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INTRODUCTION

The use of metallic and plastic stents in surgery is fraught with a number of drawbacks.
Above all device-related urinary tract infections and the development of encrustation on
material surfaces are common complications associated with urinary catheters and stents.
These problems can cause significant patient morbidity and are the major factors limiting
long-term use of devices within the urinary tract (Baert et al 1993, Ldser and Folsch 1996,
Peng et al 1996, Pescatore et al 1997).

Biodegradable, self-reinforced spiral stents are the latest promising innovation in the field
of temporary supporting devices in surgery, and since 1993, when the first biodegradable
self-reinforced PLLA (poly-L-lactic acid) urethral stent was introduced, the development
of new materials and configurations of urological stents has been rapid. An ideal stent
would provide adequate support to a duct wall such as, like the urethra, would maintain
the lumen open during and after the healing process and bioabsorb from the body. The
material must fulfil certain biocompatibility demands stibulared in the guidelines for
tissue biocompatibility analysis and risk assessment for clinical use of new medical
devices. The rigidity of the material must be suited to the operating target, the degradation
products must also be metabolically biocompatible and the rate of degradation suitable for

tissue regeneration. Devices must be also have good sterilization properties.

Biodegradable urethral stents have been used clinically with good results in the prevention
of postoperative urinary retention after visual laser ablation of the prostate (VLAP) (Talja
et al 1995, Petas et al 1997a, Petas et al 2000) and transurethral microwave therapy
(TUMT) (Dahlstrand et al 1997, Devonec and Dahlstrand 1998). Biodegradable stents
have also been used with endoscopic urethroplasty with a free skin graft on a resorbable
stent to treat 2 - 4 cm-long bulbar urethral strictures with a minimal invasive technique

(Oosterlinck and Talja 2000, Isotalo et al 2000).




Petas and coworkers (1997b) concluded that the 6-month's degradation time of the SR-
PLA 96/4 lactide copolymer spiral stent was unnecessarily long compared with the
duration of prostatic swelling and tissue sloughing after visual laser ablation of the
prostate. On the other hand, the previously tested self-reinforced, self-expandable
polyglycolic-acid (SR-PGA) stent used in preventing postoperative urinary retention and
avoiding the need for prolonged catheterization after interstitial laser coagulation of the
prostate proved to be an effective and safe device, but in some cases, the degradation time

of 3 to 4 weeks was too short (Petas et al 2000).

A need was thus perseived to manufacture a stent from a new copolymer, which would
optimize the degradation time to about 2 months and be suitable for clinical use after

procedures inducing prostatic oedema postoperatively.

The aims of the present study were to evaluate the biocompatibility, viscoelastic memory
and mechanical and expansion properties of a new biodegradable material in vitro and in
vivo and to evaluate the efficacy of biodegradable SR-PLGA 80/20 stents clinically in a
pilot study treating benign prostatic enlargement (BPE) with minimally invasive ILCP

(interstitial laser coagulation of the prostate) thermotherapy.
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REVIEW OF THE LITERATURE

1. BIODEGRADABLE MATERIALS

The first significant indication for bioabsorbable polymers was their use as surgical suture
material, introduced in the 1960s. Polylactic acid (PLA) suture material was first adopted
by Kulkarni and coworkers (1966). In 1967, Schmitt and Polistina developed the
manufacture of polyglycolic acid (PGA) sutures. The first commercial suture, Dexon®
(glycolic acid/lactic acid copolymer), was available in 1970 and since then there has been
intensive development of medical devices made of bioabsorbable polymers (Gilding and
Reed 1979). The use of biodegradable devices in the fixation of fractures of long bones
was suggested by Schmitt and Polistina (1969) and first used clinically in Finland in 1984
(Rokkanen et al 1985). The developement of biodegradable devices for urological use
started in Finland in the late 1980s as a result of encouraging experimental and clinical
experience, mainly in the field of orthopaedics, with bioabsorbable implants (Mékela

1989, Hirvensalo 1990, Torméld 1992, Rokkanen et al 1985, 1992 and 1996).

1.1 Polyglycolic acid (PGA)

Polyglycolic acid is the simplest aliphatic polyester. It is synthesized by ring opening
polymerization from glycolide, resulting in a poly-alpha-hydroxy derivate (Gilding and
Reed 1979). The glycolic acid molecyle has no chiral centre and therefore no enantiomers
are not formed. Polyglycolide is polymerized from a glycolic acid dimmer (Taylor 1987,

Streitweiser et al 1992) (Table 1).
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1.2 Polylactic acid (PLA) and poly-L,D-lactic acid (PLA 96/4)

Polylactic acid is one of the poly-o-hydroxy acids and belongs to the group of aliphatic
polyesters like PGA. Polylactide is polymerized from a lactic acid dimer. Lactic acid
possesses an asymmetrically substituted carbon atom and is encountered in two
enantiomeric forms, L(+)-lactic acid and D(-)-lactid acid. In the Fischer projection, with
the carbon chain vertical and the carboxyl group at the top, the D enantiomer has the
hydroxyl group on the right hand side (Taylor 1987, Mélkonen 1989, Daniels et al 1990).
The two enantiomers differ significantly from each other in rate of biodegradation
(Cutright et al 1974). Copolymers with molecular chains consisting of repeating units of
both of these monomers can be polymerized. The degradation rate and amorphous sections
of this type of random copolymer increase when the proportion of D-lactide increases
from 0 to 50 % (w/w) (Kulkarni et al 1971). PLA 96/4 is a polymer of L- and D-lactid
with a ratio of 96/4 L- and D-lactic acid respectively. The physical properties of the
copolymers depend on the relative amounts of the L and D configurations (Vert et al

1992), (Table 1).
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Figure 1. PLA and PGA monomers and L- and D-enantiomers of PLA.
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Name of copolymer Abbreviation | Degradation time Degradation time
In vitro In vivo
Polyglycolic acid PGA 3-4 weeks 3-4 weeks
Poly-L-lactic acid PLLA 12 months 8-10 months
Poly-L,D-lactic acid PLA 96/4 30 weeks 5-6 months
Polylactic-glycolic acid PLGA 80/20 2 months 2-3 months

Table 1. In vitro and in vivo degradation times of different poly-o-hydroxy acid polymers.

1.3. PLA:PGA Copolymers

The polymerization product of lactic acid (PLA) and glycolic acid (PGA) is a copolymer

these o-hydroxy acids. In Vicryl®, the first commercially available copolymer of

polylactic and polyglycolic acids the ratio of PLA/PGA was 92/8 (Gilding and Reed 1979)

(Table 1).

In this study the PLA/PGA ratio was 80/20. An increase in the amount of PGA accelerates

the degradation of the copolymer.
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2. PROCEDURE FOR SELF-REINFORCING BIODEGRA-
DABLE POLYMERS

Partially crystalline, linear-chain absorbable polymers evince only modest mechanical
strength values when manufactured by nonreinforcing techniques (Vainionpaa et al 1989).
To ensure the good mechanical properties required of a material for urological spiral stents
self-reinforced (SR) PGA, PLGA80/20 and PLA wires have been devised by means of
extrusion and solid-state drawing techniques (Torméald 1992). Self-reinforced materials
have been manufactured by die-drawing, where by long polymer molecules become
parallel, forming microfibrils in the polymer matrix. The filamentous material and matrix
have thus the same chemical composition. When part of the microstructure is oriented into
the reinforcement elements, the mechanical strength, modulus and toughness of these
materials increase significantly (Torméld 1992). The mechanical properties are also

dependent on the basic molecule and the length of the chain (T6rméla 1992).

3. EXPANSION PROPERTIES OF SELF-REINFORCED
SELF-EXPANDABLE BIODEGRADABLE STENTS

Viscoelastic behaviour of biodegradable polymers makes possible the memory effect of
the material. Injection-moulded polylactide plates possess a viscoelastic shape
memory,which can be reduced by annealing treatment (Losken et al 1994). In helical
spiral stents the expansion rate depends on the material, the internal arrangement of
molecular chains, the initial outer diameter of the spiral, the diameter of the stent wire and
the processing conditions. In in vitro experiments during expansion the length of the stent
has not altered (Losken et al 1994, Vilimaa et al 1999). Expansion can be rapid or slow
depending on the processing method. Stents are stable in room temperature and expansion
occurs at body temperature. The expansion rate of spiral stents may vary from 5 minutes

to 2 weeks to achieve the final expansion (Talja et al 1997, Vilimaa et al 1998).
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Figure 2.Expansion rates of spiral stents

The degradation rate of the material depends on the moisture content and the temperature
prevailing during processing and storage. Processing, sterilization and storage should take
therefore place in a dry atmosphere and at as low a temperature as possible. The same
factors may have also an effect on the mechanical properties of the stents when taken into

use.

