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Novel detachable stents for the treatment
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Abstract. The radial force of esophageal stents may not
completely change during extraction and therefore, the
procedure of stent removal may cause tissue damage. The
present study reports the manufacture of 2 novel detachable
stents, which were designed to reduce tissue damage through
their capacity to be taken or fall apart prior to removal and
evaluated the supporting properties of these stents and the
extent of local mucosal injury during their removal. The
stents were manufactured by braiding, heat-setting, coating
and connecting. The properties of the stents were evaluated
by determining the following parameters: Expansion point,
softening point, stent flexibility, radial compression ratio and
radial force. A total of 18 rabbits with induced esophageal
stricture were randomly assigned to 3 groups as follows:
Detachable stent (DS) group, biodegradable stent (BS) group
and control group. The stricture rate, complications, survival,
degradation and stent removal were observed over 8 weeks.
The stents of the DS and BS groups provided a similar
supporting effect. The stricture rate, incidence of complica-
tions and survival were also similar between the 2 groups,
while significant differences were noted between the DS and
control groups and between the BS and control groups. In the
BS group, the stents were degraded and moved to the stomach
within 7 weeks (2 in 6 weeks and 3 in 7 weeks). The debris
was extracted using biopsy forceps. In the DS group, all stents
were easy to remove and 2 cases exhibited minor hemorrhage.
In conclusion, the 2 types of novel detachable stent provided
an equally efficient supporting effect in vitro and in vivo and
may reduce the incidence of secondary injury during stent
removal.
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Introduction

Benign esophageal strictures are common digestive-tract
diseases and may be caused by several factors, including
corrosive damage, radioactive damage and injuries following
endoscopic or surgical operations (1-3). Due to recent advances
in the field of endoscopic technology, the risk of esophageal
stricture caused by extensive resection of esophageal mucosa
following endoscopic mucosal resection or endoscopic
submucosal dissection has increased to >80% (4,5). Therefore,
the prevention and treatment of benign esophageal strictures
has become a matter of increasing urgency. Dilatation by
balloon or Bougie dilators may not maintain long-lasting
effects, resulting in the recurrence of the strictures. It has
been indicated that repeated injection of steroids, a suggested
treatment of strictures, may lead to steroid-associated side
effects (6,7). Treatments associated with cell and tissue
engineering, which are still at a preliminary stage, are currently
not available and require further development suggesting
that their complete mechanisms of action remain to be fully
elucidated (8).

At present, temporary stent placement is one of the most
commonly used methods for the prevention and treatment of
esophageal strictures. Luminal patency may be shaped through
supporting force from the stent. However, this radial force
causes tissue proliferation and re-stenosis in addition to lumen
dilatation (9). Furthermore, secondary injuries to esophageal
mucosa, including inflammatory reaction and fibrosis, may
occur while the stent is removed from the esophagus.

At present, secondary damage during stent removal is
inevitable due to the radial force of the stents. Previous studies
performed by our group reported on the design of novel
detachable stents (10,11). The novel stents exhibit the following
features: i) The stents are composed of 3 fully covered
metallic meshes; ii) the metallic meshes are connected with
lines and the stents may be disassembled into 3 pieces when
the connecting lines are removed; iii) he design that allows for
extraction of the stents without radial force is unique. In the
present study, 2 subtypes of the novel detachable stent were
employed. The first subtype was the detachable stent (DS)
and the second was the biodegradable stent (BS; Fig. 1). In the
present study, in vitro and in vivo experiments were performed
to test the supporting effects and the extent of local mucosal
damage when the debris of the stents was retracted.
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Materials and methods

Manufacture of stents. In the present study, the mold used
for each animal (10 mm in diameter and 70 mm in length;
Shandong Medical Instrumental Institute) was manufactured
as an aluminous cylinder with small bulges on its surface.
The wire of the nickel-titanium memory alloy (0.13 mm in
diameter; Grinm Advanced Materials Co., Ltd) was braided
into metallic mesh pieces on the mold and placed into a
high-temperature cabinet-type electric furnace (SXL-2;
Jinghong Experimental Equipment Co., Ltd) for heat-setting.
The temperature range was 510-550°C and the heating time
ranged from 15 to 35 min. Subsequently, the metallic mesh
pieces were dried with anhydrous alcohol and immersed in
silicon solution for coating. The fully covered pieces were
removed and dried in an oven at 120°C for 1 h.

