce 
bladder irritations.

We note that peristalsis of the ureter wall can be strongly affected by the presence 
of an implanted ureteral stent, even ceasing completely, as concluded from several 
experiments using porcine models [17, 18] and a human patient study with indwell-
ing double-J stent [19]. It is therefore common to neglect peristalsis in stented ureter 
models, especially for in-vitro investigations.

Finally, there have been models dealing with micro-particle laden (e.g. stone 
fragments or crystalline particles) urine flows. In this context, urine is modeled as a 
multiphase medium with solid particles [20–22]. In these models, the coupling is 
one way: the particles do not affect the flow dynamics, but the fluid flow governs the 
transport of the particles. The ureter is modeled as a two-dimensional channel with 
solid boundaries under peristaltic waves, and the fluid phase is solved by the Navier–
Stokes equations. The effect of the fluid flow on particle transport is then deter-
mined by solution of the Basset–Boussinesq–Oseen equation. These methods are 
largely used to study particle trajectories and sedimentation under ureteric peristal-
tic waves. The exact results from these studies are therefore less relevant in the case 
of a stented ureter, since the peristaltic movement is largely impeded by the indwell-
ing stent.

4 � Computational Methods

While reduced models are useful to probe the underlying physics of the urinary 
system with minimal requirements for computational power, full computational 
models are able to simulate multiple configurations in clinically realistic settings by 
systematically varying physiological and stent-related parameters. Two solution 
techniques exist to solve full computational models. The conventional Computational 
Fluid Dynamic (CFD) approach solves only for the fluid domain and treats all solid 
components as prescribed BCs, whereas the Fluid–Structure Interaction (FSI) 
approach solves the governing equations for both the fluid and solid domains, cou-
pled via conditions at the fluid–solid interface [23, 24].

CFD has been widely used to study design parameters of stents, such as number 
of side holes [9, 10, 25–27], inter-hole distance [10, 26, 27] and angular positions 
[10, 25–27] in various ureter shapes [10, 26] with different levels of ureteral obstruc-
tions [10, 25, 27, 28]. Results from straight ureter models showed that most of the 
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side holes are inactive (no through flow) in the absence of blockages [25], except 
perhaps the ones nearest to the UPJ or UVJ [10, 25]. With a local blockage present, 
the side holes in the vicinity of the blockage become increasingly active as the 
degree of blockage increases [25, 28]. Increasing the number of side holes (conse-
quently decreasing the side hole interval) was shown to promote total flow rates [26, 
27, 29], but the angular arrangement of side holes showed no impact on the total 
flow rate [27]. In the case of curved ureter models, the total flow rate was smaller 
compared to straight ureters [10], and the side holes were found to be active even in 
the absence of obstruction [26]. The stent wall thickness and the vertex angle of side 
holes were also studied in a CFD model of a microfluidic chip that replicated only 
a segment of the stented ureter [30]. Based on the local wall shear stress level, 
reducing stent wall thickness and adopting a 45° vertex angle for the side hole edges 
were proposed as strategies to reduce encrustation rates in inactive side holes.

The peristaltic movement of ureter wall is often omitted in CFD studies. In a few 
exceptions, a periodic wave of the ureter wall was prescribed and the effect of 
obstruction level was investigated [31, 32]. Nonetheless, the FSI method is more 
suitable for this type of study, where the ureter wall is modeled as a solid with 
appropriate constitutive equations capturing its material properties (e.g. elasticity). 
Previous FSI studies mainly focused on the characteristics of peristaltic waves such 
as maximum height, wave speed, and number of waves per ureter length [33, 34]. 
The proximal segment of the ureter was shown to suffer from a higher level of wall 
shear stress associated with a back flow at the beginning of peristalsis [33–35]. 
When an obstruction was introduced, higher shear stresses and pressure gradients 
were observed near the obstruction [36, 37]. Notably, a comparison between a full 
axisymmetric 3D ureter model and its corresponding 2D case showed negligible 
differences in shear stress and pressure gradient levels along the entire ureter length 
[36], and suggested that the simpler 2D axisymmetric model should be always con-
sidered first. Finally, in a study of a stented ureter [38], strains and stresses over the 
ureter obtained from a FSI study suggested a rigid-body behavior. The authors 
therefore recommended CFD as a cost efficient, but equally accurate option, for 
similar cases, where peristalsis is not considered.

5 � Experimental Methods

In addition to providing physical insights, experimental models are also essential 
for the generation of data to calibrate and validate theoretical and computational 
models. Once validated by detailed comparison of theoretical model predictions 
with experimental data, theoretical and computational models can go beyond the 
experimental results by simulating more complex geometries and boundary condi-
tions. Specifically, for the upper urinary tract (UUT), experimental studies have 
focused on the following aspects: (1) bacterial growth, (2) drainage capabilities of 
stents, and (3) the interplay between fluid mechanics and encrustation.
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5.1 � Bacterial Growth

Studies on bacterial growth in ureters aim to investigate encrustation and biofilm 
formation from a chemical and biological point of view. In the earliest studies [39, 
40] on UUT, stents were not considered and the bladder was modelled as a static 
flask with periodic emptying cycles to simulate micturition. Volume capacity, resid-
ual volume and frequency of micturition were taken into account to study the bacte-
rial susceptibility to antibiotics. It was demonstrated that the amount of bacteria in 
the urinary tract can be reduced with frequent micturition [39].