The terminology used to refer to the degradation of biodegradable materials has been
various: biodegradable, bioabsorbable, absorbable, degradable and resorbable according to
the writer. Bioabsorbtion means degradation and metabolism of the material in vivo in
tissues first to small particles and subsequently intracellularly to small molecules such as
carbon dioxide and water, while in addition energy is liberated. Biodegradation means the
morphologic and chemical degradation of material in vivo, e.g. in the lumen of tubular
organs, and the term degradation represents the general breakdown of the material (Talja
et al 1997). The degradation of poly-o-hydroxy materials can be divided into two main
stages. First, the process begins in the amorphous regions of the material, the molecular
chains between the crystalline and amorphous areas and within the amorphous areas
breaking down, which procedure leads to a loss of strength of the material. In the second
stage, the crystalline areas begin to degrade (Vélimaa 1995). The degradation behaviour of
each of these polymers can be altered by copolymerization, radiation, thermal treatment

and orientation of the material. A helical spiral stent may also be treated in such a way that
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the degradation gradually proceeds from one end to the other (Vilimaa et al 1995, Talja et
al 1997).

The degradation of PGA and PLA polymers consists mainly in breakage of intramolecular
bonds by hydrolysis (Nakamura et al 1989). As a result of this, the process of
bioabsorbtion begins: the material degrades to small particles which are phagocyted by
macrophages. In the case of bioabsorbtion, macrophages and giant cells initiate the
phagocytosing of polylactide and polyglycolide when the particle size is from 10 to 80
pm. Inside the cells, the degradation continues by hydrolysis in lysosomes (Bos 1991,
Majola 1992, Bergsma et al 1995). PLA and PGA break first into short molecular chain
polymers and then into acid monomers. Poly-L-lactic acid (PLLA) is degraded to L-lactic
acid, poly-D-lactic acid (PDLA) to D-lactic acid and PGA to glycolic acid (McNeill and
Leiper 1985).

In the intracellular metabolic process SR-PGA is converted into glyoxylate and further
into glycine and pyruvate. The rest of the degradation occurs in the citric acid cycle. The

end-products are water and carbon dioxide (Frazza and Schmitt 1971).

In the intracellular metabolism process lactate is turned into pyruvate by lactic acid
dehydrogenase and further into either acetylcoenzyme-A or oxaloacetate. The further
degradation occurs in the citric acid cycle, similarly to that for PGA (Hollinger and
Battistone 1986). Several factors govern the rate of hydrolytic scission of polyesters. In
tissue culture medium poly-L- (PLLA) lactic acid is less soluble and less susceptible to
degradation than is a racemic (PDLA) mixture (Kulkarni et al 1971). As the degree of
crystallinity of polymers can affect the rate of water sorbtion. Therefore the crystalline L
form of PLA retards water sorbtion and degrades more slowly than the less crystalline

racemic form (Gilding 1981).

Copolymers of the alpha-polyester class are less crystalline than their constituent
homopolymers and consequently degrade more rapidly (Miller et al 1977). The rate at
which PLA/PGA copolymers degrade within the body also depends upon the molar ratio

17



of lactic acid to glycolic acid (Cutright et al 1974). The process of lactic acid hydrolysis is
less rapid than that for the glycolic acid units of the copolymer and, therefore, copolymers
rich in lactic acid generally degrade more slowly than those rich in glycolic acid (Cutright

and Hunsuck 1972).
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5. BIOCOMBATIBILITY TESTING

The biological safety evaluation of medical devices is nowadays guided by the revised
versions of the documents ISO10993 (International Organization for Standardization) and
CEN 30993 (European Committee for Standardization ISO/DIS 10993-Part 1:1995),
which were harmonized from numerous international and national standards and
guidelines. The selection and evaluation of any new material or device intended for use in
humans requires a structured programme of assessment. In the design process, an
informed decision weighing the advantages/disadvantages of the various materials and test
procedure choices should be made. To ensure that the final product will perform as
intended and be safe for human use, the programme of assessment should also include a
biological evaluation. The international standard serves as a framework for the planning
and execution of safety analysis. Biological evaluation should be planned, carried out and
documented by knowledgeable and experienced individuals capable of making informed
decisions based on the observed advantages and disadvantages of the various materials

and test procedures (Talja 1998).

The biodegradable materials polylactide (PLA, polylactic acid) and polyglycolide (PGA,
polyglycolic acid) are both poly-alpha-hydroxy acids and have been widely investigated
with an eye to their medical use. There have been numerous published reports on their
good biocompatibility. PGA as suture material is well tolerated by the soft tissue, evoking
only minimal inflammatory response (Herrmann et al 1970, Heino et al 1999). Devices
made from self-reinforced bioabsorbable materials have been used in orthopaedics and
plastic surgery for decades and few side-effects have been seen (Cutright and Hunsuck
1972, Vainionpéa et al 1989, Majola 1991, Térmala 1992, Bergsma et al 1995). Degrading
implants disintegrate in the body in vivo into ever smaller fragments which may cause a
nonspecific mild foreign body reaction. When giant cells and macrophages digest
polymer particles of size 10-80 wm, the inflammation-activating mediators are secreted
and as a result granulation tissue with neutrophilic granulocytes may be seen (Torméala

1992). Echeverria and Jimenez (1970) showed the biodegradation of macroscopic SR-
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PGA implants to proceed by a cellular reaction comparable to the biodegradation reactions

to polyglycolide sutures.

Self-reinforced, poly-L-lactide (SR-PLLA) helical spirals stents have shown good
biocompatibility with a minimal tissue reaction around the stent in the anterior urethra,
whereas spirals of stainless steel have provoked a marked inflammatory reaction
(Kemppainen et al 1993). Biodegradable urethral stents have proved in an animal study to
possess biocompatibility similar to that of silicone, and better than latex and metallic

stents (Isotalo et al 1999).

5.1. Muscle implantation tests

All medical devices should be subjected to specific long-term animal tissue implantation
tests in addition to acute toxicity tests. The recommendations for these tests are based on
the contact type and intended duration period of the medical device (Biological evaluation

of medical devices - Part I 1995).

Selection of the study animal should be based on the life-expectancy of the animal and the
duration of the study. The local biological response to implanted materials depends both
on the properties of the materials used and on the trauma caused by surgery. Usually after
one week’s observation high cellular activity is observed, followed by a transitional stage.
In muscle implantation a steady state is seen after 9 to 12 weeks (Biological evaluation of

medical devices-Part 6 1994).
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6. URETHRAL STENTS

Fabian first described the use of an intraurethral stent to relieve infravesical obstruction
due to benign prostatic hyperplasia (BPH) (Fabian 1980). The stent was placed in the
prostatic urethra to keep it open in benign prostatic enlargement (BPE) patients unfit for
surgical procedures. Since then several intraurethral stents have been used for either
temporary (removable) or permanent purposes. Among these stents the permanent types
incorporate into the tissue (Milroy et al 1988, Nordling et al 1989, Oesterling 1993,
Williams et al 1993, Kaplan et al 1993, Montorsi et al 1994, Kletscher and Oesterling
1994, Nissenkorn et al 1996).

6.1. Temporary stents

The temporary stents nowadays commercially available are made of various materials:
stainless steel, nickel titanium alloy and biostable polymers. All temporary stents should
either be removed or changed every 6 to 36 months (Yachia 1997). All the temporary
metal stents are made of coiled wire. Three of the four available designs, the stainless steel
Urospiral®, the gold-plated stainless steel Prostakath® and the nickel-titanium
Prostacoil® are based on the original Fabian stent. All were developed for the treatment of
prostatic obstruction. They have a long segment of body to hold the prostatic urethral
lumen open and a bulbar segment to anchor them in place, and a transsphincteric spacer
connecting the prostatic and bulbar segments. Memokath® 028 is a single-segment device
and upon insertion the entire outer calibre of the stent is 22 F, but when it is flushed with
45°C -50 °C water, a few coils at the level of the prostatic apex expand to 34 F, anchoring
the stent in place. The device is removed by flushing the urethra and the stent with cold
(10 °C) water. At this temperature, the stent becomes very soft and can be pulled out with

endoscopic grasping forceps as a twisted wire (Ellis and Gidlow 1996).
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In 1995 Nissenkorn introduced a polyurethane intraurethral catheter with a tubular device
with basket dilatation at both ends of the stent, at the bladder neck and at the apex of the
prostate (Nissenkorn 1995). The Barnes stent is also a polyurethane device in which the
proximal end is similar in design to a urethral catheter, whereas distally a single retaining
basket is designed to sit at the verumontanum (Barnes and Yakubu 1998). The Trestle
catheter consists of two silicone tubes with a thread connection. The proximal prostatic
part has the Foley catheter design and the distal tube is in the bulbous urethra. This type of
stent has been used in temporary stenting of the urethra after high-energy transurethral

microvave therapy of the prostate (Devonec and Dahlstrand 1998).