The connecting line was composed of a surgical suture line
in the DS and of a poly(lactic-co-glycolic acid) (PLGA) thread
(0.4-1.2 mm in diameter; Shandong Medical Instrumental
Institute,) in the BS. The suture line was braided with a
monoline chain structure pattern. The tension was adjusted by
a 100 g balancing weight every 3 stitches. At the proximal end
of the stent, a loop knot was made for stent retrieval.

Assessment of stent-supporting properties. Measurement of
expansion point and softening point. The stent was immersed
in a beaker containing normal saline at 0°C for 2 min. External
pressure was applied to deform it. When the length of the short
axis in the stent was ~0, 50 ml normal saline was slowly added
to the beaker under constant stirring. The water temperature
was recorded with an accuracy of 0.1°C when the sample was
restored to 90% of its original shape. This critical temperature
was defined as the expansion point. The softening point was
defined as the temperature, which was equal to the expansion
point minus 25°C.

Measurement of stent flexibility. When the stent was bent by
30°, its diameter was measured by a vernier caliper with an
accuracy of 0.01 mm. The stent flexibility was calculated using
the following formula: (d/D)x100%, where d was the original
diameter of the stent and D was the minimum diameter at the
bending place.

Measurement of radial compression ratio. The stent was
compressed to the maximum extent at a temperature range of
25-35°C and packed into the ‘gauge’ of a hard pipe ranging
from 4.0-7.0 mm in diameter. The radial compression ratio
was calculated as 1/R (r was the original diameter when the
stent expanded and R was the minimum inner diameter of the
‘gauge’ where the stent was loaded).

Measurement of radial force. The radial force of the stent
was measured with a pressure-testing machine (AGS-H;
Shimadzu Corp.). The radial force was considered as the force
along the stent when the short axis length of the stent was
equal to half of its original diameter.

Esophageal stricture model and animal grouping. A total
of 20 New Zealand white rabbits were used for the animal
experiment of stricture modeling. The present study was
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approved by the Ethics Committee of Shandong Provincial
Hospital affiliated to Shandong University (Jinan, China;
no. 2017-002). The details of the procedures were as previ-
ously described (10-12). Following fasting of the rabbits for
24 h, they were anesthetized with 3% sodium pentobarbital
(30 mg/kg) and placed in the left lateral decubitus position.
A total of 1 ml 4% sodium hydroxide solution was introduced
orally into each animal to produce corrosive stricture injury in
the middle of the esophagus.

After 2 weeks, all of the rabbits were evaluated using a
fluoroscope (Prestige; General Electric Co.). The criterion to
confirm modeling success was the diameter of stricture injuries
being <1/2 of the maximal diameter of the enlarged esophagus
above the site of injury (Figs. 2A and 3). The success rate
was 90%. The rabbits with corrosive stricture were randomly
assigned into 3 groups as follows: DS, BS and control groups.
A total of 6 rabbits were included in each group. The rabbits of
the control group did not undergo any treatment.

All animals were observed by endoscopy and fluoroscopy
weekly. The animals in the BS group were observed by fluo-
roscopy at 1-day intervals from the end of the 4th week. The
general condition and body weight of the rabbits was evaluated
weekly. Complications, including stent migration, aspiration,
bleeding, perforation, fistula and animal death were recorded.
Rabbits that exhibited strictures of >80% of the lumen were
euthanized. Observation of the esophageal stricture was
performed macroscopically (via endoscopic and fluoroscopic
observation) and histologically at the end of the 8th week.

Stent placement and removal. Following anesthetization, a
guidewire was inserted into the rabbit's stomach. The stent
was sheathed in the delivery system and introduced using a
guidewire. Subsequently, the stents were placed and expanded
across the stricture injuries using fluoroscopy (Fig. 2B and C).

The connecting PLGA of the BS group was degraded
and the metallic mesh pieces moved to the stomach cavity
(Fig. 2D). The debris of the stents was extracted via endoscopy
using biopsy forceps (FB-19K-1; Olympus Optical Co. Ltd.).

The removal operations were performed at the 8th week
with an ultraslim endoscope and biopsy forceps. The details
of the procedure were as follows (Fig. 4): The string of the
slipknot was removed by biopsy forceps and the connecting
lines were subsequently untied. The metallic mesh pieces were
disassembled. As a result, the radial force of the stent was
absent. Finally, the debris of the pieces was easily removed by
biopsy forceps.

