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Abstract

Purpose To compare the degrees of stent-induced tissue
hyperplasia of balloon-expandable, biodegradable stents
(BEBSs) with those of self-expandable metallic stents
(SEMSs) in a rat urethral model.

Materials and Methods A total of 20 rats were randomized
into two groups. The BEBS group (n = 10) received a
poly-I-lactic acid (PLLA) biodegradable stent. The SEMS
group (n = 10) received a nitinol bare stent. All rats were
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killed eight weeks after stent placement. The degree of
stent-induced tissue hyperplasia was assessed by compar-
ing the results of retrograde urethrography and histologic
examination between the two groups.

Results Stent placement was technically successful in all
rats. Two rats in the BEBS group were excluded due to
procedure-related death. The mean luminal diameter of
stented urethra on urethrograms was not significantly dif-
ferent at 4 and 8 weeks between the two groups. On his-
tologic analysis, the percentage of granulation tissue area
(p <0.001) and the thickness of papillary projection
(p < 0.001) were significantly higher in the BEBS group
compared with the SEMS group. The inflammatory cell
infiltration showed a clear tendency to significance
(p = 0.050). There were no statistical differences in the
number of epithelial layers and the thickness of submu-
cosal fibrosis between the two groups.

Conclusion Formation of stent-induced tissue hyperplasia
was significantly evident in the rat urethra with similar
degrees between the BEBS and the SEMS. The BEBS was
associated with a thicker papillary projection and larger
granulation tissue area resulting from higher inflammation
compared with the SEMS.

Keywords Self-expandable metallic stent -

Biodegradable stent - Tissue hyperplasia - Poly-L-
lactic acid
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Introduction

Self-expandable metallic stents (SEMSs) including bare or
covered stents have been widely used in the treatment of
benign or malignant nonvascular luminal organs with
strictures for the past three decades [1-8]. However, stent-
induced new stricture formation due to tissue hyperplasia
caused by mechanical injury has been a major limitation in
stent placement in nonvascular luminal organs such as the
urethra, esophagus, and trachea [1, 4, 7]. To overcome this
limitation, the placed stents were electively removed at
2—-6 months in order to reduce stent-related complications;
however, the high recurrence rate after stent removal and
stent removal-related complications still remain limitations
of this approach [6-8]. Drug-eluting stents have been
investigated for suppression of in-stent restenosis caused
by tissue hyperplasia after stent placement in various
luminal organs [9-12]; however, the current therapeutic
strategies remain insufficient in nonvascular luminal
organs for a clinical trial.

The SX Ella BD Stent (Ella- CS, Hradec Kralove, Czech
Republic) was developed and was commercially available
for clinical practice [13]. The BD stent, which was made by
polydioxanone, was completely decomposed 11-12 weeks
after stent placement and was designed for treatment of
benign esophageal strictures and achalasia resistant [13].
An important advantage of biodegradable stents is that no
stent removal is indicated due to its biodegradable feature,
and thus making it a potentially more cost-effective and
patient-friendly treatment option. As biodegradable stents
are currently uncovered, granulation tissue can grow
through the mesh which can anchor the stent. Even though
the extent of tissue hyperplasia induced by biodegradable
stents is lower than that of uncovered metallic stents, there
is still a high chance of stent obstruction caused by tissue
in- and over-growth through the mesh [13-16]. To our
knowledge, there has been no study comparing
biodegradable stents with SEMS-induced tissue hyper-
plasia in nonvascular luminal organs. The rat urethral
model was used to evaluate the differences between the
two stents because it has several advantages including cost-
effectiveness, less migration rate, and well established,
stent-induced granulation tissue formation [17-19].
Therefore, the purpose of this study was to compare the
degrees of stent-induced tissue hyperplasia of balloon-ex-
pandable, biodegradable stents (BEBSs) with those of
SEMSs in a rat urethral model.
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Materials and Methods
Stents Preparation

BEBS was designed and manufactured by Suntech Co.,
Ltd. (Seoul, Korea) using a poly-L-lactic acid (PLLA)
polymer (Mw 200,000). Polymer mini tubes were created
in a solution-based dip-coating procedure on metallic male
cores. After solvent removal, stent prototypes were man-
ufactured from the polymer mini tubes by laser cutting.
Optimization of laser cutting to make the PLLA stents was
conducted using a femtosecond laser. The stent was 3 mm
in diameter and 8 mm in length with a strut thickness of
120 pm. Four radiopaque markers at both ends of the stent
were attached to facilitate precise placement of the stent.
After the cutting process, the stent was washed with iso-
propyl alcohol to remove contamination and it was dried
overnight in the air at the room temperature. A PLLA stent
was crimped onto a 3-mm diameter and 10-mm length
balloon catheter (Genoss, Suwon, Korea) (Fig. 1A).