Stent Expansion Sizes Material Indwelling
time

Calibre | Length (mm) (months)
(Fr)

Urospiral® Fabian | Non-expanding 21 40-80 Stainless steel | <12

stent

Prostakath® Non-expanding 21 40-80 Gold-plated |<12

stainless steel

Prostacoil® Self-expanding 24/30 |40-80 Nitinol <36

Memokath® 028 Heat-expandable |22/34 |30-70 Nitinol <36

Barnes® stent Non-expanding 16 50 Polyurethane |<3

Intraurethral Non-expanding 16-18 |25-80 Polyurethane |<12

catheter (IUC)

Nissencorn stent

Table 2. Characteristics of temporary nondegrading prostatic stents (Yachia 1998)

Temporary stents have many side-effects, among them migration, encrustation and
infection. In a study by Nordling and colleagues (1992), 75 out of 150 prostatic stents had

to be removed for various reasons, including proximal (42 stents) or distal (13 stents)
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migration; 21 stents had calcifications. Karaoglan and coworkers (1992) have presented
results obtained with Urospiral®. In their study of 18 patients the long-term complications
included intermittent haematuria in 2 patients (11 %), stent migration in one (6 %) and
urinary tract infection in eight (44 %). When correlating Prostacath® and Urospiral®
stents the long-term complications in the Prostakath® group included urinary tract
infection in 12 %, failure to void in 6 %, urethral stricture in 3 % and stent encrustation in
9 % , while in the Urospiral® group urinary tract infections were 17 %, stent migration
4 %, bleeding 4 % and urethral stricture 4 % (Braf et al 1996). In a Finnish multicenter
study presented by Ala-Opas and coworkers (1993), 39 % of the stents had to be removed
during the follow-up. Chronic urinary tract infection significantly reduced the functional
time of the spiral. In a study by Thomas and coworkers (1993) late effects included stent
migration (15 %), recurrent urinary tract infections in 10 % and encrustations in 4 %.
Nissencorn and associates (1996) observed no urinary tract infections during two weeks'
stenting with a intraurethral catheter after VLAP procedure in a study involving 15

patients with prostatic hyperplasia.

6.2. Permanent stents

The wide spacing between the stent wires allows tissue ingrowth and the stent can thus be
permanently embedded in the wall of the tubular structure of the body in which has been
placed. Milroy and coworkers (1988) first reported their experience with an
endoscopically placed, self-retaining permanent urethral stent for the treatment of bulbar
urethral strictures which had recurred after previous treatments. Urolume® has the
configuration of a woven, self-expanding tubular mesh made of fine superalloy wire. The
stent is placed by a special delivery system which allows direct visualization of the device
during placing. Williams and coworkers ((Williams et al 1993) used the same stent in
patients with prostatic obstruction. Shaw and coworkers (1990) also used the Urolume®
in patients with neurological voiding disorders consequent upon spinal injury. The stent
was showen to be stable when expanded. The epithelium is coring the stent entirely during

half a year (Oesterling et al 1994). Memotherm® is a heat-expandable stent made of
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nitinol and built as a woven tubular mesh (Ricciotti et al 1995). The Gianturco® stent is a
modification of Urolume® . It is a self-expanding device made of stainless steel but with
larger spacing between the interstices and lesser shortening with increasing diameter
(Guazzoni et al 1994). The titanium stent (Titan®) is expanded by inflating a balloon on
the insertion catheter (Kirby et al 1992). The stent construction is highly stable without

flexibility.
Stent Expansion Size Material | Indwelling
time
(months)
Calibre (Fr) |Length (mm)
Urolume® | Self -expanding |42 20-40 steel permanent
superalloy
Titan® Balloon- 33 19-58 titanium | permanent
expandable
expandable
Memo- Heat- expandable |42 20-80 nitinol permanent
therm®
Gianturco® | Self- expanding | 8-12 50 stainless | permanent
steel

Table 3. Characteristics of permanent prostatic stents (Yachia 1998)

The problems with permanent stents are similar to those encountered with temporary
stents. In a study of 47 patients the stent was removed in 14 out of the 36 patients followed
up for two years. The main indications for removal were stent migration or epithelial
hyperplasia obstructing the stent lumen (Bajoria et al 1995). The urinary tract infection
rate at 12 months' follow-up was 16 % and stent encrustation 7 % in the follow-up study
of 96 patients with fitted Urolume® (Williams et al 1993). The risk of encrustation is

increased if the stent fails to be covered by the epithelium (Milroy and Chapple 1993).
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6.3. Biodegradable stents

The anterior urethra was the first anatomical location chosen for the use of biodegradable
spiral stents in urology. A bioabsorbable SR-PLLA stent was first introduced in an
experimental study by Kemppainen and coworkers (1993). The first biodegradable stent
used in humans was a SR-PGA spiral stent. The clinical results in preventing
postoperative urinary retention were encouraging after visual laser ablation of the prostate

(VLAP) (Talja et al 1995, Petas et al 1997a).

The configuration of the spiral stent was reminiscent of the Fabian: it has an outer
diameter of ~8 mm (24F) and a prostatic portion varies from 45 mm to 75 in length. A
transsphinctering single stent wire connected the prostatic body to the distal bulbous
portion of new spiral rings (Figure 1). At body temperature the outer diameter of the spiral

stent increased more than 60 % in consequence of the tendency of the spiral to straighten.

The spiral was inserted by pushing it with the tip of the cystoscope into the prostatic
urethra over a ureteral catheter as guidewire. When SR-PGA spiral stents were used after
VLAP therapy, voiding resumed within two days subsequent to therapy in 86 % of cases
(42/49 patients) compared to 34 % (8/23 patients) if no prostatic stent was used to drain
the bladder. In the indwelling catheter group voiding commenced during the two days
following a catheterization of six days in 82 % (18/22 patients). The total urinary tract
infection (UTI) rate was lower in the spiral stent group (26 %) than in the suprapubic
(35 %) or indwelling catheter groups (36 %). The DAN-PSS-1 (Hald et al 1991, Hansen et
al 1996) -weighted symptoms and peak flow rates in the bioabsorbable spiral stent group
were comparable to those in the other two groups (Petas et al 1997a ). Some patients noted
a deterioration in urinary flow three to four weeks after the operation, which corresponds
to the degradation time of SR-PGA spiral stents. The flow recovered within a few weeks.

Judging from these observations it was evident that the degradation time of SR-PGA was
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too short for the total resolution of prostatic oedema after VLAP therapy (Talja et al 1995,
Petas et al 1997b, Petas et al 2000).

SR-PGA spiral stents have also been used in combination with high-energy transurethral
microwave thermotherapy (TUMT) to prevent postoperative urinary retention (Dahlstrand
et al 1997, Devonec and Dahlstrand 1998). Instead of requiring an indwelling catheter
after TUMT for 14.1£3 days in patients with a large prostatic volume (75.1£21 cm), all
patients fitted with a prostatic SR-PGA spiral stent were able to void immediately after
therapy. The peak flow in these patients had increased from 6.1£2.8 to 13.9+3ml/s when
measured after 3 months. In the catheterized group, the peak flow rate was similar

(13.3£2.1ml/s).

In 45 patients undergoing VLAP due to BPE, voiding resumed on the first or second day
after treatment in 18 out of 22 patients (82 %) fitted with the SR-PLA 96/4 stent
immediately after laser therapy and in 8 out of 23 (35 %) without the prostatic stent (Petas
et al 1997a). Improvements in patient weighted symptom score, mean maximum flow and
urine residual volume were parallel and significant in both groups at the 6-months' follow-
up. The mean degradation time of the SR-PLA stent in clinical use was 6 months (Petas et
al 1997a), which is unnecessarily long for most indications. The in vitro biodegradation of
SR-PLA 96/4 spiral stents was measured to be the same, 30 weeks (Vidlimaa and Térmaila

1998).
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7. ENCRUSTATION OF BIOMATERIALS

The process by which crystalloids and colloids adhere to biodegradable and non-
biodegradable biomaterial surfaces is referred to as encrustation (Choong and Whitfield
2000). Device-related urinary tract infections and encrustation are common complications,
causing significant morbidity, and are the major limiting factors in long-term use of
biomaterials within the urinary tract (Denstedt et al 1998). Encrustation rates up to
58-76 % have been reported with ureteric stents indwelling for more than 12 weeks
(El-Faqih et al 1991, Keane et al 1994). Encrustations increase with the duration of
stenting - only 6 % of stents were encrusted at six weeks (El-Faqih et al 1991). The
encrustation process is complex, initially involving urinary protein adsorbtion onto the
device surface, followed by conditioning film and biofilm formation. Both biofilm
formation and encrustation increased with the duration of stenting (Keane et al 1994). The
mechanism of encrustation and stone formation in the presence of urease-forming

organisms has been documented both in vivo and in vitro (Griffith et al 1976).

In assessing the protein content within the conditioning film formed in vivo on ureteral
stents by electrophoresis, were differences in protein profiles identified between
nonencrusted and encrusted stents (Santin et al 1999). Urease-producing bacteria adhere to
the biofilm, multiply and cause an elevation in urinary pH. Scanning electron microscopy
(SEM) has confirmed bacterial presence within biofilms on encrusted catheters (Reid et al
1995) and localized production of urease from within a biofilm has been experimentally
demonstrated (Wilksch et al 1983). Many biofilms are defined by four components: first, a
linking film attaching to the surface of tissues or materials; second, a base film containing
the surface of tissues or materials; third, a base film containing compact organisms and,
fourth, a surface film from which planktonic organisms may spread to other sites (Reid
1999). The exact mechanism of encrustation in sterile urine is not completely understood
but appears to depend on both urinary constituents and the properties of the biomaterial.

Sterile encrustations are often composed of calcium oxalate (Reid et al 1995). In vitro
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studies in which sterile conditioning films formed on ureteral stents exposed to artificial

urine resulted in intraluminal encrustation (Santin et al 1999).
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8. PROSTATE TREATMENTS INDUCING OBSTRUCTING
OEDEMA

8.1. Transurethral resection of prostate (TURP)

Benign prostatic hyperplasia (BPH) is a nonmalignant enlargement of the prostate due to
excessive growth of the glandular and stromal elements and constitutes the most frequent
urologic problem in ageing men, affecting 40-70 % of men aged 60 to 70 years, as judged
by histopathological and clinical criteria (Berry 1984, Garraway 1991). Nearly 80 % of
men will develop BPH, and nearly 30 % will undergo surgery for their condition (Glynn et
al 1985).

