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Conventional fully covered self-expandable metallic stents (FCSEMS) for hilar biliary obstruction
(HBO) remains limited due to the potential for side branch obstruction. The multi-hole covered
self-expandable metallic stent (MHSEMS) was designed to overcome the limitations of FCSEMS

by incorporating side holes into the fully covered membrane. This preclinical study evaluated the
feasibility and safety of MHSEMS compared to conventional FCSEMS in a porcine HBO model. HBO
was induced via intraductal radiofrequency ablation in eight minipigs. After four weeks, animals were
randomized to receive either an MHSEMS or a conventional FCSEMS and were monitored for 12 weeks.
Outcomes included technical success, adverse events, stent removability, and histological analysis.
Excluding two procedure-related mortalities (one in each group), technical success and 12-week

stent removability were achieved in all animals (n=6). Compared to the FCSEMS group, the MHSEMS
group demonstrated trends toward lower total bilirubin levels and reduced histological inflammation
score in contralateral ducts (median [range]: 7.5 [7.0-9.0] vs. 9.0 [8.0-10.0], Cliff's delta=0.67). In
conclusion, the MHSEMS was safely and completely removable within a clinically relevant timeframe.
This preclinical pilot study suggests a possible signal toward lower histologic injury with the MHSEMS
compared with the FCSEMS, supporting the need for larger, adequately powered clinical studies.

A biliary stricture is defined as a narrowing within the biliary system that impedes antegrade bile flow, leading
to upstream biliary dilation, inflammation, impaired liver function, and other pathological consequences of
obstruction. Biliary obstruction continues to pose a significant clinical challenge and requires effective therapeutic
interventions to restore bile flow and prevent complications such as cholangitis and liver abscesses. Historically,
surgery was the primary treatment for patients with biliary strictures or obstruction. However, less than 30%
of malignant biliary obstructions are surgically resectable at the time of diagnosis'?. Coupled with increasing
concerns regarding procedure-related complications and the need to improve patient quality of life, various
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minimally invasive techniques have been developed. Percutaneous transhepatic biliary drainage (PTBD), which
involves the percutaneous insertion of a catheter proximal to the obstruction, to externally drain bile, offers
an effective nonsurgical approach for biliary decompression. Although PTBD offers a high technical success
rate, particularly in cases of failed endoscopic retrograde cholangiopancreatography (ERCP) or complex hilar
obstruction, it carries significant limitations. These include the need for external catheter placement, which can
significantly impair patient quality of life, ongoing external bile loss, increased infection risk, and the potential
for peritoneal seeding in malignant biliary obstruction®. In contrast, ERCP enables internal biliary drainage—via
endoscopic nasobiliary drainage or endoscopic retrograde biliary stent placement—thereby preserving more
physiologic bile flow. More recently, endoscopic ultrasound-guided biliary drainage (EUS-BD) has emerged as
a novel, minimally invasive alternative. Despite its potential benefits, EUS-BD remains technically demanding,
is supported by limited long-term data, and is currently recommended for experienced endoscopists due to the
risk of serious complications.

Among the available treatment options, endoscopic stenting has become the primary therapeutic approach
due to its minimally invasive nature and proven clinical efficacy®. The development of self-expandable metallic
stents (SEMS) has significantly advanced the management of both benign and malignant biliary strictures.
However, despite numerous comparative studies, no single SEMS type has demonstrated clear superiority.
As a result, clinicians must individualize stent selection based on patient-specific factors and the underlying
pathophysiology of the stricture®.

The anatomical complexity of the perihilar region — marked by the proximity of critical biliary bifurcations and
frequent involvement of secondary ducts - presents a unique clinical challenge, and conventional stent designs
are often suboptimal. Post-ERCP cholangitis occurs in up to 21.5% of patients following endoscopic stenting
for malignant hilar biliary obstruction (HBO)®. Although fully covered SEMS (FCSEMS) have demonstrated
effectiveness in managing extrahepatic biliary obstructions, their use in perihilar strictures is associated with an
increased risk of side branch occlusion, potentially worsening outcomes and contributing to complications such
as cholangitis or cholecystitis.

