Research and Reports in Urology

Dove

ORIGINAL RESEARCH

Stiffness Analysis of Reinforced Ureteral Stents
Against Radial Compression: In vitro Study

Benoit Vogt

Department of Urology, Polyclinique de
Blois, La Chaussée Saint-Victor 41260,
France

Correspondence: Benoit Vogt
Department of Urology, Polyclinique de
Blois, | Rue Robert Debré, La Chaussée
Saint-Victor 41260, France

Tel +33 25490651 |

Fax +33 254906566

Email message@benoitvogt.fr

This article was published in the following Dove Press journal:
Research and Reports in Urology

Introduction: Malignant ureteral obstruction caused by cancer diseases may induce renal
failure. Indwelling stent is a popular method to release renal obstruction. But adequate stent
placement across an obstructed ureter does not necessarily guarantee renal decompression.
The aim of the study was to compare, in vitro, the physical characteristics and stiffness of
several commercially available reinforced ureteral stents and identify the physical factors
that could lead to the obstruction of the stent.

Material and Methods: The test apparatus used for measurements allowed applying
a radial compression force on a segment of the stent to stop a water flow through the
lumen of the stent. Some reinforced double-pigtail stents Teleflex Medical, Bard, and
Coloplast were evaluated.

Results: The best physical-stiffness characteristic was obtained with the Teleflex 8F stent
(5.4 N mm 2). The best result against the radial compression was obtained with tandem
stents. The radial compressive stresses of the Teleflex stents (4.4 to 5.4 N mm %) were higher
than with the other stents used in the study (1.0 to 2.9 N mm2). Among the reinforced stents
selected in the present study, a wider inner diameter helped increase volumetric flow rate but
did not affect the stiffness of the stent. The measurement of inner diameter showed hetero-
geneity along the tube of some stents.

Conclusion: The stiffness of the stent appeared to be an important factor to maintain
patency with respect to radial compression forces but the inner diameter of the stent and
its preservation may be essential parameters to increase the volumetric flow rate. Some
reinforced stents tested in the present study confirmed that it is possible to combine stiffness
and wide lumen. The use of tandem stents provided the best stiffness against radial compres-
sion and the greatest lumen.

Keywords: ureteral stent, stiffness, diameter, stent, compression, malignant ureteral
obstruction

Introduction

Malignant ureteral obstruction (MUO) caused by cancer diseases is not an infrequent
situation and may induce renal failure, renal colic or pyelonephritis. Chronic renal
insufficiency is a barrier to several therapies including chemotherapy. Indwelling stent
is a common method to release renal obstruction.'” But adequate stent placement
across an obstructed ureter does not necessarily guarantee renal decompression. Thus,
the urologist must be aware of the relatively high rate of stent obstruction in patients
with MUO. Most studies reported an approximately 40% failure rate which constitutes
a challenge in the management of malignant diseases.' > These obstructions involved
a complex system that incorporates severity of the cancer disease, stent properties,
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compressive forces created by the MUO, development of
encrustation and colonization on the ureteral stent.'*> The
stiffness of the stent appeared to be an important factor to
maintain patency with respect to compression forces.'**

In order to reduce drainage failures, a useful tool would
be to provide practising urologists information that may
help them select a more appropriate stent if the stent
currently in place is obstructed. From June 2009 to
June 2019 in a single institution, 150 consecutive patients
requiring indwelling stent for MUO were fitted with com-
mercially available reinforced ureteral stents. The progres-
sive choice of stents was shaped by a single surgeon (BV)
to overcome each failure. The aim of the study was to
compare, in vitro, the physical characteristics and stiffness
of each stent used during this period and, identify the
physical factors that could lead to the obstruction of the
stent.

Materials and Methods

The test apparatus used in the present study for measure-
ments was designed and assembled de novo to reproduce
tumor radial compression on the stent (Figure 1). The tool
was entirely made of metal, allowing a force of 2.9 kN to
be applied by means of a worm screw between 2 plates
25 mm wide and 2 mm thick. Two digital force transdu-
cers of different sensitivities were used (Handifor 50kg,
0.5% and WeiHeng WH-C300, 300kg).