The aetiology of BPH is multifactorial, advanced age and the presence of functioning
testes being the two best-established factors required for the development of the condition
(Guess 1995). The natural history of BPH varies considerably. Symptoms BPH are
variations but usually increase with age (Jacobsen et al 1997). They may be devided into
two groups, emptying (obstructing) and storage (irritating) symptoms (Schulman 2001).
Shatzl and colleagues (2001) studied the prevalence of lower urinary tract symptoms
(LUTS) and found that a mean increase of 43.7 % from the youngest (20-39 years) to the
oldest (>70 years) age group. In a population-based Minnesota study of 2115 men the
cumulative incidence of acute urinary retention (AUR) increased with age, a 60-year-old
man having a 23 % probability of experiencing retention if he was to reach the age of 80
(Jacobsen et al 1997). AUR is also one of the main indications for surgery, constituting the
presenting feature in 25-30 % of transurethral resections of the prostate (TURP)
(Schulman 2001). The risk of AUR appears to be independently modified by age, by more
urinary symptoms and by a reduced peak urinary flow rate. It is also influenced by the

presence of large prostate (Jacobsen et al 1997).
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TURP is the standard surgical treatment for BPH and significantly alleviates the patient’s
symptoms and voiding dysfunction. Perioperative complications have been reported in 7
to 14 % and postoperative complications in 17 to 18 % of patients undergoing TURP
(Mebust et al 1989, Doll et al 1992). Up to 25 % may not show satisfactory clinical
improvement from the operation (Oesterling 1995). The annual reoperation rate is
estimated to be about 1 % to 2 % (Roos et al 1989, Wasson et al 1995). The mortality rate
in transurethral prostatectomy has been reduced from 2.5 to 0.2 % during the last 27

years (Mebust et al 2002).

8.1.1. Interstitial laser coagulation of the prostate (ILCP)

Interstial laser coagulation of the prostate is one of the thermal treatment approaches. The
objective of ILCP for treatment of BPH is to achieve volume reduction and improvement
in clinical symptomatology. This is accomplished by inducing a coagulative necrosis
within the prostate rather than on its urethral surface like as in VLAP (Muschter et al
1996). As energy source a solid-state, diode laser with 830 nm wavelength is used. The
energy is transmitted through a flexible 600 um laser fibre (diameter 0.98 mm). At the
distal end of the fibre is a 1-cm cylindrical diffuser area (diameter 980 nm) emitting
energy in all directions. ILCP is performed with a standard cystoscope. Under direct
visualization the laser fibre is introduced directly into the prostate gland and low-power
thermal energy is delivered to heat and destroy prostatic tissue. The fibre can be
introduced into side lobes and with care into the median lobe of the prostate. The number
of sites for the application of energy is determined individually for each patient, depending
on the size and configuration of the gland. Muschter and associates (1996) studied the
clinical efficacy of ILCP using diode laser energy in a prospective, nonrandomized
multicenter trial. The results reported are excellent, with a significant decrease in
symptoms and a significant increase in Qmax (+132 %). Similar results have also been

reported by groups under Arai (1996) and Horninger (1997).
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The significant difference between ILCP and standard TURP is the lack of immediate
relief of prostatic-induced obstruction, which is also common in other laser treatments for
BPE. In ILCP the shrinkage of the prostate takes place within 6-8 weeks after treatment,
so that no significant improvement occurs until after this time and the incidence of
postoperative acute urinary retention is unacceptably high (Muschter et al 1993 and 1996).
The need for catheterization following ILCP has been of approximately the same
magnitude (40-45 %) as after visual laser ablation of the prostate, the majority of cases
less than one week in (Muschter and Hofstetter 1995, Daehlin et al 1997, De laRosette et
al 1997).

8.1.2 Other treatments

Postoperative prostatic oedema also complicates other prostatic procedures such as
transurethral needle ablation of the prostate (TUNA), transurethral microwave therapy
(TUMT), transrectal high-intensity focused ultrasound (HIFU) and ethanol injection (Issa
1996, Campo et al 1997, Virdi et al 1997, Nakamura et al 1997, Mulligan et al 1997,
Ramsey et al 1997). The TUNA device delivers low-level radiofrequency (RF) energy to
the prostate through needles inserted transurethrally. An intraprostatic temperature up to
80-200 °C can be achieved (Issa 1996). TUNA is performed as an outpatient procedure
with the patient under local periprostatic anesthaesia, although intravenous sedation is
frequently needed. Postoperative urinary retention lasting for a mean 1-3 days is seen in
approximately 30 % of patients and within one week, 90-95 % of patients are catheter-
free (Issa 1996, Campo et al 1997, Virdi et al 1997). Transient, self-limiting haematuria is
experienced by most patients but blood transfusions are not needed. Irritative voiding
symptoms, lasting up to 4-6 weeks, are frequently present. Sexual function and continence
status are not affected (Issa 1996, Campo et al 1997, Virdi et al 1997). Zlotta and
colleagues evaluated 188 patients with symptomatic BPH treated with TUNA and 23.3 %
required additional treatment at 5 years follow-up (Zlotta et al 2003).
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Transurethral microwave thermotherapy (TUMT) is another new mini-invasive technique
for the treatment of BPH. Treatment requires intravenous sedative analgesia in some
patients. Techniques range from low-energy TUMT, where a 45-60 °C intraprostatic
temperature is achieved, to high-energy TUMT, with a 60-80 °C temperature (Djavan et al
1999). The enhanced efficacy of high-energy TUMT is associated with an increase in
postoperative morbidity (de la Rosette et al 1997, D’Ancona et al 1997, Ramsey et al
1997). The most bothersome complication is prolonged retention averaging 10-14 days
with a frequency of 6 — 11 % in those undergoing high energy TUMT. In these cases the
mean duration of catheter drainage has been 17.5 days (Ramsey et al 1997). Long-term
data is rare. A total of 1092 patients (average age 67 years) were threated with lower-
energy TUMT and the absolute instrumental retreatment rate was 26 % after 5 years

(Francisca et al 1999).

The use of HIFU in the treatment of BPH was first described in 1992. The efficacy of the
approach (achieved intraprostatic temperature 100°C) is in the range of high-energy
TUMT and TUNA. A transrectal HIFU operation requires general anesthesia. The most
prominent side effect is prolonged urinary retention, lasting for 3-6 days in up to 40 % of
patients (Madersbacher et al 1996, Nakamura et al 1997, Mulligan et al 1997, Sullivan et
al 1997). In a study of Schatzl et colleagues compare the efficacy of TURP versus four
less invasive treatment options(TUVP,VLAP,TUNA,HIFU) during a 2-year follow-up and
in up to a quarter of the patients a secondary TURP was performed (Schatzl et al 2000).

Direct injection of dehydrated ethanol is another new mode of minimally invasive
treatment for BPH. According to preliminary reports the risk for postoperative urinary
retention seems to be increased in comparison with other mini-invasive therapy methods.
Goya and coworkers (1999) evaluated the efficacy of this technique in 10 patients with
BPH. Postoperative urinary retention occurred in all patients and the urethral catheter
could be removed after 3 to 22 days (mean duration 8.8). Voiding improved gradually
from weeks 2 to 4 after ethanol injection therapy and significantly after 3 months
compared to preoperative data. Ditrolio and coworkers (2002) treated 15 patients with

documented outlet obstruction secondary to BPH using the InjecTx® endoscopic device.
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The mean size of the prostate was 48 ml (range 22-75 ml). The average ethanol injection
dose per injection site was 3.8 ml (range 2 to 6) and average total alcohol dose 13.1 ml
(range 8 to 22). Postoperatively catheter drainage was applied for an average of 3.6 days

(range 3 to 10) ( Ditrolio et al 2002).
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8.2. Prostate cancer

Adenocarcinoma of the prostate is the most common cancer to occur in men and remains
the second leading cause of death from cancer in men in the Western world (Wingo et al
1998). Treatment options for prostate cancer have involved watchful waiting, radical
prostatectomy, external beam radiation therapy, interstial radiation therapy

(brachytherapy) , and endocrine and cytostatic therapy.