Multi-hole SEMS (MHSEMS), designed with targeted modifications in stent architecture and membrane
configuration, including multiple side holes, aims to mitigate side branch obstruction—a major limitation of
FCSEMS in the management of perihilar obstruction. This design preserves segmental ductal drainage while
maintaining resistance to migration and ensuring adequate stent patency. We hypothesized that MHSEMS
would reduce side branch inflammation and facilitate safe removability compared with FCSEMS. However,
direct histological evaluation of undrained intrahepatic ducts (IHD) after perihilar stenting is ethically and
technically impractical in patients. Obtaining tissue from non-drained side branches would require biopsy
or resection of non-tumor-bearing liver parenchyma solely for research purposes. In addition, a substantial
proportion of patients with malignant HBO are not candidates for curative resection, and even when surgery is
performed, specimens are obtained from tumor-bearing segments rather than from undrained side branches.
Accordingly, an animal model is uniquely suited to characterize the histological response of side branches and
adjacent hepatic tissue after MHSEMS placement, thereby providing essential preclinical safety data to support
future hilar-level clinical evaluation. To investigate this hypothesis, we conducted a preclinical study to evaluate
the feasibility and safety of MHSEMS in swine models of HBO.

Materials and methods

Animals

Eight female minipigs (Sus scrofa; body weight, 25-30 kg) were obtained from Cronex Co., Ltd. (Cheongju,
Republic of Korea) for in vivo experiment. All methods were carried out in accordance with relevant guidelines
and regulations and this study is reported in accordance with ARRIVE guidelines (https://arriveguidelines.or
g). The study protocol was approved by the Institutional Animal Care and Use Committee (BIOSTEP IACUC
24-HB-0157) prior to initiation. All procedures were conducted at the large animal endoscopy laboratory of
HLB BioSTEP Co., Ltd. (Incheon, Republic of Korea). The animals were housed in pathogen-free facilities
and maintained in accordance with established guidelines for the use of laboratory animals. Before the
commencement of the experiments, all minipigs were subjected to a 7-day quarantine and acclimatization
period under standardized environmental conditions (humidity: 55+ 15%; temperature: 23+ 3 °C). They were
fasted for 24 h before the endoscopic procedure, with unrestricted access to water.

Endoscopic procedures

All endoscopic procedures were conducted by six biliary endoscopists, each with more than five years of clinical
experience in ERCP. Procedures were conducted using a standard therapeutic duodenoscope (TJF-240; Olympus
Optical Co. Ltd., Tokyo, Japan). A wire-guided cannulation of the bile duct was performed under fluoroscopic
guidance using a 0.035-inch guidewire (Jagwire™; Boston Scientific Corporation, Natick, MA, United States)
following endoscopic intubation of the duodenum. Subsequently, a diagnostic cholangiogram was obtained
using a cannula (MTW-Endoskopie, Wesel, Germany) to confirm selective bile duct cannulation. All procedures
were conducted under general anesthesia. Following sedation with intramuscular xylazine hydrochloride
(2 mg/kg), tiletamine-zolazepam (5 mg/kg), and atropine sulfate (0.04 mg/kg), the animals were endotracheally
intubated. General anesthesia was maintained throughout the procedure via continuous inhalation of 1.5%
isoflurane (Foran; JW Pharmaceutical Corp., Republic of Korea). Procedures were initiated with the animals in
the left decubitus position on a fluoroscopy table and transitioned to the prone position after successful selective
bile duct cannulation.

Scientific Reports |

(2026) 16:9737 | https://doi.org/10.1038/s41598-026-40067-8 nature portfolio


https://arriveguidelines.org
https://arriveguidelines.org
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

HBO animal model

Perihilar biliary stricture was induced using intraductal radiofrequency ablation (ID-RFA). An ID-RFA catheter
(ELRA™ RF catheter; STARmed Co., Ltd., Goyang, Republic of Korea) was introduced over the guidewire into
the common hepatic duct (CHD) or proximal common bile duct (CBD) under fluoroscopic guidance. ID-RFA
was performed using an RF generator (VIVA combo; STARmed Co., Ltd., Goyang, Republic of Korea) with
a setting of 7 W at 80 °C for 120 s. An 11-mm ID-RFA probe catheter was used to apply ablation at the CHD
or proximal CBD, with the goal of creating a Bismuth type I or type II perihilar biliary stricture. The intended
stricture length was approximately 10 mm.