For the test, a new 5 cm-long-segment stent was
inserted between the plates and the volumetric flow rate
was measured with a pressure of 20 cm water. The initial
water velocity was determined by dividing the volu-
metric flow rate by the cross-sectional area. The kinetic
water velocity was estimated during radial compression
by analogic recording of the variations of a horizontal
infrared beam perpendicular to the direction of the stent.
When necessary, the holes of the perforated stents were
sealed with a soft tape. The worm screw was used by
manually screwing it to compress the stent between the
metal plates. The maximal force reading was recorded for
each trial when the water flow disappeared. This process
was repeated at least five times for each stent with water
at room temperature. The results of the compression
forces were in Newton (N). The uniaxial stress, which
is the force causing the deformation divided by the unit
area to which the force is applied, was assimilated to
a specific characteristic of each stent and was in N mm 2.
Infrared sensors (Universal LED Infrared Emitter and
Receiver Diode; 940nm; Smm; 3.3 V) and Elegoo card

UNO R3 ATmega328P Board were used for electronic
testing.

Double-pigtail stents without holes such as Teleflex
Medical Tumor Stents (6F [named T6], 7F [T7], 8F [T8]),
Bard Angiomed Urosoft Tumor Stents (7F [B7], 8F [BS]),
Coloplast Vortek Tumor Stents (7F [P7TS], 8F [P8TS]) and,
Coloplast Silicone Tumor Stent (7F [S7TS]) were evaluated
for radial compression. Other stents with holes, not cur-
rently used in tumor drainage, were also tested to account
for a stiffness scale as Coloplast Vortek (7F [P7], 8F [P8]).
The outer and inner diameters in the middle of the stent
were provided by the manufacturers. A manual measure-
ment of the inner diameter by successive introduction of
catheters with determined diameters was carried out at
different levels of the stent.

Statistical Analysis. The data are presented as mean + SD.
Data were analysed using the Wilcoxon—-Mann—Whitney
test. Values of p < 0.05 were considered significant.

Results

Physical forces, stresses, volumetric flow rate and diameters
of stents used in the study are reported in Tables 1 and 2.
The best physical-stiffness characteristic was obtained with
the Teleflex 8F stent (5.4 N mm 2). The best result against
the radial compression was obtained with a tandem of two
Teleflex 8F stents offering a double lumen and requiring
a double force (731.8 N) to stop the water flow. The radial
compressive stresses of the Teleflex stents (4.4 to 5.4
N mm %) were higher than with the other stents used in
the study (1.0t0o 2.9 N mm ). The reinforced stents were all
significantly different for stresses and forces when consid-
ered in pairs.

Among the reinforced stents selected in the present
study, a wider inner diameter helped increase the volu-
metric flow rate but did not affect the stiftness of the stent
(Table 2 and Figure 2).

The analysis of the kinetics of water velocity in all
stents tested showed a progressive increase at the begin-
ning of the compression then a sudden drop until the
disappearance of the water flow (Figure 3).

The measurement of inner diameters showed heteroge-
neity along the tube for the B8 with inner diameter nar-
rowing to 1.20 mm at the ring, for P8TS and P7TS with
inner diameter narrowing to 1.0 mm at the tightening near
the bladder loop and, for T7 and T6 with inner diameter
narrowing to 1.3 mm and 1.0 at the junction between the
reinforced tube and the loop, respectively (Table 2).
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Figure | The test apparatus used for measurements was entirely made of metal and designed to reproduce radial compression on the stent until the water flow disappears.
The rotation of the worm screw (WS) was used to apply an evenly-spread force (F) between the two metal plates (P).

Discussion

Study Design

The ureteral stents are defined as devices that are inserted
inside obstructive ureters to maintain renal patency. With
MUO, renal failure occurs when luminal vacuity of the
ureter disappears because no flow between the stent and
the ureter wall is possible. Obstruction of a ureteral stent
occurs with complete disappearance of the internal lumen
by crushing or encrustation.’ The study design with
a measurement of the radial compression leading to the
disappearance of the water flow was therefore close to

clinical reality. As the determination of the disappearance
of the water flow may be subjective, the tests were
repeated using the transmission of ultrasound through the
lumen of the stent. The sudden disappearance of ultra-
sound was recorded and the results obtained with ultra-
sound confirmed the results obtained with the water flow.
As the results did not provide any new information, they
have not been reported in the tables.