8.2.1. Brachytherapy

Ultrasound-guided prostate brachytherapy with either iodine 125 (I-125) or palladium 103
(Pd-103) intraprostatic seed implantation has recently come to be viewed as an alternative
treatment for many prostate cancer patients with intraprostatic involvement.
Brachytherapy can be delivered to the prostate either with permanent seed implants or
with removable implants, which are often delivered at a high dose rate with irridium wire.
Contra-indications for permanent seed implants are a life expectancy of less than 5 years,
the presence of metastatic disease, recent TURP with persisting large prostatic defect, and
bleeding disorders. In addition, patients with a prostate gland greater than 50 ml have a
high probability of pubic arch interference (Ash et al 2000). After brachytherapy
approximately 15 % of patients may develop acute urinary retention either immediately or
within a few days following implantation (Brosman et al 1991). However, by excluding
patients with significant bladder outlet obstruction the retention rate can be reduced. In
more recent studies urinary retention after brachytherapy has been less than 10 % (Terk et
al 1998). Urinary retention is usually due to post-implant oedema and is usually managed
by urethral catheterization. In the majority of patients micturation resumes within 2 weeks
as the oedema resolves (Ash et al 2000). Practically all patients develop urethritis of

variable intensity and duration. Symptoms are often helped by alpha-blockers and non-
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steroidal anti-inflammatory drugs. Proctitis may also occur in a few patients and can be
alleviated by steroid enemas. The risk of infection is low but many centres routinely use
antibiotics after implantation (Prestidge et al 1998). TURP should be avoided in view of
the high risk of postoperative incontinence (Hu and Wallner 1997).
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AIMS OF THE STUDY

The challenge for the urological community is to evaluate which type of stent is the best
suited for a specific application in a specific patient. Clinically a need has been perceived
for a biomaterial stent which degrades in two to three months, and to this end a self-
reinforced polylactic-glycolic acid (SR-PLGA) helical spiral stent has been developed. In
the present study the properties of this new stent were investigated aiming especially to

find answers to the following questions:

1. What are the viscoelastic memory and expansion properties of the SR-PLGA 80/20
spiral prostatic stent? (I, IV)

2. What are the encrustation and mechanical properties of the PLGA 80/20 material in

vitro and in vivo? (11, 1II)

3. What are the intramuscular and urethral in situ biocompatibility properties of the SR-

PLGA 80/20 stent material? (III)

4. What is the feasibility, safety and efficacy of the SR-PLGA 80/20 prostatic spiral stent
when used to prevent postoperative urinary retention after procedures inducing prostatic

oedema? (V)
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MATERIALS

1.1. Biodegradable materials

The biodegradable polymer PLGA 80L/20G is a copolymer of lactic and glycolic acid (the
lactic /glycolic ratio being 80/20). The raw material was obtained from Purac Biochem b.v

(Gorinchem, Netherlands).

The self-reinforcing (SR) of the stent wires was accomplished by solid-state drawing. The
self-reinforcing and winding of the stents was carried out in Bionx Implants Ltd (Tampere,
Finland). The PLGA polymer was amorphous as received and crystallization of the
material was effected in a WTB Binder vacuum oven 16 hours at +110 °C temperature. In
mechanical and compression testing (II) the PLGA 80/20 polymer was extruded into
cylindrical rods which were further processed into self-reinforced (SR) wire by solid-state
die-drawing. Wires were wound over a stainless steel mould to the shape of the Fabian
prostatic stent. The outer diameter of the device was 8 mm and the prostatic section 45, 55,
65 or 75 mm long (IV,V). The PLGA 80/20 material was sterilized by gamma irradiation
(dose 2.5 MRad). The outside diameters the stents used in the animal study (III) were 5
mm (£0.2) and the prostatic part of the stents was 40 mm in length. In the animal muscle
implantation study (III) the rods were 1.1 mm in diameter and 10 mm long cut from SR-

PLGA 80/20 wire.

In the study concerning the viscoelasticity and self-expansion of the spiral stents (I) the
polyglycotide (PGA), poly-L-lactide (PLLA) and poly-L, D-lactide (PLA, L/D ratio 96/4)
materials were also obtained from Purac Biochem b.v. and the self-reinforcing (SR) was
done by solid-state drawing in Bionx Implants Ltd (Tampere, Finland) like the PLGA
80/20 material used in this study. In study (I) the diameters of the wires were 1.15+0.05

mm. Stents were wounded over a stainless steel mould. After winding the stents were
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annealed in different temperatures in a Memmert ULP500 (Germany) convection oven.
The initial outside diameter of the stents was 7.4+0.7mm (Ch 23) and 6.4+0.7 mm (Ch
21).

For encrustation studies (II) a 7-mm-long segment of the test material for the SR-PLGA
80/20 stents was incubated in vitro in sterile artificial urine. For compression strength
studies (II) 20-mm-long pieces of manufactured SR-PLGA 80/20 spiral stent wire were
incubated in sterile artificial urine for 12 weeks and measurements made by compressing
the specimens between two parallel planes at 2, 4, 6, 8 and 12 weeks. Analyses were made
in triplicate. The SR-PLGA 80/20 spiral stent segments used in the compression strength

analysis (II) were 20 mm in length and 10 mm in diameter.

1.2. Control materials

In the muscle implantation tests (III) rods made from a pure silicone catheter were used as
negative controls and as positive controls similar rods from a brand of latex catheter
(Silkolatex®, Willy Rusch AG, Germany) previously discovered to be toxic (Ruutu et al
1985, Talja et al 1985) were used in the first 10 rabbits; for the remainder the positive
control rods were made of PVC organotin positive control material (ISO10993-6, Sims

Portex Ltd, UK).

In the urethral in situ implantation test (III) stents made from stainless steel wire used in
the tension band system in orthopedics were used as controls (Dentaurum® 0.50 mm,
Germany). The steel stents were manufactured by Bionx Implants Ltd. (Tampere,

Finland), the configuration being identical to that of biodegradable stents.

For encrustation studies (artificial urine) (I[) 7-mm-long segments of Prostakath® and
Memokath® metallic stents were used as controls. Prostakath® (Doctors and Engineers
Inc. Copenhagen, Denmark) is a gold-plated spiral based on the original Fabian stent

developed for prostatic obstructions ( Nordling et al 1989). Memokath® 028 (Engineers &
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Doctors A/S Ltd, Kvistgard, Denmark) is a single-segment device with a coil of nickel-

titanium thread with an outer diameter of 22 Ch (Ellis and Gidlow 1996).

1.3. Patients

1.3.1. Expansion and biodegradation of the SR-PLGA stent (IV)

Thirty-nine men (aged 52-84 years) evincing lower urinary tract symptoms due to BPE
underwent interstial laser coagulation of the prostate (ILCP) and an SR-PLGA 80/20 stent

was inserted in the prostatic urethra at the end of the operation.

1.3.2. The SR-PLGA stent in ILCP (V)

Fifty patients (aged 52-85 yeras) from Tampere University Hospital and Paijat-Hame
Central Hospital with obstructive symptomatic BPE were allocated to the pilot study from
a waiting list for prostatic surgery. The patients underwent ILCP and an SR-PLGA spiral

stent was inserted.

2. METHODS

2.1. Viscoelastic memory and stent expansion (I)

The initial outside diameter of the stents was 7.4+0.7 mm (23Ch) and 6.4+0.7 mm (21Ch).
All analyses were made in triplicate. The stent samples were immersed in Na,HPOs-
KH,PO, buffer solutions at pH 6.1 and 0.1 M at +37°C. The outside diameter of each three
parallel stent sample was measured periodically from three points of the spiral. The

measured expansion rate was examined by regression analysis.

39



2.2. Encrustation, biodegradation and compression strength

properties (II)

In the encrustation analysis 7-mm long segments, 3 samples for each tested material of
SR-PLGA 80/20, Prostakath® and Memokath® stents were used. The test material was
incubated in sterile artificial urine for 4 and 8 weeks and SR-PLGA 80/20 also for 12
weeks. After incubation the stents were rinsed with saline and fixed in 2 % glutaraldehyde.
The specimens were dehydrated in an ethanol cascade, dried in a critical-point dryer and
coated with gold in sputter. Scanning electron microscope (SEM) analysis was made at a
magnification of 100x from 5 randomly selected areas per each sample. Analyses were
made using the computerized Analysis 2.1 program, (Soft-imaging System, GmbH,
Munster, Germany) and the Scion Image Beta 3b Acquisition and Analysis Software
system (Scion Corporation, USA). The results were presented as a mean percentage of

whole analysed area covered by encrustation in each tested material.

In the strength studies the tested samples of SR-PLGA 80/20 stents were 10 mm in
diameter and 20 in length and three samples were tested in parallel at each point. The test
was performed with a MTS 2/M Universal Compression Testing Machine (MTS Systems
France, Ivry sur Seine, France) at room temperature with a testing speed of 10 mm/min.
The tests were made between two parallel planes by the compression tool presented in
Figure XX. The length of the compression plane was 10 mm. The stent was compressed
until the spiral buckled or broke down. The maximum force of compression was

measured.
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Figure 3.PLGA 80/20 prostatic stent
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Figure 4. MTS 2/M Universal CompressionTesting Machine
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2.3. Biocompatibility testing (I1I)

2.3.1. Animal studies

These studies were carried out following the recommendations and guidelines in the
European Convention for Protection of Vertebrate Animals Used for Experimental and
Scientific Purposes (CEN 9330:2). A total of 29 male rabbits (New Zealand White) of
median size 4.0 kg (range 3.0-5.0 kg) were used as experimental animals. Anaesthesia was
achieved with intramuscular medetomidin (Domitor®) 0.3 ml/kg and ketamin
hydrochloride (Ketalar®) 0.3 ml’kg i.m. Enrofloxacillin (Baytril®) 5 mg/kg i.m. was
given as prophylactic antibiotic, with buprenorfine (Temgesic®) 0.05 mg/kg s.c. as
analgetic drug for the first postoperative days. The rabbits were allowed to breathle freely,
no relaxants were given and intubation was not needed. At the end of the study the animals

were sacrificed by administration of pentobarbital (Mebunat R®) 1 mg/kg intravenously.

