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ABSTRACT: Three-dimensional (3D) printing, combined with medical
imaging technologies, such as computed tomography and magnetic
resonance imaging (MRI), has shown a great potential in patient-specific
tissue regeneration. Here, we successfully fabricated an ultrathin tubular
free-form structure with a wall thickness of several tens of micrometers
that is capable of providing sufficient mechanical flexibility. Such a thin
geometry cannot easily be achieved by 3D printing alone; therefore, it
was realized through a serial combination of processes, including the 3D
printing of a sacrificial template, the dip coating of the biomaterial, and
the removal of the inner template. We demonstrated the feasibility of this
novel tissue engineering construct by conducting bile duct surgery on
rabbits. Moving from a rational design based on MRI data to a successful
surgical procedure for reconstruction, we confirmed that the presented
method of fabricating scaffolds has the potential for use in customized
bile duct regeneration. In addition to the specific application presented here, the developed process and scaffold are expected to
have universal applicability in other soft-tissue engineering fields, particularly those involving vascular, airway, and abdominal
tubular tissues.
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1. INTRODUCTION

Recent advances in three-dimensional (3D) printing technol-
ogy have led to the development of a number of advantageous
applications in the manufacturing of customized consumer and
industrial products. Throughout biomedical fields, 3D printing
has been exploited to fabricate various rapidly prototyped
devices, such as visual aids,1 surgical tools,2 biocompatible
prostheses,3 and tissue engineering scaffolds.4,5 Scaffold-based
strategies are among the most effective methods for tissue
regeneration, and they have been developed by using several
types of 3D printing techniques, including photopolymeriza-
tion,6,7 material extrusion (ME),8,9 and powder fusion or
binding methods.10,11 Of the proposed processes, direct nozzle-
based printing approaches, such as ME, have been preferred by
most researchers for scaffold fabrication, owing to the diversity
of available materials, including FDA-approved polymers,
functional biochemicals, and even living cells.12,13

Although the nozzle-based 3D printing technique has been
used to achieve a wide range of striking bioapplicable
constructs, it presents limitations in the implementation of
minimum geometries. The minimum diameters of commercial
nozzles typically range from approximately one hundred to

several hundreds of micrometers, and the nozzles with smaller
diameters require specialized processes with higher costs.
Besides the cost issue, a much higher driving pressure must be
exerted on polymer melts when 3D printing nozzles of smaller
diameters are used, to achieve continuous extrusion at the
nozzle tip.14,15 The necessarily required huge pressure produces
a polymer melt extrusion that is hard, slow, and unstable.16 The
difficulty in realizing a small feature size, particularly below 100
μm, restricts the mechanical flexibility of the printed construct
despite the use of soft rubberlike materials. Undoubtedly, the
mechanical properties of the scaffold should be consistent with
those of the target tissue to prevent physical inflammation in
adjacent tissues after scaffold transplantation.4,17−19 Given the
high mechanical compliance and flexibility of soft tissues in the
human body, scaffolds for such tissue should be designed as
easily deformable architectures.
Here, we introduce a comprehensive approach for the

application of 3D printing to the arbitrary shaping of a flexible
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tubular scaffold. Our method involves 3D design, 3D printing,
postprocessing, and animal experimentation. Planar images
acquired from computed tomography (CT) or magnetic
resonance imaging (MRI) were processed and built into 3D
object data of the target tissue. According to the designed
geometry, a sacrificial template was fabricated through a 3D
printing process using a water-soluble material. The 3D
template was dip-coated with a solution of biomaterial, and a
thin film was deposited on the template. After the sacrificial
template was removed by water, the surrounding film was
leached as a thin-wall tubular structure. Because of the small
thickness, within the range of several tens of micrometers, the
fabricated tubular structures exhibited a much enhanced
mechanical flexibility compared to that of the directly 3D-
printed structures with wall thicknesses of over hundreds of
micrometers. Because of its high flexibility and biocompatibility,
our engineered scaffold could be used in the construction of an
artificial bile duct.
According to the demands of hepatobiliary surgery, artificial

bile ducts may be required in cases of postoperative bile duct
injury, biliary strictures, malignancies, and liver transplanta-
tion.20 Bile duct resection and bilo-enteric anastomosis have
been used in such situations; however, long-term follow-up
studies of biliary-enteric bypass have indicated a relatively high
incidence of anastomosis stricture and retrograde cholangitis.21

Artificial bile ducts constructed from appropriate materials that
can fit perfectly in the original 3D space can be used in
complicated biliary surgery. Our developed scaffold, which was
designed and tailor-made according to the magnetic resonance
cholangiopancreatography (MRCP) of a rabbit, was trans-
planted into an injured bile duct, and its functionality was
confirmed. The geometric advantages of this technique, such as
the customized three dimensionality and microscale wall
thickness, are not limited to any specific tissue and would
allow for a wide range of feasible applications in scaffold-based
tissue regeneration.