The left IHD was chosen for the procedure due to its relatively large diameter in minipigs, which allowed for
the safe deployment of a 7-Fr ID-RFA catheter. Following successful ID-RFA, a cholangiogram was performed
to detect any immediate adverse events, such as contrast leak or pneumoperitoneum suggestive of perforation.
Given that perihilar bile duct strictures accompanied by jaundice have been reported following RFA in previous
studies, a 7-Fr double-pigtail plastic biliary stent (Zimmon biliary stent; Cook Medical, Bloomington, IN, USA)
was placed after each successful ID-RFA procedure to mitigate the risk of unintended mortality in the animal
subjects’.

During the 4 weeks following ID-RFA and plastic stent placement, the animals were maintained on their
routine diet. Four weeks after the ID-RFA procedure, to confirm the presence of HBO, the plastic stent was
removed, and deep biliary cannulation followed by cholangiography was performed prior to stent deployment
to assess the degree of the ID-RFA-induced stricture (Supplementary Fig. S1). Biliary stricture was defined as
a2>50% reduction in luminal diameter at the site of ID-RFA application compared to baseline, accompanied by
dilation of the IHDs proximal to the stricture. Procedure-related adverse events were prospectively recorded.

Stenting procedure and materials

The MHSEMS (HANAROSTENT' Multi-Hole™ Biliary; M.L. Tech, Pyeongtaek, Republic of Korea) used in our
study is a modified form of FCSEMS. The stent is composed of a nitinol wire mesh and covered with a silicone
membrane featuring 1.8-mm perforations in alternating cells along its length (Fig. 1). The first-generation
MHSEMS featured 2.5-mm holes in every cell, whereas the second-generation model was designed with 1.8-
mm holes in every other cell. This modification aimed to reduce friction with the bile duct wall by decreasing
the hole size and to prevent excessive tissue ingrowth or embedding, thereby facilitating stent removal; the stent
has a diameter of 6 mm and a rounded margin, with no flares at either end®. A 6-mm diameter fully covered
self-expandable metal stent (FCSEMS) was selected to reflect anatomical and procedural considerations relevant
to perihilar biliary obstruction. In perihilar strictures, the distal extrahepatic bile duct segment below the
lesion may remain relatively narrow despite upstream intrahepatic ductal dilatation, and bilateral drainage with
FCSEMS commonly necessitates side-by-side deployment in clinical practice. Accordingly, placement of larger-
diameter (8-10 mm) FCSEMS may be impractical in this context, particularly in an animal model; therefore, a
6-mm diameter stent was used in the present study. The FCSEMS (M.I. Tech, Pyeongtaek, Republic of Korea)

Fig. 1. Multi-hole self-expandable metallic stent (MHSEMS). (A) Overview of the MHSEMS in the fully
expanded, unconstrained state on the benchtop. (B) Magnified view showing the regularly spaced circular
fenestrations created in the polymer covering (white arrows). The fenestrations are aligned in a single
longitudinal row and appear approximately every other rhomboid cell of the braided nitinol mesh. (C)
Magnified view of a conventional fully covered self-expandable metallic stent.
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used in this study is constructed from nitinol wire and fully covered with a silicone membrane. It shares the same
design as the MHSEMS but lacks holes in the membrane.

Block randomization with a block size of 8 was performed by a researcher not involved in the procedures to
allocate the animal subjects into the MHSEMS and FCSEMS groups. This randomization method was employed
to prevent the operator from anticipating the type of stent used in each group or recognizing any allocation
patterns between the treatment and control groups. Under fluoroscopic guidance, a single MHSEMS or FCSEMS
was deployed across the stricture segment into the left IHD.