2.3.2. Surgical procedure

In the muscle implantation test procedure a dorsal midline skin incision was made and the
implants were placed on both sides of the dorsal muscles, 8 implants/rabbit (III). The
implants were placed under visual control through a 2.0 mm i.v. cannula. The implantation
sites were marked in the fascia with 4-0 Prolene® sutures. In the prostatic spiral stent
implantation test 29 male rabbits were used. The urethra was first dilated with a Hegar
probe to a diameter of 9-10 mm. After dilatation the stent was inserted into the prostatic
urethra under direct visual control, pushing with the tip of a paediatric cystoscope (Ch 14).
In the first seven animals the stents were not fixed and most of them were voided out. The
rest of the stents were fixed through the distal ring of the stent into the urethral wall by

two non-resorbable 3-0 sutures (Prolene®) to prevent postoperative gliding.
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2.3.3. Microscopic analysis

In the muscular implantation test the test specimens with surrounding muscular tissue
were excised. In the urethral in situ test the whole proximal urethra with the distal part of
the urinary bladder was excised. All samples were fixed in 10 % phosphate-buffered
formalin. After fixation the sections were stained with haematoxylin and eosin. The
biological response parameters assessed and recorded included acute inflammatory
changes, necrobiosis, chronic inflammatory changes, foreign body reactions, fibrosis and
eosinophilic reactions. Tissue reactions to the implants were scored semiquantitatively
according to the following criteria: - no reaction, + mild reaction, ++ moderate reaction

and +++ marked reaction.

2.4. Clinical trials

2.4.1. ILCP and insertion of the SR-PLGA spiral stent.

The ILCP therapy was performed under spinal anesthesia. A single dose of ciprofloxacillin
(500 mg) 2 hours preoperatively was used for antibiotic prophylaxis, followed by oral
sulfa-trimetoprime or nitrofurantoine for 2 weeks. A suprapubic catheter was inserted in
all patients. The interstitial laser fibre was inserted repeatedly into the prostatic tissue
through a cystoscope under direct vision. The number of fibre placements depended on the
size and configuration of the gland. Laser power setting was according to the power-
formatting programme stepwise from 10W to SW Nd: YAG by the ILC machine (Ethicon
Endo-Surgery, Inc., Munster-Hiltrup, Germany). A biodegradable self-reinforced SR-
PLGA 80/20 spiral stent was inserted into the prostatic urethra after ILCP. The stent was
at least 5 mm longer than the prostatic urethra in order to reach into the urinary bladder.

The suprapubic catheter was removed after commencement of voiding started.
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2.4.2. Expansion and biodegradation of the SR- PLGA stent (IV)

The SR-PLGA 80/20 stent lumen diameter was 4.5 mm. The location and diameter of the
lumen and state of degradation of the stent were studied using transrectal ultrasound at 1

month and 2, 4 and 6 months afterwards. At 6 months the patient underwent cystoscopy.

2.4.3 The SR-PLGA stent in ILCP (V)

The study patients underwent ILCP and an SR-PLGA 80/20 spiral stent was inserted. The
follow-up assessment consisted of uroflowmetry, ultrasonographic estimation of post-
voiding residual urine, transrectal ultrasound, urine culture and a patient-weighted
symptom score with bother score (the combined DAN-PSS-1). The assessments were
made preoperatively and at 1, 2, 4 and 6 months after ILCP. In addition, the patients

underwent urethrocystoscopy at 6 months.
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RESULTS

1. IN VITRO TESTING

1.1. Viscoelastic and mechanical properties (I)

The expansion of the SR-PLGA80/20 prostatic stent was as rapid as that of the SR-PLA
copolymer prostatic stent in the first hours. After one day the SR-PLGAS80/20 stent
expanded more rapidly than the SR-PLA copolymer stent. The final expansion of SR-
PLGAR80/20 was 100 % in eight days. The SR-PLLA stent expanded more rapidly than the
SR-PLA copolymer stent due to the higher specific rigidity of the former. The expansion
rates of the SR-PLA, SR-PLA and SR-PLGA 80/20 stents were greatest during the first
few hours, slowing down thereafter and ceasing at a certain level. This level depended on
the material, draw ratio, the initial diameter of the spiral, the diameter of the wire and
annealing temperature. Regression analysis proved that the expansion behaviour of self-
reinforced bioabsorbable stents can be estimated by the logarithmic equation given below.
Based on these results annealing temperature and expansion time were directly

proportional to the expansion rate of the stent.

D, =A% Ln(time) + B* (temperature)+ C

where
D, = outside diameter of the stent
A and B = coefficients depending on the outside diameter of the stent

C = constant depending on the outside diameter of the stent
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1.2. Encrustation and biodegradation and compression strength

properties (II)

Areas covered by encrustation at 4 weeks were in Memokath® 8.01 %, in Prostakath®
1.49 % and in SR-PLGA 80/20 0.00 %, at 8 weeks in Memokath® 28.4 %, in Prostakath®
4.1 % and in SR-PLGA 0.12 % and at 12 weeks in SR-PLGA 0.12 %.

In compression strength studies the compression strength of SR-PLGA 80/20 started to
decrease after six weeks and after 8 weeks was 35 % of the initial. At 12 weeks it had
fallen to 26 N, i. e.14 % of the initial value. The stents did not shorten during expansion
and the length remained constant. The distance between the spiral rings increased as the

spiral wire straightened.

2. BIOCOMPATIBILITY TESTING (III)

In the rabbit muscle implantation test the tissue reaction to the SR-PLGA stent resembled
that of the negative control silicone. Less than moderate chronic inflammatory changes

gradually subsided after two weeks.

All animals voided normally after stent insertion. No SR-PLGA material had invaded the
urethral wall macrosopically or microscopically. No calcification was seen on SR-PLGA
stents or urinary stones. SR-PLGA 80/20 stents were soft, partly fragmented and easily
disintegrated when touched at 2 months, and at 3 months were almost totally degraded.
After 3 months two out of six metal stents were deeply implanted in the urethral mucosa.
Foreign materials and foreign material reaction seen in the tissue and the reaction to these
began to disappear after one month, and at three months were totally absent. No long-term

fibrous or toxic effects were observed after bioabsorbtion of the stent material.
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3. CLINICAL STUDIES

3.1. Expansion and biodegradation (IV)

All except one patient started to void on the first postoperative day and after the relocation
of the one too proximally located stent the patient in question also started to void. The
length of the stent was extended on the average 10 mm (range 7-12) at 1 month. The mean
diameter of the stent lumen increased from 4.5 mm to 7.4 mm (range 6.2-8.2) at 1 month
and 7.2 mm (range 6.2-7.5) at 2 months. At two months many of the stents were already
broken into large fragments and in 3 cases no stents could be seen in the prostatic urethra.
Two of these were later found in the bladder. At 4 months small pieces of stents were
seen in the prostatic urethra in one of 9 patients. At 6 months no furher fragments were
found in the prostatic urethra in ultrasound or cystoscopy. In the bladder pieces of spirals
could easily be broken into small fragments with forceps and irrigated out through a

cystoscope. No calcification of stents or bladder stones was discovered.

3.2. ILCP combined with PLGA 80/20 biodegradable stent in the
treatment of benign prostatic hyperplasia (V)

All except three patients started to void on the first postoperatively day. Twenty-five
reloosted voiding to be normal and 15 slow, and 7 patients could void only drops. All of
these patients could, however, empty the bladder satisfactorily. In two cases the stent had
moved proximally and had to be relocated, after which voiding succeeded. One patient
started to void spontaneously after one week. The mean maximum and average flow rates
increased while DAN-PSS-1 and post-voiding residual urine decreased, all statistically
significantly. At 2 months the stent was still present intact in the urethra in all except 3
patients; at 4 months it was degraded into small fragments and at 6 months completely

eliminated. The only exceptions were three cases with an uncalcified piece of the stent in
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the bladder. Some half of the patients had irritative symptoms caused at least partly by the
ILCP itself, while five (10 %) had asymptomatic urinary infection postoperatively. No

strictures or urinary stones were seen during the follow-up.
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DISCUSSION

1. VISCOELASTIC MEMORY AND SELF-EXPANSION
PROPERTIES

Two basic types of self-expanding stents, both mesh design and helical spirals are
nowadays available. The expansion property of these devices is based on mechanical
deformation by axial forces or by twisting the stent wire before insertion and releasing the
forces in situ (Loshakove and Azhari 1997). We demonstrated that the viscoelastic
memory of the SR biodegradable materials makes expansion possible both in vitro and in
vivo. Previous in vitro studies have shown that the expansion rate and speed depend on the
material, the internal arrangement of molecular chains, the diameter of the stent wire, the
initial outer diameter of the spiral and the processing conditions (Jebwab and Clerc 1993).
We found that the expansion rate can be estimated by a logarithmic equation if processing
parameters are constant. The possibility of deciding the speed and rate of expansion is of
great clinical importance, since there are different kinds of needs in different indications.
The expansion of the stent to its final diameter may range from 5 minutes to 2 weeks
(Talja et al 1997, Viélimaa et al 1998). In most urological indications rapid expansion
would be preferable. Although the expansion of the SR-PLGA 80/20 stent continued for
three days it was greatest during the first few minutes and hours, which was sufficient to
lock the stent in place rapidly after insertion and effectively prevented migration. The SR-
PLGA 80/20 spiral stents are stable at room temperature; expansion occurs at body
temperature. They can thus be stored in room temperature and expansion does not occur
until inserted in the patient. The tested product has ideal expansion properties compared
with the previous self-reinforced SR-PLLA double helical spiral urethral stent, which
expanded even too fast in a few minutes in body temperature and had to be stored in —

20°C (Isotalo et al 1998).
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Although in in vitro experiments at body temperature the expansion rate of the SR-PLGA
80/20 spiral stent was 100 %, here in the prostatic urethra, the expansion rate was only
around 60 % in three days. The reason for this was probably the resistance caused by the
prostatic lobes in patients with benign prostatic enlargement. The expansion rate did,

however, suffice to ensure voiding in cases of oedema-induced bladder outlet obstruction.