After stents were introduced in the clinical setting, several studies focused on 
investigating encrustation and biofilm growth in stented ureters. In general, different 
types of results can be achieved when static or dynamic models are used. Static 
models [41] were normally characterized by big reservoirs filled with artificial urine 
in which stents were immersed for a defined time interval. The results of these stud-
ies showed that 60% of the surface was covered by encrustation (mainly character-
ised by hydroxyapatite and struvite crystals) within 2 weeks, and that encrustation 
reached 100% coverage after 10 weeks.

Dynamic models were later introduced to overcome the main limitations of the 
static models and mimic more closely the physiological conditions. For example, 
filling and emptying cycles were introduced to model micturition which was not 
possible with static models. To this end, Chong et al. [42] introduced a syphon at the 
bladder outlet to automatically empty the bladder, when bladder volume reached a 
defined value (this volume could be controlled by changing the height of the syphon).

To facilitate comparison of stent designs, multi-testing platforms were intro-
duced to enable simultaneous testing of several stent samples [43–45]. These exper-
imental models were normally closed loops and constant urine flow was enforced 
by means of volumetric pumps (periodic bladder filling/emptying was not consid-
ered). Encrustation in dynamic models was found to be significantly lower than in 
static models, demonstrating the pivotal role of the flow on biofilm and encrusta-
tion growth.

5.2 � Drainage Capabilities

Quantification of the drainage behaviour of ureteral stents is essential for assessing/
comparing stent performance. Hofmann and Hartung [46] used a reservoir to model 
the kidney and a 9-F (3 mm) polyvinyl tube with a stent inside (placed below the kid-
ney) to model a stented ureter. To quantify the intraluminal drainage of stents, threads 
were tied around the polyvinyl tube to simulate obstructions. A similar approach was 
followed by Lange et al. [47] who used casted spheres to model ureteral obstructions. 
By keeping the head pressure constant, the performance of different stents were com-
pared in terms of total flow rates [47]. A pressure driven flow setup was also adopted 
by Kim et al. [48]. In their experiments, stents of different diameters were inserted in 
silicone ureters. These ureter models closely mimicked the architecture of real human 
ureters as their geometry was based on computed tomographic (CT) scans from 
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patients. Curved ureters were compared with simplified straight ureters in their study. 
These experiments showed that higher hydraulic resistance is associated with bigger 
stents (i.e., stents with higher diameters) and curved ureters [48].

In contrast to the pressure-driven flows highlighted above, Olweny et  al. [49] 
adopted a flow-driven approach to quantify the drainage properties of ureteral 
stents: constant flow was enforced and the pressure difference across the stent sam-
ples was measured. The hydraulic resistance of each stent sample was calculated 
using Poiseuille’s law. Their in-vitro results, however, did not match the associated 
in-vivo data, probably because of the morphological changes induced in the ureters 
by the presence of the indwelling stents.

In order to reproduce more physiologically realistic conditions, Graw and 
Engelhardt [50] provided an experimental setup to mimic ureteral peristalsis using 
24 inflatable cuffs surrounding an inner tube which modelled the ureter (a thin-
walled tube with four lobes). The peristaltic wave, causing the bolus propagation, 
was reproduced by periodically activating the pressure in each cuff. Their investiga-
tions allowed to measure the pressure waveform associated to the bolus propaga-
tion; few suggestions were also provided to help the selection of catheters for 
intraluminal pressure measurements in ureters. Moreover, a bladder model repro-
ducing the physiological pressure–volume curves was introduced by Kim et al. [51]. 
In their model, micturition was achieved using an outlet valve which opened at tar-
get pressure values. Measured peak bladder pressure, in this model, was found in 
the physiological range 20–80 cmH2O (during micturition).

5.3 � Interplay Between Fluid Mechanics and Encrustation

Flow-particle models investigate the interplay between fluid mechanics and encrus-
tation/biofilm development in stented ureters (in addition to drainage capabilities of 
stents). Clavica et al. [52] and Carugo et al. [53] developed an in-vitro transparent 
model of the ureter based on measurements in porcine ureters. They quantified the 
relation between renal pressure and parameters including urine viscosity, urine flow 
rate, and level of obstruction. Notably, using fluorescent particles flowing in the 
transparent model, they were the first to provide flow visualisation in stented ureters 
and to observe the presence of laminar vortices near stent side-holes. It was hypoth-
esised that these vortices can be anchoring sites for crystal and bacterial deposits 
[52, 53]. Following these findings, microfluidic ‘stent-on-chip’ models were devel-
oped by Mosayyebi et al. [54] to investigate intraluminal and extraluminal flows in 
stented ureters at the microscale level. In this study, flow streamlines at selected 
locations were obtained using fluorescent tracers and comparisons with computa-
tional equivalents were provided. An inverse correlation between particle accumula-
tion and wall shear stress was identified. In further studies, the same research group 
investigated: (1) a novel side hole [30] with an optimised ‘streamlined architecture’ 
which led to lower particle deposition and (2) the influence of wall shear stress on 
bacterial adhesion [55]. Similarly to particle accumulation, it was found that low 
wall shear stress are associated with higher bacterial coverage.
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6 � Conclusion

In summary, this chapter has highlighted the various approaches established to 
study the flow dynamics in stented ureter. While the interdisciplinary approaches to 
date have provided a wealth of insight into the fluid mechanical properties of the 
stented ureter, the next challenge is to develop new theoretical, computational and 
experimental models to capture the complex interplay between the fluid dynamics 
in stented ureters and biofilm/encrustation growth. Such studies will (1) enable 
identification of clinically relevant scenarios to improve patients’ treatment, and (2) 
provide physical guidelines for next-generation stent design.
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