Assuming that the diuresis is approximately 1500 mL
per day, the ureteral flow rate on one side is approximately
0.5 mL min '. This flow rate is too low to analyze the
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Table | Outer Diameters, Compression Forces and Stresses of Stents Used in the Study. The Reinforced Stents Were All Significantly
Different for Stresses and Forces When Considered in Pairs (*p < 0.05)

Outer Diameter Outer Diameter | Stress for Complete Obstruction | Compression Force for Complete
(French) (mm) (N mm3?) Obstruction (N)

Tandem | 8 2.67 54 % 0.1* 731.8 £ |.8%

T8

T8 8 2.67 54 % 0.1* 362.9 + 9.8%

T7 7 233 44 +0.1* 257.0 + 4.3%

Té6 6 2.00 4.4 +0.3* 217.7 £ 16.5%

B8 8 2.67 29 +0.1* 190.1 £ 6.0%

B7 7 233 2.7 +£0.1* 156.9 + 6.9%

P8TS 8 2.67 14 +0.1% 942 + 8.7%

P7TS 7 233 1.4 +0.2% 83.7 + | 1.6*

S7TS 7 233 1.0 £ 0.1* 584 * 3.6*

P8 8 2.67 09 0.1 622 +38

P7 7 233 1.7 £ 0.1 98.5 £ 4.0

Table 2 Volumetric Flow Rate at 20 cm. Water for a 5 cm-Long-Segment Stent, Manufacturer Diameters and Diameters by Manual

Measurement of Stents Used in the Study

Volumetric Flow Rate at Inner Diameter Tubular Constriction Zone Inner Diameter without
20 cm Water (mL min™') | by Diameter by Manual Measurement | Sleeve by Manual
Manufacturers (mm) Measurement (mm)

Tandem | - 1.60 + 0.1 1.55 -

T8

T8 1042 + 1.0 1.60 + 0.1 1.55 -

T7 104.5 + 1.0 1.60 + 0.05 1.30 -

Té6 70.6 £ 0.6 1.30 + 0.05 1.00 -

B8 64.1 £ 04 1.30 + 0.04 1.20 1.65

B7 348 £ 03 1.00 + 0.02 I.10 1.45

P8TS 467+ 1.0 1.08 1.00 1.55

P7TS 43.1 £ 03 1.08 1.00 1.55

S7TS 346 £ 0.3 1.00 - -

P8 872 % I.1 1.53 - -

P7 624 £ 05 1.25 - -

interruption of the water flow in the stent by radial com-
pression. The pressure of 20 cm water provided a flow rate
of around 80 mL min ' and makes it possible to analyze
the flow through the stent. With 20 cm water, the water
pressure at the inlet to the stent was 2 kPa while the
pressures obstructing the stents ranged from 1 to 5 MPa
(or 1 to 5.10° N m ). The water pressure was therefore
much lower than the compressive pressures and could not
in itself consist of radial compressive strength. Thus,
stresses were only related to the characteristics of the stent.

Stiffness
Ureteral stents are anisotropic tubes with varying outer and
inner diameters, different chemical compositions and various

structures (sleeve for B8 and P8TS or wire mesh for T8).
Christman et al previously reported that the physical struc-
ture of the stent was damaged by the compression area,
indicating that the elastic limit was exceeded.* The charac-
terization of the radial compression must therefore be limited
to the force applied in Newton or to the stress which dis-
tributes the force per unit area in N mm 2. In addition, the
stress is a good means to reflect the weight to be applied on
each mm?® of the compressed segment of the stent and
achieve complete obstruction. For example, 540 g on
each mm?” of the T8 was needed to stop the water’s flow,
while only 100 g was sufficient for the S7TS (silicone stent).

The best physical-stiffness characteristic was obtained
with the Teleflex 8F stent (Table 1). The Teleflex 8F (T8)
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Figure 2 Stresses of the stents according to the inner diameter showing that among the selected stents, a wider inner diameter did not affect the stiffness of the stent

(reinforced stents in bold, standard stents in italic and, stresses in parentheses).

Water velocity (cm.s-")

80-

50 100

150 200 Force (N)

Figure 3 Kinetics of water velocity in the Tumor Stent Bard 8F (B8) during radial compression. The recorded data showed a progressive increase in velocity at the beginning

of the compression then a sudden drop until the disappearance of the water flow.

was armed with a rigid wire mesh while a sleeve was
slipped into the B8 and P8TS. The polyimide sleeve of
the B8,® which was more rigid than that of the PSTS, may
explain the difference in stiffness. In contrast, among the
reinforced stents, the S7TS silicone stent had the lowest
stiffness. Silicone material is known to be soft. In a series
of patients who had undergone percutaneous placement of
a nephrostomy tube and double-pigtail stent, antegrade
pressure-flow studies were performed by Hiibner et al.
The authors noted that an increased flow resistance was
observed with the 7F silicone stent and when 5F or 6F

silicone stents were kinked, the flow disappeared.’
Interestingly, the P7 appeared to be stiffer than the P7TS
or P8TS. This difference could be explained by the fact
that the P7TS and P8TS have a 1.55mm-wide lumen with-
out their sleeve and therefore have a wall easier to
compress.