Another finding of great clinical importance was that in both the in vitro and clinical tests
the length of the SR-PLGA spiral stent did not shorten with expansion, which makes it
possible to select exactly the right length of stent for each patient. An over-long stent can
cause bladder irritation or incontinence, when located in the sphincter area. Shortening up
to 50 % with expansion is a major problem with net-sleeved metallic stents (Oesterling et
al 1994, Guazzoni et al 1994, Entwisle et al 1996). It is concluded that expansion
properties of the SR-PLGA spiral stent seems to be optimal for most urological

indications.

2. ENCRUSTATION AND STONE FORMATION

In the artificial urine experiment, the resistance to encrustation of the new SR-PLGA
80/20 material was clearly superior to that of the metallic stents and the results were in
accord with previous experiments where biodegradable materials have been tested.
Kemppainen and associates (1993 in an animal study) showed only few encrustations on
self-reinforced polylactic acid (SR-PLLA) stents compared to stainless steel stents in the
anterior urethra of a rabbit. Petas and colleagues (1997¢) found no encrustations on SR-
PGA or SR-PLA stents after two weeks' incubation in artificial urine, but some appeared
found on gold-plated steel wire. The absence of encrustation on biodegradable material in
this and in the previous series may be explained by the sloughing of the surface of a
biodegradable stent in consequence of the continuous hydrolyzation. On the other hand,
coating of a biodegradable stent with a biodegradable caprolactone-L-lactide did not
prevent encrustation (Multanen et al 2002). This suggests that it is not continuous
hydrolyzation alone, which protects from encrustation; but the properties of the

biodegradable material itself are also of importance.
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Although encrustation was most substantial on the nickel-titanium prostatic stent
(Memokath®), the gold-plated stainless steel stent (Prostakath®) also became clearly
encrusted during incubation. Clinically the rate of encrustation of Prostakath® has been of
about the same magnitude as that of stainless steel stents. It is possible that as long as the
gold coating is intact, it will effectively protect the steel substrate from contact with body
fluids and thus from encrustation. However, if there is a small scratch or other defect in
the gold coating, the situation will change drastically. Reports of the clinical use of
Memokath® are rare. Encrustation has usually been reported to be associated with UTI
(Low and McRae 1998). The amount of encrustation in both metallic stents increases with
time. Similarly, El Faqih and coworkers (1991) showed an increase in encrustation with
duration of ureteral stenting: only 6 % of stents were encrusted at six weeks, whereas
encrustion rates up to 58-76 % have been reported with ureteric stents indwelling more

than 12 weeks.

Bacterial infection is known to be an important factor in the development of encrustation
on urinary catheters (Gorman and Tunney 1997). Encrustations harbour a bacterial
biofilm, which can cause repeated episodes of bacteriuria (Gorman et al 1995). In sterile
urine, formation of encrustation on biomaterials appears to be dependent on both urinary
constituents and the surface properties of the synthetic material (Ramsey et al 1987). In the
present study we were able to standardize the composition of the artificial urine and
prevent infection, which made it possible to concentrate on investigation of the properties

of the stent materials.

In urethral in situ tests no marked encrustations were seen on the surface of the
biodegradable SR-PLGA 80/20 or metallic stainless steel stents. This may be explained by
the short follow-up time and/or implantation of the metallic stents into the urethral
mucosa, where they were no longer in contact with urine. Another reason for the
differences found in the in vitro and in situ tests might be the flow of urine during voiding

in the animal experiments, whereas with artificial urine the rinsing effect was milder. In
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the urethral in situ tests the amount of encrustation was not analysed by SEM and only the

macroscopic amount of encrustations was noted.

Stone formation is a common phenomenon associated with metallic stents, where there is
an interface between the metal and urine. Holmes and colleagues (1992) showed four
types of metallic stent encrustation composed of magnesium ammnium phosphate
(struvite) after a 14-day exposure to urine in vitro. The deposition of calcium oxalate
monohydrate (COM) crystals formed on the stent partially coated with COM crystals by
adhesive forces was found to be most important for the acceleration of the encrustation
process in metal stents (Barbalias et al 2000). In urethral in situ testing no stone formation
was seen macroscopically on the stents, urethra or bladder. Similarly no stone formation
was found in any of our patients filted with an SR-PLGA 80/20 spiral stent, not even in
those three cases who had a piece of stent in their bladder at the six-month control
cystoscopy. It would thus appear that stone formation is not a problem when SR-PLGA

80/20 spiral stents are used in humans.

3. BIOCOMPATIBILITY

Urological practice involves a number of devices, both temporary and permanent
indwelling, which come into contact with blood and urine. Biological incompatibility,
susceptibily to infection and encrustation and thrombogenicity are the most common

causes of urological stent-associated failures.

The bioabsorbable polymers PLA and PGA have proved their good biocompatibility
properties as suture materials during a period of over 30 years. The use of die-drawing in
the manufacture of helical spiral protheses induces an internal orientation of polymer
macromolecules. As a result, the inner composition of these devices is structured and the
degradation rate is reduced. The degradation rate and the concentration of degradation
products in the tissues surrounding the implant should be confined to a tolerable level
(Bergsma et al 1995). The residues of short-chain polymers from the primary

polymerization process may also reduce biocompatibility. The safety of medical devices
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must be confirmed by animal experiments. Self-reinforced, poly-L-lactide (SR-PLLA)
spirals have shown good biocompatibility with a minimal tissue reaction around the stent
in the anterior urethra, whereas spirals of stainless steel have provoked a marked
inflammatory reaction (Kemppainen et al 1993). Previously SR-PLLA material has also
been shown in cell culture toxicity tests to be atoxic and the same material proved highly

biocompatible in rabbit muscle implantation tests (Isotalo et al 1999).

According to the recommendations of the International Standards for safety testing of new
materials or new items of old materials, cell culture tests should be run as the first step in
evaluation (ISO/DIS 10993-Part 1:1995) and, after passing these, medical devices should
be analysed for long-term safety in specific animal tissue implantation tests. However, on
the basis of the results of previous work with biodegradable materials, the cell culture
analysis was not done with the new SR-PLGA 80/20 material; testing was moved directly
to tissue implantation tests. In the present study the rabbit was selected as test animal
because its life expectancy sufficed for the test period and its muscular tissue was suitable
for multiple implantations. The in situ application of a device at the site of intended use is
in fact most fruitful in analysis of the biocompatibility and clinical action of a new device

and, urethral implantation was therefore, done in the same animals.

The new biodegradable material in urology, SR-PLGA 80/20, showed good
biocompatibility properties similar to those of silicone. The reactions to positive controls,
latex and organotin-positive PVC were more pronounced. The observed muscle reactions
to SR-PLGA 80/20 are in accord with those reported in earlier studies on pure SR-PLLA
or SR-PGA (Petas et al 1997c, Isotalo et al 1999¢). SR-PLGA 80/20 can thus be regarded
as a safe and highly biocompatible material for urological devices. In the urethral in situ
analysis the degradation and tissue reactions of SR-PLGA 80/20 stents were comparable
to or less marked than the tissue reactions induced by metallic devices. Probably due to the
fairly short biodegradation time SR-PLGA 80/20 stents did not encroach into the mucosa,
whereas after 3 months two out of six steel stents were very deeply implanted in the
urethral mucosa. This can be considered a significant advantage and further reduces the

tissue effects.
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4. BIODEGRADATION AND COMPRESSION STRENTH
PROPERTIES

Our aim was to develop a biodegradable stent with a degradation time of 6 to 8 weeks as
required in most indications where temporary stenting is needed in urology. The
degradation time of the SR-PLGA 80/20 spiral stent was estimated after in vitro analysis
to be 2.5 months (Vilimaa 1998). We demonstrated in the in vitro part of the study that the
SR-PLGA 80/20 stent maintains its compression force ratio stable for 6 weeks, which is
long enough for recovery from prostatic tissue oedema after thermal therapy of the gland.
The total degradation time was even longer previously than estimated. After 6 weeks the
compression force decreased slowly, being still 12 % of its original at 12 weeks. Although
there are forces in the urethra, which compress and tear the stent, the device was still intact
in the urethra in most patients at 2 months. At 4 months the stents had already degraded
into small fragments and at 6 months they had been completely eliminated. There were
three patients who experienced impaired voiding due to too early degradation. The
strength retention of the SR-PLGA spiral stent for two months was thus long enough to

meet the needs for temporary urinary drainage after ILCP.