Hematoxylin and eosin staining (H&E). Resection of the
esophagus was conducted after stent removal in order to
obtain histological samples. The resected esophagi were fixed
in 10% formalin overnight at room temperature. The speci-
mens were embedded in paraffin and sliced into 5 ym thick
sections. H&E staining was performed at room temperature
according to routine protocols. After deparaffinization and
rehydration, the slides were immersed in hematoxylin solution
and then dipped in 1% acid ethanol (1% HCI in 70% ethanol)
5 times. Then the slides were rinsed with distilled water and
stained with eosin solution for 3 min. After dehydration with
graded alcohol solutions and clearing with xylene, the slides
were sealed by neutral balata. The slides were examined
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Figure 1. Images of the newly designed esophageal stent. (A) Schematic
design of the stent. The major design of the stent may be disassembled into
3 pieces. (B) The novel DS was composed of 3 covered nickel-titanium
meshes connected by non-absorbable surgical suture lines with slipknots.
The DS may be disassembled when the slipknots are untied. (C) The
novel biodegradable stent with poly(lactic-co-glycolic acid) threads as its
connecting lines. DS, detachable stent.

using an Olympus BX41 fluorescence microscope (Olympus
Corporation). A total of 3 sections were collected from the
stricture of each rabbit and at least 2 fields of view from each
were imaged.

Statistical analysis. The data were analyzed using SPSS 22.0
software (IBM Corp.). The numerical variables were
compared by one-way analysis of variance. Subsequently,
the least-significant differences test was applied as a post hoc
test. Fisher's exact test was used to compare the categorical
variables. P<0.05 was considered to indicate a significant
difference.

Results

Stent assessment. The stent diameter and length were 10+0.5
and 30+5 mm, respectively. The properties of the 2 types of
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Table I. Properties of the two types of detachable stent.

Biodegradable Detachable
Property stent stent
Softening point 0+£5°C 0+£5°C
Expansion point 25+3°C 25+3°C
Stent flexibility 94% 94%
Radial compression ratio >2.5 >2.5
Radial force 6.1 N 6.1 N

stents were identical. The softening point was 0+5°C and the
expansion point was 25+3°C. These results indicated that the
stent was able to be compressed into the stent delivery system
at ~0°C and that it was able to expand well in vivo. The stent
flexibility was estimated to be 94%. The radial compression
ratio was >2.5 and the radial force was 6.1 N. The physical
properties indicated that the flexibility, radial compression
ratio and radial force of the stent met the design requirements
(Table I).

General condition and endoscopic examination. A total
of 18 out of 20 rabbits met the criteria of the successfully
established stricture model and were randomly assigned into
3 groups. Their average weight exhibited no apparent differ-
ence (Table IT). The stent exhibited good expansion in the
esophagus and covered the narrow part of the organ. All rabbits
in the DS group survived during the observation period and no
complications were observed. One animal of the BS group did
not survive due to perforation. In addition, the animals in the
control group did not survive due to severe stricture formation
within 4 weeks.

The stents of the BS group were degraded and dropped
into the stomach between weeks 6 and 7 (2 in 6 weeks and 3 in
7 weeks). The debris of the stent had moved to the stomach and
was easily extracted using endoscopy and biopsy forceps. One
rabbit did not survive due to perforation at the 4th week. Minor
bleeding occurred in only one animal. Stent removal was not
associated with any severe complications. In the DS group, the
removal procedures were easy and smooth. A total of 2 cases
exhibited minor hemorrhage. The minor bleeding did not need
special treatment by endoscope and was resolved spontane-
ously. The stricture rate, incidence of complications, survival
and stent removal exhibited no significant differences between
the BS and DS groups.

Rate of stricture and histological evaluation. The rates of
esophageal stricture at the time the stent was removed from the
esophagus in the BS and DS groups were significantly lower
than those in the control group (Table II). With this regard,
no significant differences were noted between the BS and
DS groups. A histological sample was taken after the removal
procedure. Inflammation and the formation of granulated
tissue was observed using microscopy. Tissue proliferation and
development of ulcers were detected in the incised esophageal
specimens. The sample of a rabbit with minor bleeding in the
DS group was used for histological observation (Fig. 5). These
observations indicated the presence of newly formed tissue in
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Figure 2. Fluoroscopic images of rabbits. (A) Corrosive injury had formed at 2 weeks following stricture modeling. (B) The stent was placed using a wire.
(C) The stent was expanded to cover the stricture. (D) The biodegradable stent was degraded and transferred to the stomach.