SEMS was woven from a single thread of 0.10-mm-
thick nitinol wire filament into a tubular configuration with
six bent points on the upper and lower ends (S&G Biotech,
Yongin, Korea). When fully expanded, the bare stent was
3 mm in diameter and 8§ mm in length. Two radiopaque
markers at both ends of the stent were also attached. The
urethral stent introducer set consisted of a 4F Teflon sheath
(Cook, Bloomington, IN, USA), including a dilator and a
pusher catheter (Fig. 1C).

Animal Study and Stent Placement

This study was approved by the Institutional Animal Care
and Use Committee at our institution and conformed to US
National Institutes of Health guidelines for humane han-
dling of laboratory animals.

A total of 20, male Sprague—Dawley rats (300-350 g;
Orient Bio, Seongnam, Korea) were assigned in two
groups, i.e., the BEBS group (n = 10) and the SEMS group
(n = 10). The BEBS group received a biodegradable PLLA
stent. The SEMS group received a nitinol bare stent. All of
the rats were killed 8 weeks after stent placement because
granulation tissue formation becomes evident at 8 weeks.
All of the rats were supplied with food and water ad libitum
and were maintained at a temperature of 24 4+ 2 °C with a
12-hour day—night cycle. The body weights of the rats were
measured weekly until their kill.

Anesthesia was induced by intramuscular injection of
50 mg/kg zolazepam and tiletamine (Zoletil 50; Virbac,
Carros, France) and 10 mg/kg xylazine (Rompun; Bayer
HealthCare, Leverkusen, Germany). After disinfection of
the external urethral orifice with 0.05% chlorhexidine
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Fig. 1 A A balloon-
expandable, poly-L-lactic acid
biodegradable stent and C a
self-expandable nitinol stent.
Radiographic images show the
technical steps of B balloon-
expandable biodegradable stent
(arrows) and D self-expandable
metallic stent (arrows)
placement in a rat urethral
model

hydrochloride and lubrication with 2% lidocaine jelly, a
retrograde urethrography (RGU) was obtained to determine
the position of the bladder neck, urethra, and external
urethral sphincter. Using fluoroscopic guidance, a 30-cm
and 0.018-in. microguidewire (Transend; Boston Scientific/
Medi-Tech, Watertown, MA, USA) was inserted through
the urethra and advanced into the urinary bladder. In the
BEBS group, a 3 mm in diameter and 10 mm in length
balloon catheter (Genoss, Suwon, Korea), which was
crimped BEBS, was advanced over the guidewire into the
urethra. The balloon catheter was fully inflated to 16
atmospheres as determined by a pressure-gauge monitor
and was then deflated simultaneously with the use of
contrast medium under continuous fluoroscopic monitor-
ing. The balloon catheter and the guidewire were pulled out
of the urethra after stent placement (Fig. 1B). In the SEMS
group, a 4F sheath and dilator were passed to the urethra
over the microguidewire and advanced until the proximal
tip of the dilator reached the upper portion of the urethra.
With the sheath left in place, the dilator and the guide wire
were removed. A stent in a compressed state was then
loaded into the sheath and positioned in the urethra with the
use of a pusher catheter under fluoroscopic guidance. The
stent was deployed in the urethra by withdrawing the

sheath as the pusher catheter was held in place. The sheath
and the pusher catheter were pulled out of the urethra after
stent deployment (Fig. 1D).

Urethrographic Examination

Fluoroscopically guided (Artis Zee Multipurpose; Siemens,
Muenchen, Germany) RGU was performed in right, ante-
rior, oblique projections with the use of a calibrated
catheter and with anesthesia in all rats immediately after
stent placement in order to verify the position of the stent
and passage of contrast medium (Omnipaque 300; GE
Healthcare, Cork, Ireland). This procedure was repeated 4
and 8 weeks later to assess changes in diameter within the
stent. The luminal diameter was measured on RGUs, and a
calibrated catheter, which was constructed in our research
laboratory, was used for reference. A software package
(Photoshop, version 6.0; Adobe Systems, Palo Alto, CA,
USA) was used to acquire digital measurements of the
inner luminal diameter of the segment with the stent at
three different levels. Measurements were repeated three
times at each level, yielding the average value per level,
and these values were subsequently averaged to obtain an
overall average diameter of the segment of the urethra with
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the stent. Analyses of the urethrographic findings were
performed on the basis of the consensus of three observers
blinded to the study.