Follow up evaluation and stent removal

Radiologic and laboratory assessments were conducted at baseline (following ID-RFA), 24 h after SEMS
exchange (which occurred four weeks after the initial ID-RFA), 4 weeks after SEMS exchange, and at 12 weeks
post-SEMS deployment (equivalent to 16 weeks after the initial ID-RFA). These assessments were performed to
monitor for adverse events, including acute cholecystitis, stent migration, perforation, and jaundice. At 12 weeks
post-SEMS deployment, a follow-up ERCP was performed to assess stent migration and ease of removability.
Stent retrieval—either FCSEMS or MHSEMS—was carried out using rat-toothed forceps to grasp and extract
the stent through a standard side-viewing endoscope. All procedures were performed by the same endoscopists.

Outcomes and definitions

Technical success was defined as fluoroscopic confirmation of accurate stent placement across the stricture
segment as intended. Because a plastic stent was deployed after stricture formation with ID-RFA, clinical success
could not be defined by the resolution of jaundice after SEMS deployment, as in previous studies®. Additionally,
one prior animal study demonstrated that in species such as dogs, obstruction of up to three-quarters of the
liver’s bile ducts may not result in clinical jaundice’. This suggests that even with partial stent function, jaundice
may not manifest during the follow-up period. Based on this information, clinical success in this study was not
explicitly defined. However, the number of cases exhibiting aggravated hyperbilirubinemia during the follow-up
period after SEMS deployment was recorded. Stent migration was defined as any displacement from the original
deployment position across the perihilar stricture, regardless of whether the stent was fully expelled into the
bowel or removed from the body.

Upon completion of the experiment, animals were euthanized via intravenous administration of potassium
chloride (2 mEq/kg) while under general anesthesia via isoflurane in 100% oxygen administered through an
endotracheal tube. Following euthanasia, animals were transferred to the necropsy room for post-mortem
examination. The perihilar region, including the liver, gallbladder, and extrahepatic bile ducts, was harvested.
The stent-inserted left IHD was marked with a wooden stick to distinguish it from the undrained side-branch
IHD. Portions of the perihilar tissue and extrahepatic duct were fixed in 10% neutral buffered formalin. Following
deparaffinization and rehydration, paraffin-embedded tissue sections were stained with hematoxylin and eosin
(H&E) and Masson’s trichrome for histological evaluation. Histological analysis of undrained side branches was
performed using a scoring system based on inflammation, neutrophil infiltration, mucosal damage, fibrosis,
number of lymphoid follicles, and periductal hepatic parenchymal inflammation (Table 1).

Each histologic parameter was evaluated using predefined criteria to ensure standardized assessment.
Inflammation was graded according to its depth and extent: mild inflammation was limited in the mucosal layer,
often with pericryptal (“spouse”) inflammation; moderate inflammation extended into the muscularis propria;
and severe inflammation involved the serosal layer. Neutrophil infiltration was assessed based on presence and
severity. A score of 0 indicated the absence of neutrophil infiltration; mild infiltration was characterized by
scattered pericryptal neutrophils; moderate by frequent cryptitis; and severe by the presence of multiple crypt
abscesses. Mucosal damage was evaluated by estimating the percentage of the affected mucosal thickness relative
to the full depth. Damage involving <30% was classified as mild, 30-60% as moderate, and >60% as severe.
Erosive changes and associated inflammation were recorded separately. Fibrosis was graded semi-quantitatively
as mild (score 1), moderate (score 2), or severe (score 3), based on the extent and intensity of collagen deposition.
The number of lymphoid follicles was assessed by counting the number of lymphoid follicles per section under
medium-power magnification. In addition, the degree of inflammation in the adjacent liver parenchyma was
evaluated and classified as mild, moderate, or severe according to the extent of inflammatory cell infiltration. An
experienced pathologist who was blinded to the study conditions and groups conducted the analysis.

Statistical analysis

This experimental pilot study used the minimum number of animals required to test and compare a novel
instrument. Data are presented as medians with ranges. Fisher’s exact test was used to analyze categorical variables,
while the Mann-Whitney U test was employed to compare continuous variables between the two groups. All
statistical tests were two-sided, with a significance level set at 0.05. Statistical analyses were performed using
SPSS software (version 23.0; IBM Corporation, Armonk, NY, USA) and the statsmodels package in Python.