In a previous study, Christman et al measured the force
needed to compress the stent to 50% of its original exter-
nal diameter. With regard to the inner diameters, this stress
on the wall would have resulted in the complete obstruc-
tion of the stent. The forces observed were lower (12 to
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144 N) because the compression area was probably less
extensive than in the present study. He also observed
differences in stiffness between the stents according to
the external diameters and the composition of the stents.*

Diameter

Among the reinforced stents selected in the present study, the
stiffness of the stent increased with the inner diameter of the
stent. This apparent increase resulted from the management
of clinical failures with a deliberate choice of stents, combin-
ing wide diameter and stiffness. However, Christman et al
observed that some 7 and 8F stents had the greatest inner
diameter but low stiffness.* In the study, the inner diameter of
P8 was wide but the stiffness was low at 0.9 N'mm 2. The P8
easily obstructed by compression force was not a reinforced
stent and therefore was not compared to other reinforced
stents. In contrast, some reinforced stents tested in the present
study confirmed that it is possible to combine stiffness and
wide lumen (Figure 2).

The urine flow through a stented ureter has already
been studied in several ways. With physiological flow
rates and without ureteral obstruction, Hiibner et al found
that even small-diameter stents drain sufficiently.” By
using a mechanical ureteral model, Stoller et al even
indicated that the stent lumen could be completely
occluded if the extraluminal space was large enough.®
Kim et al investigated urine flow by computational fluid
dynamic simulations and observed that the total flow rate
in the ureter with an in-stent stenosis did not show any
difference with the total flow rate in the stented ureter
because the decrease in luminal flow rate was compen-
sated by an increase in extraluminal flow rate.’ Finally, the
role of the side holes in the passage of the flow in and
around the stent was enhanced around a stenosis.”'’

However, there is no side hole along the tube of the
reinforced stent and the extraluminal space disappears in
MUO. Then, urine flow can take place only through the
lumen. Another mechanism of stent failure was occlusion
of the stent lumen by debris that may be produced in direct
response to the presence of the stent” and, if the stent was
partly compressed it takes only a minimal amount of debris to
plug the stent.” The measurement of inner diameter showed
heterogeneity along the tube for several stents. These con-
striction zones on a tube without side holes constitute
a significant reduction in the inner diameter of the stent and
an increased risk of blockage at this constriction.

Several theories have been put forth to explain the
complex interaction that occurs as a microbe approach

and then attaches to a surface.” Aydin et al examined 102
patients in whom a ureteral stent was removed after 1
month under aseptic conditions. Bacterial colonization
was found in 29.4% of the stents and the washing fluid
used to clean the interior of the stent-produced pathogens
in 7.8% of cases."" This colonization with biofilm forma-
tion and maintenance of the infection could promote the
encrustation of the stents and their obstruction.” But other
causes of obstruction like stent properties, severity of
ureter lumen occlusion and fluid mechanics may be
involved. 1011

In the present study, the analysis of the kinetics of water
velocity in the stents showed a progressive increase at the
beginning of the compression then a sudden drop until the
disappearance of the water flow. Before radial compression,
the outline of the surface of the stent lumen was a circle. But
any slight crushing of the stent transformed this circle into an
ellipse leading to a loss of surface. If the surface area is
reduced, the conservation of mass for a fluid in stationary
flow then results in an increase in the velocity of the fluid.
These wall irregularities induce changes in fluid velocity and
could be factors initiating the encrustation of the stent. Indeed,
some authors have shown that modifications on fluid flow
through a stent caused vortices in the vicinity of the compres-
sion of the stent and initialized encrustation.'®'*"3

Saur et al used a rotating annular reactor with turbulent
flow to measure the impact of wall shear stress and evaluate
the adhesion in terms of microbiological structures. The
number of attached bacteria globally increased with the
wall shear stress and as the shear increased, bacteria clusters
formed."?

De Grazia et al used microfluidic devices (referred to

! and

as stent-on-a-chip) with laminar flow at 1 mL mn
computational fluid dynamic simulations to identify hydro-
dynamic regions of a stent that are more susceptible to
bacterial attachment. They observed that the formation of
cavities with low-velocity laminar vortices in areas located
in the proximity of a ureteral obstruction caused bacterial
attachment in the stented ureter and, the attachment area
appeared to be directly proportional to the number of
cavities."?