Figure 3. White-light endoscopic image of the esophageal stricture model
with a guidewire as a reference.

this sample. This finding suggested that the novel stents may
prevent secondary damage during stent removal.

Discussion

Temporary stent implantation is considered as a viable
management for the prevention and treatment of benign
esophageal strictures, due to its long-lasting dilatation effect.
At present, commercially available esophageal stents may
be classified as self-expanding metallic stents (SEMSs),
self-expanding plastic stents (SEPSs) and BS. Although uncov-
ered SEMSs have been successfully used in palliative therapy
of malignant esophageal strictures, hyperproliferation and
tissue embedding on the contact surface of the meshes impede
their application in benign strictures (13,14). Covered SEMSs
exert a strong radial force and may alleviate hyperprolifera-
tion and tissue embedding. These stents have become the most
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Figure 4. Images of stent extraction. (A) Observation of luminal patency on endoscopy. (B) The slipknots of the surgical suture lines were unfastened succes-
sively following removal of the string by using forceps. (C) A total of 3 pieces of nickel-titanium mesh were connected by surgical suture lines and were
subsequently detached. (D) The debris of metallic meshes was removed from the esophagus.

commonly used type of stent in benign esophageal stricture.
Kim et al (15) reported that the most common complication
of SEMS placement was tissue in-and over-growth (31%).
The migratory rate of fully covered SEMSs ranged from
17.5 to 39% (16-18). Hyperproliferation and tissue embedding
stimulated by SEPSs were less common than those stimulated
by SEMSs (19). However, the migratory rate of SEPSs was
generally higher than that of SEMSs. Studies have estimated
that the rate of SEPS migration ranged from 7 to 85% (19-23).
Removal of the migrated stents may also cause secondary
damage of the mucosa due to the radial force of the stents.
BS were introduced to avoid the secondary damage associated
with stent removal. Satio et al (24) reported on a biodegrad-
able esophageal stent, which was knitted from poly-I-lactic
acid monofilaments in the same manner as the Ultraflex
stent(Boston Scientific, MA, USA). The Ultraflex stent, which
is a partially covered nitinol alloy stent knitted into a specific

geometric figure is a commonly used commercially available
stent in the field of esophageal stricture. The stricture was
dilated prior to stent insertion and the rate of stent migration
was 77%. Recent studies focused on the application of Ella BD
stent (Ella-SX, s.r.o., Hradec Krdlové, Czech Republic), which
is composed of polydioxanone monofilaments (25). Tissue
in-and over-growth was a common feature of the studies
into the effectiveness of the Ella BD stent (Ella-CS, s.r.o.,
Hradec Krdlové, Czech Republic) and occurred due the
uncovered surface of the biodegradable material (26-28). The
production of a fully-covered BS has been proposed to solve
this problem, although this type of material has not been previ-
ously tested (29).

Temporary stent implantation may reduce the inflamma-
tory reaction and fibrosis during stent placement. This may be
applied to avoid secondary injuries to the esophageal lumen
when the stent is removed. In order to address this application,
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Table II. Characteristics of the animals used.
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Control BS group DS group P-value P-value P-value

Item group (n) (n) (n) (Control vs. BS) (Control vs. DS) (BS vs. DS)
Initial number of rabbits 6 6 6 - -
Average weight (kg)* 2.54+0.13 2.55+0.17 2.56+0.17 0.844 0.816 0.971
Stent implantation 0 6 6 - - -
Survival 0 5 6 0.015 0.02 1
Degraded stent - 5 - - -
Complications

Proliferation - 1 0 - - 0.455

Tissue rupture - 0 2 - - 0.455

Minor bleeding - 1 2 - - 1
Stent removal - 5 6 1
Stricture rate (%)° 61.5+10.0 15.0+4.1 159+7.7 <0.001 <0.001 0.836

2Average weight was recorded 2 weeks after administration of sodium hydroxide. *Stricture rate=[1-Lmax/50% (Lno + Lna)] x100. Lmax,
diameter of the narrowest part of the esophagus; Lno, diameter of the normal mucosa on the cranial side; Lna, diameter of the normal mucosa

on the caudal side; DS, detachable stent; BS, biodegradable stent.