Score | Inflammation | Neutrophil | Mucosal damage | Fibrosis | Number of lymphoid follicles | Liver parenchymal inflammation
1 Mild Mild <30% Mild <1 Mild

2 Moderate Moderate | 30-60% Moderate | <3 Moderate

3 Severe Severe >60% Severe <5 Severe

Table 1. Histological scoring system.
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Given the small sample size and nonparametric data distribution, effect size was quantified using Cliff’s delta'®.
Effect sizes were interpreted as follows: values less than 0.11 indicated a very small or negligible effect; 0.11 to
0.28 indicated a small effect; 0.29 to 0.43 indicated a medium effect; and values greater than 0.43 indicated a
large effect. Differences were considered meaningful when the P value was less than 0.05 and accompanied by a
medium or large effect size.

Results

Development of the HBO animal model

ID-RFA at the CHD or proximal CBD was successfully performed in all eight subjects (Fig. 2). Four weeks after
the initial ID-RFA and plastic stent insertion, the plastic stent was successfully removed endoscopically using
rat-toothed forceps, and a cholangiogram was performed to confirm the formation of HBO in all eight pigs.
After allocation to the treatment groups, either an MHSEMS or an FCSEMS was deployed in the left IHD of each
minipig under ERCP guidance.

Outcomes and removability

In two animals (one in each group), during pre-stent cholangiography performed to confirm HBO formation,
the guidewire inadvertently traversed the liver parenchyma proximal to the stricture and entered the peritoneal
cavity, with fluoroscopic evidence of contrast extravasation. These two animals were the only cases of
mortality during the follow-up period after SEMS placement. At necropsy, both animals exhibited ascites and
inflammatory changes within the peritoneal cavity, supporting perforation-related peritonitis as the likely cause
of death (Table 2). Excluding these two subjects, no delayed perforations or bleeding were observed in either
group. The remaining six minipigs underwent laboratory and radiologic follow-up after SEMS deployment.
Baseline laboratory findings were within the normal range in all minipigs. Following SEMS deployment, the

FCSEMS

Fig. 2. Hilar biliary obstruction (HBO) animal model and cholangiograms during the follow-up period. (A)
After successful induction of HBO via intraductal radiofrequency ablation (ID-RFA), either a multi-hole
covered self-expandable metallic stent (MHSEMS) or conventional fully covered self-expandable metallic stent
(FCSEMS) was deployed according to randomization. (B-E) Case from the multi-hole covered self-expandable
metallic stent (MHSEMS) group. (B) Cholangiogram at 4 weeks post-ID-RFA showing perihilar obstruction
and left intrahepatic duct (IHD) dilatation. (C) Cholangiogram following MHSEMS deployment across the
stricture. (D) Cholangiogram at 12 weeks post-MHSEMS deployment, showing visible, non-dilated right

IHD (white arrow) and gallbladder (white arrowhead). (E) Cholangiogram after MHSEMS removal, showing
non-dilated right IHD and gallbladder. (F-I) Case from the conventional fully covered self-expandable
metallic stents (FCSEMS) group. (F) Cholangiogram showing perihilar obstruction and left IHD dilatation
prior to FCSEMS deployment. (G) Cholangiogram following FCSEMS deployment. (H) Cholangiogram at 12
weeks post-FCSEMS deployment showing absence of visible right THD and gallbladder. (I) Cholangiogram
after FCSEMS removal, showing dilated right IHD (black arrow) and gallbladder with cystic duct (black
arrowhead).
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MHSEMS (n=4) FCSEMS (n=4) P
Expire during follow-up, n 1/4 1/4 >0.999
Perforation by guidewire 1/4 1/4 >0.999
Bleeding, n 0/4 0/4 NA
Distal stent migration, n 1/3 3/3 0.400
Laboratory findings, post SEMS deployment at 1mo, median (range)
WBC, x103/mL 23.44 (18.19-74.42) | 14.73 (11.51-43.41) | 0.400
Total bilirubin, mg/dL 0.27 (0.27-0.29) 3.62 (0.24-3.86) 0.700
AST, U/L 46.9 (26.8-53.3) 51.4 (20.3-90.7) >0.999
ALT, U/L 10.8 (3.5-14.4) 11.3 (7.2-13.9) >0.999
ALP, U/L 258.9 (167.7-506.8) | 306.0 (235.1-457.2) | >0.999
Post stenting hyperbilirubinemia, n | 0/3 2/3 0.400
Histologic findings, median (range)
Histologic score ‘ 7.5 (7.0-9.0) 9.0 (8.0-10.0) 0.200
Table 2. Clinical and histological outcomes.
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Fig. 3. Median values with ranges (error bars) of laboratory parameters during the follow-up period by
group. (A) Serum total bilirubin (TB) levels during the follow-up period, with hyperbilirubinemia at 24 h
post-self-expandable metallic stent deployment in the conventional fully covered self-expandable metallic
stent (FCSEMS) group shown in blue. (B) Serum alkaline phosphatase (ALP), displaying a wide range of
values in the FCSEMS group. (C) Serum aspartate aminotransferase (AST) levels, with broad variability across
both groups. (D) Serum alanine aminotransferase (ALT) levels, exhibiting a similar temporal pattern in both
groups.