Thus, it appears that when ureteral flow passes exclu-
sively through the lumen of the stent, the stent is considered
to be a long and thin tube for which inner diameter and
stiffness are important. In this study, the data in Table 2
showed that the volumetric flow rate increases with the inner
diameter of the stent. With a stent without side holes and an
exclusive luminal flow, Kim et al showed that the flow
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remained stable but decreased moderately over the entire
length of the stent due to pressure loss.” Some laws of
physics may provide new insights to improve reinforced
stents for MUO. The Hagen—Poiseuille law, published in
1846, is a physical law that gives the pressure loss in
a fluid in laminar flow passing through a cylindrical tube
of constant cross section. This law was applicable to the
ureteral stent because the flow was laminar (Low Reynolds
number around 10 at 27mL h™'?), and the size of the lumen
was very small compared to the length of the stent.'*

In the following equation'®'> (1) where AP, Q, D,
L and n represent the pressure loss, the volumetric flow
rate, the inner diameter, the length of the tube and the
dynamic viscosity, respectively, Poiseuille clearly demon-
strated that the volumetric flow rate increases with the
inner diameter of the tube. He explained his equation by
indicating that if the diameter doubles, sixteen times more
fluid will pass through the tube, all other things being
equal.'* Thus, the inner diameter of the stent is an essen-

tial parameter to increase the flow rate.

128LyQ

AP =——
zD*

M

Lxpgy
32 2

AP = 87Q x

But, equation (2) formulated differently from equation (1)
provides other interesting information. First, the pressure
loss for a given volumetric flow rate is inversely propor-
tional to the square of the cross-sectional area S. In other
words, the slightest reduction in the cross-sectional area is
detrimental to the quality of the flow. The preservation of
native lumen as a perfect circle is therefore essential.
Second, the pressure loss increases with the length of the
tube and the viscosity of the fluid.

Length

The stent in itself represented an obstruction of the flow
rate in the ureter'® and an excessively long double-pigtail
stent crossing the midline of the bladder may represent yet
another factor of obstruction. A potential solution could
come from the design of the stent itself, by shortening it to
the exact length of the ureter as in the method previously
described with a silicone end-piece at the bottom of the
stent.'® This stent was known to decrease stent-related
symptoms and may decrease the risk of encrustation as
suggested by Hagen-Poiseuille’s law.

Viscosity

In patients apparently healthy with abdominal obesity and
aged between 40 and 60, Herranz et al observed that urine
viscosity correlated significantly with age.'” Moreover,
Clavica et al used a silicone ureter and pelvis model and
observed that when the ureter was unobstructed, the renal
pelvic pressure was stable even at the highest values of
fluid viscosity. However, a small increase in urine viscos-
ity associated with ureteral obstruction strongly affected
renal pelvic pressure.'® Thus, some clinical pathologies
with an increase in urine viscosity associated with ureteral
obstruction could alter the flow in a ureteral stent and
promote the stent encrustation.

Thus, for a better stent patency, the very design of the
stent could potentially help via a high degree of stiffness,
a wide inner diameter, a short length of the stent, and
abundant fluid intake for the patient.

Stent Failure

Patients with MUO may require lifelong indwelling stent
and obstruction is possible despite a selection of stents.
Tandem stents or Resonance stents have been developed as
alternatives to single ureteric stents.'> In the present
study, the best result against the radial compression was
obtained with a tandem of two Teleflex 8F stents requiring
the highest force (731.8 N) to stop the water flow and
providing the greatest lumen among the stents currently
available on the market.

Limitations

First, the selection of the stents was made with a deliberate
bias aimed at replacing an early obstructed stent in
a patient with MUO. This study was carried out exclu-
sively in vitro and the results of a clinical study using the
same stents could be a better gauge of the importance of
stent stiffness and inner diameter of the stent.

Second, this study did not include all commercialized
reinforced stents or metal stents or metal meshes. But
metal stents cannot be tested with a water flow.

Finally, neither the gravity effect on the urine column
circulating in the stent, nor other forces of interaction
between the fluid and the walls of the stent were included
in the present study.

Conclusions
The stiffness of the stent appeared to be an important factor
to maintain patency with respect to radial compression
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forces but the inner diameter of the stent and its preservation
may be essential parameters to increase the volumetric flow
rate. Some reinforced stents tested in the present study
confirmed that it is possible to combine stiffness and wide
lumen. In case of single stent obstruction, the use of tandem
provided the best stiffness against radial compression and
the greatest lumen. The results of a clinical study using the
same stents could be a better gauge of the importance of
stent stiffness and inner diameter of the stent.

Abbreviation
MUO, malignant ureteral obstruction.
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