Histologic Examination

All of the rats were killed 8 weeks after stent placement by
means of administration of inhalable pure carbon dioxide.
Surgical exploration of the urethra and urinary bladder
were performed. The urethral tissue samples were fixed in
10% neutral buffered formalin for 24 h. Fixed tissue
samples were then sectioned transversely at the proximal
and distal portions of the segment with the stent. Paraffin
blocks were prepared from the tissue samples, and 5-pm-
thick sections were obtained with a MR2258 microtome
(HostoLine, Pantigliate, Italy). The slides were stained with
hematoxylin—eosin (H&E) stains. Histologic evaluation
using H&E stain included determining the degree of sub-
mucosal inflammatory cell infiltration, the number of
epithelial layers, the thickness of submucosal fibrosis, the
thickness of papillary projection, and the granulation tis-
sue-related percentage of esophageal cross-sectional area
stenosis, calculated as 100 x (1 — [stenotic stented area/
original stented area]). The degree of inflammatory cell
infiltration was subjectively determined according to the
distribution and density of the inflammatory cells, i.e.,
graded as 1, mild was given when there was occasional
infiltration of single leukocytes visible; 2, mild-to-moder-
ate was given when there was patchy infiltration of
leukocytes; 3, moderate was given when there was coa-
lescing leukocytes that individual loci could not be dis-
tinguished; 4, moderate-to-severe was given when there
was diffuse infiltration of leukocytes throughout the sub-
mucosal layer; and 5, severe was given when there was
diffuse infiltration with multiple necrotic foci. The average
values for the number of epithelial layers, the thickness of
submucosal fibrosis, the thickness of papillary projection,
and the degree of inflammatory cell infiltration were
obtained from averaging eight points around the circum-
ference [18, 19]. Histologic analysis of the urethra was
performed with a BX51 microscope (Olympus, Tokyo,
Japan). Measurements were obtained by using Image-Pro
Plus software (Media Cybernetics, Silver Spring, MD,
USA). Analyses of the histologic findings were performed
on the basis of the consensus of three observers blinded to
the study.

Statistical Analysis
Differences between the groups were analyzed using the

Mann—Whitney U test, as appropriate. A p value of < 0.05
was considered statistically significant. Statistical analyses
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were performed using SPSS software (version 23.0; SPSS,
IBM, Chicago, IL, USA).

Results
Stent Placement

Stent placement was technically successful in all 20 rats. A
small amount of hematuria occurred immediately after
stent placement in all rats, but it spontaneously subsided.
Two rats in the BEBS group died 3 and 7 days, respec-
tively, after stent placement because of urethral perforation
during the procedure. These two rats were excluded from
this study. The remaining rats survived until the end of the
study without stent-related complications. There were no
significant differences in body weights between the BEBS
(n=28) and the SEMS (n = 10) groups at 4 weeks
(4513 £31.2 g vs. 4532 £28.7g; p=0.289) and 8
weeks (486.3 = 24.7 g vs. 488.2 £ 252 g; p = 0.311).

Urethrographic Findings

The urethrographic findings are presented in Table 1, and
the examples are shown in Fig. 2. In the 4-week follow-up
RGU, there was no significant difference in the luminal
diameter of the stented urethra between the two groups
(BEBS group; 1.79 £ 0.24 mm vs. SEMS group;
1.86 £ 0.23 mm, p = 0.210). These statistical differences
were maintained at 8-week follow-up urethrographic
results (BEBS group; 1.77 £ 0.27 mm vs. SEMS group;
1.85 &+ 0.18 mm, p = 0.147). The mean luminal diameter
of the stented urethra in the BEBS and the SEMS groups
was also not significantly different between 4 and 8 weeks
after stent placement. Follow-up RGU showed a severe
irregularity around the stent in the BEBS group. In the
SEMS group, follow-up RGU showed a straight line filling
defect into the stented urethra.