MHSEMS group exhibited a trend toward lower total bilirubin levels compared with the FCSEMS group (median
[range]: 0.27 [0.27-0.29] vs. 3.62 [0.24-3.86], Cliff’s delta=0.33, P=0.700), although statistical significance
was not reached. During the follow-up period, hyperbilirubinemia was observed in two of the three subjects
in the FCSEMS group, while no cases occurred in the MHSEMS group (Table 2). In the affected animals,
hyperbilirubinemia gradually improved over the 12-week period (Fig. 3A). Follow-up ERCP was performed on
all six minipigs at 12 weeks after SEMS deployment. SEMS remained within the bile duct in all subjects, although
dislocation of the SEMS was observed in one subject from the MHSEMS group and three from the FCSEMS
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Fig. 4. Histological findings of undrained side branches of intrahepatic bile ducts. (A-C) Representative
findings from the conventional fully covered self-expandable metallic stents (FCSEMS) group; (D-F)
Representative findings from the multi-hole covered self-expandable metallic stent (MHSEMS) group. (A)
Dense inflammatory cell infiltration with scattered neutrophils in the mucosa and submucosa, accompanied
by epithelial erosions (hematoxylin and eosin [H&E], x40). (B) Abundant fibrous tissue with scattered
inflammatory cells and a denuded epithelial layer (H&E, x200). (C) Homogenization of the collagen fiber with
a broad band of fibrous tissue extending into the underlying hepatic parenchyma (Masson’s trichrome, x100).
(D) Well-preserved ductal epithelium with minimal reactive alterations (H&E, x40). (E) Mildly scattered
mononuclear cell infiltration in the biliary mucosa (H&E, x200). (F) Periductal fibrosis with a thin, reticular
pattern (Masson’s trichrome, x100).

group (Table 2). All MHSEMS and FCSEMS were successfully removed endoscopically from all six animals
(Supplementary Fig. S2).

Histological outcomes

Following successful SEMS removal in both groups, the six minipigs were euthanized for histological evaluation
(Fig. 4). Perihilar specimens were successfully obtained from all subjects, and histological slides were prepared
from undrained branch ducts adjacent to the SEMS deployment area for evaluation using the predefined
histological scoring system (Table 1). Although not statistically significant, MHSEMS showed a consistent
reduction in inflammation score with a large effect size (median [range]: 7.5 [7.0-9.0] vs. 9.0 [8.0-10.0], Cliff’s
delta=0.67, P=0.200), suggesting a potential reduction in the risk of side branch occlusion and associated
inflammation; however, this difference did not reach statistical significance (Table 2).