Figure 5. Histological analysis (x100; hematoxylin and eosin stain). (A) Microscopic observation indicated significant proliferation or granulation of the
tissue formed following ulceration. The sample was obtained after stent retrieval and bleeding occurred prior to this. (B) An image of a control region of the
esophagus for comparison.

anew series of stents was designed and developed. In the present
study, the softening point of the novel DS/BS was 0+5°C and
the expansion point was 25+3°C. These values indicated that the
stent was able to be compressed into the stent delivery system
at ~0°C. Furthermore, the results demonstrated that the stent
expanded well when it was inserted into the esophageal lumen.
Tanaka et al (30) reported that the radial forces of commercially
available esophageal stents ranged from 3.6 to 11.5 N. The radial
force of the DS was estimated to be 6.2 N. This novel stent was
comparable with the commercially available stents in providing
sufficient support. In the present study, the rate of esophageal
stricture in the BS and DS groups was significantly lower than
that in the control group. No significant differences were noted
in esophageal stricture between the BS and the DS groups. The
results indicated that the novel stents may provide long-lasting
dilatation effects to maintain luminal patency.

Although the radial force of the stent provides a long-lasting
dilation effect, this always prevented the extraction of the
stent. Stent retrieval usually caused secondary injuries of
the esophageal mucosa and induced inflammatory reaction
and restenosis. Eloubeidi and Lopes (31) reported that in
20 and 80% of the cases, regular and double-channel thera-
peutic endoscopy was adopted, respectively (18% of the cases
required assistance of one rat-tooth forceps, one rat-tooth
forceps and a snare were used in 27% of cases, 2 rat-tooth
forceps were used in 50% of cases and other modalities were
applied in 5% of cases). Hirdes et al (32) demonstrated the
feasibility and removability of the ‘stent-in-stent’ technique.
The authors used a fully-covered stent of the same or slightly
larger size. The stent was inserted into the initially placed
embedded stent and the 2 stents were removed simultaneously
when the pressure resulted in necrosis of the overgrowth tissue
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at 10-14 days following placement. In the present study, a
single-channel ultraslim endoscope and biopsy forceps were
used for stent removal.

In the DS group, the process of stent removal was smooth
and easy. The radial force of the DS was eliminated by removing
the string of the thread. The connecting threads were pulled
out of the stent, resulting in its collapse. The metallic pieces
were removed successively. A total of 2 rabbits were selected
for further study following stent retrieval as these two rabbits
exhibited minor bleeding during stent removal. The animals
exhibited severe inflammation of the esophagus and ulcer
formation with the presence of minor bleeding. Inflammation
may cause bleeding during stent retrieval. Proliferation or
granulation of the tissue and ulceration are common in tissues
after stent implantation. As a result, when the stent is pulled
free from the esophagus, the contact surface of the stent and
blunt traction can severely damage the esophageal tissue where
new tissue or a pressure ulcer has formed. In the 2 cases, the
minor bleeding did not need special treatment by endoscope
and resolved spontaneously. This illustrated that the novel DS
may be used to avoid severe secondary injury during stent
removal.

In the BS group, the stents were degraded and transferred
to the stomach between weeks 6 and 7. Only one rabbit did not
survive. The debris of the stent was transferred to the stomach
and was easily extracted using biopsy forceps and endoscopy.
Minor bleeding occurred in one case, though in the absence of
severe complications associated with stent removal. At present,
this novel BS is the only fully-covered stent, which may in part
be biodegraded. Euthanasia and separation of esophagus were
conducted to obtain histological specimens of rabbit tissue.
This tissue showed clear proliferation or granulation following
ulceration when compared with normal tissue. Severe inflam-
mation may cause tissue vulnerability. When the pieces of the
stent were removed from the esophagus, secondary damage,
such as bleeding and tissue rupture, inevitably occurred due
to friction between the surface of the stent pieces and the
inflamed esophageal mucosa. In the absence of the radial
force of the stent, the bleeding associated with stent removal
was minor. This result suggested that the newly designed
detachable stents may avoid secondary damage during stent
removal procedure.

The limitations of the present study were the lack of
additional in vitro and clinical data to support the in vivo
results. Large patient studies are required to collect additional
data regarding the efficacy of DS/BS used for the treatment of
benign esophageal strictures. Further studies should focus on
different shapes of stent, which may be used to treat different
types of disease in the digestive tract.

In conclusion, the present study indicated that the novel
DS/BS for the treatment of esophageal stricture was safe and
easily placed. This novel type of stent may offer long-lasting
supporting effects and avoid secondary injuries to the esopha-
geal lumen during stent removal.
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