Histologic Findings

The histologic findings are shown in Figs. 3 and 4. The
mean percentage of granulation tissue area was signifi-
cantly higher in the BEBS group compared with SEMS
group (75.8 &+ 8.4% vs. 54.9 £ 4.4%, p < 0.001). The
mean thickness of papillary projection was also signifi-
cantly higher in the BEBS group than in the SEMS group
(0.69 £+ 0.19 mm vs. 0.45 £ 0.15 mm, p < 0.001). How-
ever, there was no statistically significant difference in the
mean number of epithelial layers (4.93 £+ 1.23 wvs.
4.88 £ 1.45, p =0.897) and the mean thickness of sub-
mucosal fibrosis (0.34 £ 0.08 mm vs. 0.37 £ 0.08 mm,
p =0.183) between the two groups. The degree of
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Table 1 Retrograde urethrographic findings after stent placement in the rat urethra

Location Luminal diameter of the stented urethra 4 weeks after p value Luminal diameter of the stented urethra 8 weeks after p value

(mm) (mm)

BEBS group SMES group BEBS group SMES group
Proximal 1.85 + 0.23 191 £ 0.23 0.585 1.84 &+ 0.31 1.89 £ 0.19 0.672
Middle 1.77 £ 0.22 1.83 £0.25 0.533 1.74 + 0.26 1.83 £ 0.20 0.417
Distal 1.74 £ 0.27 1.85 £ 0.20 0.351 1.73 + 0.26 1.85 £ 0.16 0.234
Total 1.79 + 0.24 1.86 £ 0.23 0.210 1.77 &£ 0.27 1.85 £ 0.18 0.147

Data are the mean + standard deviation of eight stented urethra in the BEBS group and of 10 stented urethra in the SEMS group
BEBS balloon-expandable biodegradable stent, SEMS self-expandable metallic stent

Fig. 2 Retrograde
urethrographic (RGU) images
obtained immediately, 4 weeks,
and 8 weeks after stent
placement in the A BEBS and
B SEMS groups. Follow-up
RGU shows A severe
irregularity around the stent
(arrows) in the BEBS group and
B straight line filling defect into
the stent (arrowheads) in the
SEMS groups caused in each by
stent-induced tissue hyperplasia
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Fig. 3 Representative
microscopic images
(hematoxylin—eosin staining,
magnification x1.25 A, B, x20
C, D) of histologic sections. All
struts removed for the
specimens. A, B Granulation
tissue area and thickness of
papillary projection were
significantly higher in the BEBS
group (A) compared with the
SEMS group (B);

arrows = biodegradable stent
struts and arrowheads = nitinol
stent struts. C, D The density of
inflammatory cells (arrowheads)
was significantly higher in the
BEBS group (C) than in the
SEMS group (D). The number
of epithelial layers (arrows) and
the thickness of submucosal
fibrosis were not significantly
different between the two
groups

inflammatory cell infiltration showed a clear tendency to
significance in the BEBS group compared to that in the
SEMS group (3.18 &£ 0.83 mm vs. 2.62 £ 0.72 mm,
p = 0.050).

Discussion

Urethral SEMSs and PLLA biodegradable stent are clini-
cally used for traumatic and recurrent urethral strictures
[1, 4, 15, 16]. However, tissue hyperplasia represents a
major limitation to long-term stent placement in the urethra
[2, 4]. The long-term results of SEMS placement in benign
strictures of other nonvascular organs such as the esopha-
gus, tracheobronchial systems, and the lacrimal systems are
almost the same as those in the urethra [1, 4, 6, 7].
Biodegradable materials present the advantage of bio-
compatibility and eliminate the need for stent removal [18].
However, occurrence of granulation tissue formation was
reported both PLLA stent for the urethra and polydiox-
anone stent for the gastrointestinal tract [13-16]. Granu-
lation tissue formation causing restenosis has been the
greatest hurdle in the management of benign strictures in
nonvascular luminal organs; however, degrees of stent-in-
duced tissue hyperplasia remain unclear between
biodegradable stent and metallic stent.

The results of our study demonstrated that the degrees of
stent-induced tissue hyperplasia did not differ significantly
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between BEBS and SEMS groups. Stent-induced tissue
hyperplasia in both groups occurred rapidly within 4 weeks
after stent placement, and the granulation tissue formation
was maintained at 8 weeks without a statistical difference
in the luminal diameter of the stented urethra between 4-
and 8-week follow-up RGUs. However, histologic exami-
nation demonstrated that the thickness of papillary pro-
jection and the granulation tissue area in the BEBS group
were significantly greater compared to those of the SEMS
group, which was well matched with the urethrographic
findings.