Discussion
This preclinical comparative animal study evaluated the safety and efficacy of MHSEMS for HBO, specifically
assessing improvements in segmental cholangitis, stent patency, and removability. As a preclinical pilot trial,
the findings did not reveal statistically significant differences between groups, but the histological examination
scores revealed histologic trend suggesting functional drainage preservation with substantial effect sizes, as
indicated by Cliff’s delta, suggesting potential differences between the MHSEMS and conventional FCSEMS.
The lack of statistical significance may be attributed to insufficient statistical power due to the limited sample
size rather than a true absence of effect. Some previous clinical studies have demonstrated the effectiveness of
MHSEMS in cases of extrahepatic bile duct obstruction, but to date none have investigated histological changes
in HBO!-15. Therefore, the present study provides novel evidence that has not been addressed in prior research.
Recent advances in endoscopic stenting, a minimally invasive approach, have made it possible to treat a
wide range of biliary obstructive diseases that were previously managed through surgical or percutaneous
interventions. Among the various types of biliary stents, plastic stents are the most widely used due to their
clinical effectiveness, ease of placement, and cost-efficiency. Most plastic stents are designed with side holes
to allow drainage of side branches and feature anchoring flaps to reduce the risk of stent migration. However,
a significant disadvantage of plastic stents is their relatively short stent patency duration, often due to the
formation of bacterial biofilms or the accumulation of biliary sludge, which can lead to recurrent cholangitis or
jaundice!®'7.
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SEMS have been developed with a larger luminal diameter compared to plastic stents to prolong stent
patency'®!®. The structure of SEMS consists of long tubular mesh made from metal alloys such as stainless
steel, Elgiloy, and nitinol?’. The use of metal alloys in the mesh provides adequate radial force, enhancing the
effectiveness of biliary stricture treatment. Although SEMS are generally more expensive than plastic stents,
their superior stent patency duration makes them more cost-effective in the long term?!?2. A retrospective study
found that while fenestrated plastic stents had comparable survival and adverse event rates, they had inferior
patency compared to uncovered SEMS (UCSEMS)?. Additionally, SEMS outperformed plastic stents in terms
of reintervention rates, symptom palliation, and patient survival in cases of HBO?*?.

However, SEMS also have several disadvantages. UCSEMS have reduced migration rates compared to
FCSEMS, but they are more prone to tissue ingrowth, which can lead to recurrent stent occlusion. In patients
with HBO, UCSEMS can be bilaterally deployed into both IHDs using the Y-shaped stent-in-stent technique
or the side-by-side technique. However, recent advancements in systemic chemotherapy and immunotherapy
have led to prolonged survival in patients with malignant HBO, making reintervention following initial biliary
drainage with UCSEMS a significant clinical challenge.

In contrast, FCSEMS mitigate this risk through complete mucosal coverage, preventing tissue ingrowth.
Moreover, since FCSEMS do not become embedded, they can be readily removed or replaced. However, they
introduce new challenges, such as higher migration rates and the potential for side branch obstruction. This latter
complication is particularly concerning in anatomical configurations where the cystic duct or IHD originates
near the stricture site, as this may lead to cholecystitis or cholangitis®. Partially covered SEMS were developed
to combine the benefits of both designs, but clinical evidence has failed to demonstrate consistent improvements
in stent patency or complication profiles?’~%.

According to the literature, acute cholecystitis associated with stent placement has been documented in up
to 12% of patients treated with FCSEMS for biliary stricture treatment, highlighting a significant complication
associated with FCSEMS?. Notably, in patients with malignant biliary strictures, FCSEMS are associated with
a higher risk of acute cholecystitis compared to UCSEMS (7.8% vs. 1.2%; P<0.001)*!. This complication is an
important consideration in the management of patients with biliary strictures, particularly those at risk of side
branch blockage.

The perihilar region presents significant anatomical challenges for FCSEMS placement due to the presence of
IHD side branches. The use of FCSEMS in this area is highly restricted, requiring either prior cholecystectomy,
bilateral side-by-side placement extending to both main IHDs, or acceptance of potential side branch obstruction,
which can lead to complications such as cholangitis or liver abscess. A retrospective study involving FCSEMS for
HBO reported a liver abscess incidence rate of 7%32. Furthermore, when deploying more than two stents, the
diameter of the stents may be reduced, potentially compromising stent patency. Based on this evidence, the most
recent guidelines for malignant HBO recommend the use of plastic stents in patients expected to undergo long-
term systemic therapy, such as chemotherapy, noting that SEMS should be reserved for patients with a limited
life expectancy (< 3 months), where minimizing the need for reintervention is a priority>*.