5. CLINICAL APPLICATIONS

Although the ILCP procedure was used in this study as a clinical model for prostatic
oedema inducing temporary bladder outlet obstruction, the SR-PLGA 80/20 spiral stent
would probably work equally well in other treatment modalities inducing temporary tissue
swelling (Issa 1996, Campo 1997, Virdi et al 1997). A deep coagulation of the prostatic
adenoma is generated in ILCP and no immediate tissue sloughing occurs. Swelling of
necrotic tissue during the first postoperative days causes voiding difficulties and an
increased risk of urinary retention. Shrinkage takes place within 6-8 weeks after irradiation
(Muschter et al 1993, Mueller-Lisse et al 1996) and thus no significant improvement

typically occurs until after this time, maximal results being obtained after 2-3 months.
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The biodegradable spiral stents have been used with favourable results after visual laser
coagulation (Talja et al 1995, Petas et al 1997a, 1997b), interstitial laser coagulation
(Petas et al 2000) and transurethral microwave therapy of the prostate (Dahlstrand et al
1997). The results of the present pilot study, where an SR-PLGA 80/20 spiral stent was
used in patients undergoing ILCP, are in accord with these reports in terms of efficacy and

adverse events.

Some half of our patients experienced irritative voiding symptoms during the first days or
weeks after ILCP and insertion of the SR-PLGA 80/20 stent. However, as both ILCP and
stent alone may cause irritative symptoms, it was difficult to distinguish which was the
contribution of the stent as we had no control group. We suggest, however, that the
symptoms were caused mostly by ILCP itself, although the SR-PLGA 80/20 spiral stent
probably aggravated them by increasing the intraprostatic pressure, since the symptom
score was already decreased at 1-month follow-up compared with the preoperative score

even though the stent was still intact at that time.

The postoperative urinary infection rate of 10 % in the present study can be considered
low when compared with similar studies where indwelling catheters have been used to
drain the urinary bladder and infection rates of 30 % to 50 % have been reported (Boon et
al 1994, leRolland et al 1994, Costa et al 1994, Petas et al 1997). The infection rates in this
present study were lower than those in studies utilizing metallic stents. Infections after
Fabian coil stent insertion vary from 10 % to 44 % (Karaoglan et al 1992, Thomas et al
1993, Braf et al 1996).

Urethral stricture and bladder neck contracture are fairly common complications after all
modes of endoscopic treatment of the urinary tract. Stricture frequencies up to 18 % have
been reported after TURP (Mebust et al 1989) and the stricture frequency following
metallic spiral stenting has been reported to be 4 % (Braf et al 1996). In this series no

strictures or urinary tract stones were seen during the 6-month follow-up.
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Although we found the SR-PLGA 80/20 spiral stent to be a safe and highly biocompatible
device with a degradation time sufficient to cover the need for postprocedure urinary
drainage in cases of prostatic oedema, larger randomized studies are needed to test its true
value in combination with different mini-invasive treatment modalities inducing prostatic

oedema.

6. FUTURE PROSPECTS

The features of an ideal device should include easy manoeuvreability, radio-opacity,
ability to relieve intraluminal and extraluminal obstructions, stability after placement,
biological inertia, chemical stability in urine, resistance to encrustation and infection,
excellent long-term flow, no inducement of irritative symptoms, and availability at an
affordable price. In future, intensive study of the polymers themselves and of the
manufacturing process will doubtless introduce new features in urethral stents. New
biomaterials and new stent design will be essential in further developing and improving
the biomaterials used in urinary tract.

Recently, especially the structure of the urethral stents has been a subject of intensive
investigation. The most recent design structure of biodegradable urethral stents is woven
mesh and preliminary experimental and clinical experiences will soon be available.
Ongoing intensive research into bioabsorbable materials and the development of new
manufacturing processes will provide a range of new devices for therapy and
reconstruction of urogenital organs, also including the upper urinary tract. Controlled
clinical studies will be needed to compare the efficacy of the new stent design with other
methods in preventing urinary retention after different types of therapies inducing prostatic
oedema, as well as in the temporary treatment of patients with urinary retention awaiting
surgery. Similarly, controlled studies will be needed to compare biodegradable stents used
in the treatment of urethral strictures to other forms of therapy. A special challenge would
be to develop a bioactive stent, which could modulate scar formation after optical

urethrotomy or have other long-term therapeutic effects in the urinary tract.
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SUMMARY

In the development of bioabsorbable stents, the goal is to find the right material and
suitable construction and processing methods to create optimal properties for an implant
for a specific application. New therapy modes are continuously being accepted, and the
use of biodegradable materials in these methods should be intensively investigated. Also
the material development of biodegradable polymers will offer new alternatives and better

possibilities to tailor material properties for specific applications.

The aim of the present study was to evaluate the viscoelastic memory and expansion,
mechanical and encrustation properties of a new biodegradable polylactic copolymer
material (I, II, III, IV) and also the safety, feasibility and efficacy of biodegradable
urethral stents in vivo (111, IV, V).

In the analysis of viscoelastic memory and self-expansion properties the SR-PLGA 80/20
spiral stent proved to have a 100 % in vitro expansion rate capacity during three days. The
expansion was faster and greater than that of other self-reinforced polymers. The analysis
proved that the new helical spiral stent possesses ideal mechanical properties. The
compression strength of SR-PLGA started to decrease after 6 weeks and was 35 % of
baseline after 8 weeks. The compression strength is suited to most indications for
temporary stenting in urology. The encrustation properties of SR-PLGA 80/20 were
superior to nitinol and gold plated stainless steel materials. At 8 weeks' follow-up areas

covered by encrustation were respectively 0.12 %, 28.4 % and 4.1 %.

The biocompatibility of the SR-PLGA stent material was evaluated in a muscle
implantation test according to the recommendations of ISO. In addition, urethral in situ
implantation of the stents was used in the analysis of biological safety. The
biocompatibility properties of the new SR-PLGA 80/20 material proved to be good in
both analyse. In the in situ study SR-PLGA 80/20 urethral stents started to disintegrate
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macroscopically at 2 months and were almost completely degraded by 3 months. No

calcification and bladder stone formation was seen in the PLGA group.

In the clinical studies 50 men evincing lower urinary tract symptoms due to benign
prostatic hyperplasia underwent ILCP in a pilot study without a control group. The ILCP
thermo therapy was perfomed under spinal anesthesia and an SR-PLGA urethral spiral
stent was inserted into the prostatic urethra after the procedure. Expansion and
biodegradation properties, voiding and urinary symptoms were analysed at 1, 2, 4 and 6
months thereafter. The stent expanded rapidly and did not shorten in expansion. Voiding
commenced on the first postoperative day in all except three patients and in two cases
relocation of the stent had to be done. The mean maximum and average flow rates
increased while the DAN-PSS-1 symptom score and post-voiding residual urine decreased
statistically significantly. The fragmentation of the spiral stent started after 2 months and
at 4 months small fragments in prostatic urethra were seen in transrectal ultrasound. At 6
months cystoscopy the defected no stent fragments in the prostatic urethra. Five patients
(10 %) had asymptomatic urinary infection postoperatively. No urethral strictures or

urinary stones were seen during six months' follow-up.

With material and stent configuration selection and manufacture processing the intended,
near ideal properties for urinary tract stents could be achieved in this project. The speed
and rate of expansion of the new SR-PLGA 80/20 material were sufficient to lock the stent
in place and ensure voiding in the case of oedema induced bladder outlet obstruction after
ILCP. The strength retention time of more than 2 months was long enough to avoid later

impairment of voiding.

By merit of the ideal degradation time the SR-PLGA prostatic stents might prove
eminently most suitable for the prevention of postoperative retention after different types
of thermal treatment of prostatic hyperplasia or after brachytherapy of prostatic cancer.
This kind of stent is also suitable for the testing of voiding problems before other more

radical prostatic operations.
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CONCLUSIONS

The most important conclusions to be drawn in respect of this new, biodegradable, self-
expandable, self-reinforced copolymer of lactic and glycolic acid (SR-PLGA 80/20)

helical spiral prostatic stent to be drawn are:

1. The new helical spiral prostatic stent showed good in vitro viscoelastic and expansion
properties and was thus suitable for clinical use. Clinically the speed and rate of expansion

were sufficient to lock the stent firmly in place.

2. The SR-PLGA 80/20 prostatic stent is markedly more resistant to encrustation than
metallic stents and remains its compression strength for 6 weeks, which is suitable for

most indications for temporary stenting in urology and is thus well suited for clinical use.

3. The SR-PLGA 80/20 material is safe and highly biocompatible in rabbit muscle and

urethra in situ and can safely be used clinically.

4. The new biodegradable self-expandable SR-PLGA 80/20 spiral prostatic stent proved to
be a safe device for the prevention of postoperative urinary retention after ILCP therapy
for prostatic hyperplasia. Complications associated with the use of spiral stents were
absent or moderate. The new biodegradable helical spiral stent is a safe and highly
biocompatible alternative to metallic stents and suprapubic or indwelling catheters to
ensure voiding in the case of temporary obstruction caused by prostatic oedema. The
degradation time was long enough in all patients to meet the need for post-procedure

urinary drainage.
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