Balloon-expandable PLLA biodegradable stents have
been extensively used for coronary or peripheral artery
diseases with a various degree of inflammatory responses
in preclinical and clinical studies [20-24]. Permanently
implanted PLLA stents into the arteries have been associ-
ated with complications such as stent fracture, tissue
inflammation, in-stent restenosis, and thrombosis [20, 21].
Those complications might be associated with inflamma-
tory reaction to the PLLA stent. Chen et al. [22] reported
that a balloon-expandable PLLA stent caused significant
inflammation on endothelial cells induced by PLLA
degradation in the porcine coronary artery. The stents made
of bioabsorbable polymer is more likely to be associated
with an inflammatory reaction compared to a nitinol-based
balloon-expandable stent [24]. In our study, PLLA BEBS
placement into the rat urethra also significantly increased
the inflammatory cell infiltration compared with SEMS
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Fig. 4 Histological results of the stented urethra 8 weeks after stent placement in the BEBS and SEMS groups. CI, confidence interval; BEBS,
balloon-expandable biodegradable stent; SEMS, self-expandable metallic stent
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placement. A PLLA stent may thus induce a relatively
higher inflammatory response during its degradation com-
pared with SEMS. Furthermore, a balloon-expandable stent
was immediately fully expanded considering the fact that
two rats died due to a fully expanded balloon and the stent-
induced urethral perforation in the BEBS group. Con-
versely, SEMS was gradually expanded within 1-3 days
after stent placement. Use of a balloon-expandable stent in
the BEBS group may be also a significant factor for
increasing inflammation, thickness of the papillary pro-
jection, and the granulation tissue area.

Wound healing resulting from mechanical injury of a
stent on the urethral wall can be divided into at least three,
overlapping phases that occur over 4 weeks, i.e., inflam-
mation, proliferation, and remodeling [25-28]. The healing
cascade begins immediately following stent-induced
mechanical injuries; the proliferative phase then begins
between 4 and 14 days and is characterized by increased
fibroblasts and myofibroblasts with a decreasing inflam-
matory phase [27, 28]. In our study, balloon-expandable
PLLA stent may prolong or upregulate inflammatory phase
during its degradation process. Granulation tissue forma-
tion causing restenosis occurs as an excessive proliferative
response to mechanical injury after stent placement and has
been the significant obstacle for successful stent placement
in the management of benign strictures in vascular or
nonvascular luminal organs [27-30].

In our study, both BEBS and SEMS placement in the rat
urethra was feasible without technical difficulties. Eighteen
(90%) of 20 remained alive until their kill without stent-
related complications. Stent migration did not occur
because of the unique anatomy of the rat urethra and which
differs from that in dogs and humans [31]. The stents used
in the present study were 3 mm in diameter and 8 mm in
length. The size of the stent to be used was decided
according to the diameter (2.8 mm) and length (15 mm) of
the normal rat urethra weighting approximately 300 g [27].
The rat model is relatively inexpensive and can be easily
linked to pathobiological analysis with more and appro-
priate, available antibodies and transgenic and knockout
strains compared with those of large animal models
[17-19, 27, 31]. These rat urethral models constitute an
efficient approach to stimulate stent-induced tissue hyper-
plasia as a potential model for reproducing the mechanisms
of restenosis as well as our results which can support the
necessity of anti-inflammation and/or anti-proliferation
drug-eluting stents which can suppress granulation tissue
formation after stent placement in nonvascular luminal
organs.

Our study has a number of limitations. First, the BEBS
and SEMS were placed in the normal rat urethra and the
wound healing process after stent placement may differ with
benign urethral strictures. Second, the luminal diameter of
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the stented urethra and quantification of tissue response may
differ as a result of the degree of manual injection of contrast
medium as well as manual measurement of the values using
the program. It was difficult to count inflammatory cells
because it was determined subjectively according to the
distribution and density of the inflammatory cells. Finally,
physical changes including in vitro and in vivo degradation
tests in biodegradable stent and histological changes after
complete stent degradation were not investigated in current
study. Because degradation time of the PLLA stent that used
in this study is more than 2 years.

In conclusion, formation of stent-induced tissue hyper-
plasia was significantly evident in the rat urethra with
similar degrees between the BEBS and the SEMS. The
BEBS was associated with a thicker papillary projection
and larger granulation tissue area resulting from higher
inflammation compared with the SEMS. Although BEBS
may have therapeutic potential for benign strictures in
nonvascular luminal organs with advantage of biocompat-
ibility, stent-induced tissue hyperplasia still remains a
significant obstacle for maintaining luminal patency. Drug-
eluting biodegradable stents should be investigated to
overcome reobstruction caused by stent-induced tissue
hyperplasia.
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