This therapeutic challenge prompted the development of MHSEMS, designed to overcome the limitations
of FCSEMS while retaining their advantages. Early clinical trials focusing on distal bile duct obstructions
demonstrated that MHSEMS significantly reduced migration rates compared with conventional FCSEMS,
suggesting potential improvements in stent patency’. However, data on patency duration remain inconsistent
across studies, with some reports indicating comparable or even shorter patency periods relative to FCSEMS!2.

Notably, MHSEMS incorporate design modifications to minimize side branch occlusion; these may provide
particular advantages in perihilar strictures, where the risk of cystic duct or IHD obstruction is higher with
FCSEMS compared to distal bile ducts. However, clinical evidence supporting the use of MHSEMS for managing
HBO remains limited. One animal study involving the first-generation MHSEMS reported a 100% success rate
in stent placement without any adverse events; the stent’s design also enabled safe removal within 1 month,
addressing a common limitation associated with UCSEMS*. In the present study, we validated the feasibility
and safety of the second-generation MHSEMS for HBO over a 3-month duration.

Animal studies are a crucial preclinical phase for assessing safety and efficacy before human trials, but they
cannot definitively replicate malignant obstructions in patients. The animal model used in this study more closely
resembles benign strictures rather than malignant pathology. However, the lack of validated preclinical animal
models that accurately mimic malignant biliary strictures limits the ability to conduct more advanced preclinical
investigations beyond those performed in this study. Given that the benign biliary stricture model may produce
results that differ from the clinical presentation of malignant biliary tract obstructions, further clinical research
will be essential to validate the efficacy of MHSEMS in malignant HBO, building on the foundation established
by this preclinical study.

The outcomes from our long-term preclinical animal study indicate that endoscopic biliary drainage of HBO
using the MHSEMS is technically feasible and safe. The MHSEMS may offer a therapeutic option for managing
HBO, effectively preventing side branch obstruction while maintaining adequate stent patency. Although
bilateral stenting is typically favored to achieve drainage of >50% of liver volume, unilateral stenting may be
necessary in certain clinical scenarios. In such cases, MHSEMS has the potential to provide substantial clinical
advantages by achieving effective drainage of >50% of the liver volume using a single stent. This approach is
particularly advantageous in patients with Klatskin tumors classified as Bismuth type I or II, where a single
MHSEMS is anticipated to achieve sufficient drainage®. However, in clinical practice, Klatskin tumors of type I11
and IV—which are more commonly encountered among perihilar obstructions—raise concerns regarding the
adequacy of biliary decompression with a single MHSEMS. Further studies are warranted to evaluate its clinical
efficacy across these subtypes. In particular, clinical validation in patients with various subtypes of malignant
HBO is required to determine whether unilateral or bilateral drainage with this MHSEMS is superior.
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The primary limitation of this study is the small sample size (1 =6; 3 animals per group), which substantially
limits statistical power. Accordingly, the between-group comparisons for lab findings and histological scores
did not reach statistical significance, and any apparent between-group differences should be interpreted with
caution. Although we reported effect sizes using Cliff’s delta to describe the magnitude and direction of observed
differences, effect size estimates in small cohorts remain imprecise and do not establish superiority. Therefore,
the present findings should be considered preliminary and hypothesis-generating. Second, procedure-related
mortality occurred in two animals during pre-stent cholangiography performed to confirm HBO formation,
in which the guidewire inadvertently traversed the liver parenchyma and entered the peritoneal cavity with
fluoroscopic contrast extravasation. Because these events occurred before stent deployment and one case
occurred in each group, they are most consistent with model- and technique-related complications rather than
a device-specific safety signal; nevertheless, such instability may confound feasibility and safety assessments in
small cohorts. Finally, our ID-RFA-induced HBO animal model does not replicate malignant tumor biology.
Consequently, this model cannot evaluate tumor ingrowth through the stent fenestrations/side holes, which is a
clinically important mechanism of recurrent obstruction in malignant hilar biliary disease.

In conclusion, in this porcine model of HBO, MHSEMS placement and removal were technically feasible
within a clinically relevant timeframe. While we observed numerical differences in histological outcomes, the
study was underpowered and no statistically significant superiority could be demonstrated. These results should
be viewed as preliminary and hypothesis-generating, providing a rationale for further evaluation in larger,
adequately powered clinical studies.
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The data presented in this study are available on request from the corresponding author.
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