2. MATERIALS AND METHODS
2.1. MRI Examination and 3D Design of the Target Tissue.

MRI was performed 1 day before surgery and 3 days after surgery in
the tested rabbits. All MRI examinations were performed on a 3-T MR
scanner (Ingenia; Philips Healthcare, Best, the Netherlands) using a
small extremity coil. Each rabbit was anesthetized with intramuscular
ketamine (40−100 mg/kg) and xylazine (5−13 mg/kg) during the
MRI scan. After a three-plane localization imaging gradient echo
sequence was obtained, respiratory-triggered 3D MRCP images and
thick-slab single-shot 2D MRCP images were obtained. The following
sequence parameters were used: repetition time, 1044 ms; echo time,
650 ms; acquisition time, 2−3 min; flip angle, 90°; slice thickness, 1
mm (no gap); field of view, 200 × 200 mm2; and matrix for 3D
MRCP, 200 × 200. The acquired 3D MRCP images, which were saved
in the digital imaging and communications in medicine (DICOM)
format, were processed into a 3D object in a 3D-printable file format
(STL, surface tessellation language) using commercial software
(Mimics; Materialise, Louvain, Belgium).

2.2. Fabrication of the Thin-Wall Tubular Scaffold. The
procedures for the scaffold fabrication included the 3D printing of the
template, the dip coating of the biomaterial and the removal of the
template. For the 3D printing of the sacrificial template, commercial
water-soluble filaments of poly(vinyl alcohol) (PVA Filament; ESUN,
China) with a diameter of 1.75 mm were loaded and fed into an ME-
based 3D printer. The printing system was a homemade machine built
on the basis of RepRap Mendel 3D printer. It included one and three
stepping motors, respectively, for ME and x−y−z motion of printing
components, which were controlled by Arduino microcontroller. The
open-source software, Cura, was used for the generation of G-code and
process parameters. The templates were 3D-printed with a nozzle with
an inner diameter of 0.25 mm and a heating temperature of 170 °C.
The layer thickness for the 3D printing was set to 0.1 or 0.15 mm. To
enhance the surface quality, the printed parts were immersed and
sonicated in warm distilled water at 50 °C for 1 min so that the surface
roughness could be smoothed by redissolving the bumpy and uneven
surface of the printed parts. The surface roughness of the specimen
was measured by a commercial profilometer (Rugosurf 90G, Hexagon
Metrology).

After the smoothed part was dried, it was dipped into a solution of
polycaprolactone (PCL, MW 80 000; Sigma-Aldrich, MO) dissolved in

Figure 1. Schematic illustration with photos of the overall fabrication procedure from data acquisition to postprocessing. (a) Modeling of the 3D
target structure in STL format on the basis of medical image data. (b) 3D printing of the PVA sacrificial template structure using the ME technique.
(c) Dip coating of PCL and the formation of a thin film over the PVA template. (d) Removal of the core PVA template by dissolution in water under
sonication.
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dichloromethane (Samchun Pure Chemical, Korea) at concentrations
of 10, 15, and 20% (w/v). The solution concentration was varied to
modulate the thickness of the dip-coated film. As the solvent
evaporated, a solid film of PCL was formed on the surface of the
PVA template. Then, the PCL-coated PVA part was immersed again
into distilled water, thereby removing the core sacrificial PVA
template. Because the dip-coated part was completely covered with
the PCL film, the small end of the part was cut before the immersion
to secure an entrance for water penetration in the template removal
process. By exerting sonication with 40 kHz in warm water at 50 °C
for up to 45 min, the PVA template could be completely removed, and
the surrounding PCL film was left as a tubular form. Before the animal
surgery, the tubular scaffold was dried and sterilized overnight under
ultraviolet irradiation.
2.3. Animal Experiments. The animal experiments were

performed with the permission of the Institutional Animal Care and
Use Committee (IACUC) of Hanyang University. All experiments
were performed in compliance with NIH guidelines and Hanyang
University’s animal research protocol. Male semispecific pathogen-free
rabbits at 21 months of age weighing 3−4 kg were used in this study.
All animals were housed under standard conditions for a 12 h light/
dark cycle and fed a standard diet during an adaptation period of over
4 weeks, and they were fasted for 12 h before surgery. Under general
anesthesia administered by an anesthesiologist, the animals were
immobilized in the supine position and laparotomized via a midline
incision in the upper abdomen to expose the extrahepatic bile duct
(EHBD). The lower EHBD was transected, and the artificial bile duct
was anastomosed end-to-end to the proximal and distal ends of the
EHBD with interrupted 10−0 Ethilon sutures under light micros-
copy.22 All anastomosis was performed by a microsurgeon, and we
confirmed adequate bile drainage through the anastomosed artificial
bile duct during the surgery. After the procedure, the abdominal cavity
was irrigated with warm saline and closed. For the histological analysis,
fresh tissues obtained from the rabbit liver and bile duct with the

artificial bile duct were immediately fixed in 10% neutral buffered
formalin. After 24 h of fixation, the tissues were processed, embedded
in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin
(H&E). Histopathologic examinations of the bile duct and liver
sections were conducted by a pathologist.

3. RESULTS AND DISCUSSION

3.1. 3D Design Process of the Target Tissue. Figure 1
illustrates the procedures used for fabricating a customized
tubular scaffold characterized by a patient-specific arbitrary
shape, a low wall thickness, and an adequate mechanical
flexibility. The engineering of customized medical device using
3D printing requires a comprehensive approach involving 3D
design (Figure 1a), 3D printing (Figure 1b), and postprocess-
ing (Figure 1c,d). The custom scaffold was achieved through a
coordination between modeling and manufacturing, by using
computer-aided design (CAD) and 3D printing techniques.
The 3D design process was conducted using medical image
data. In this article, we started from the data processing of the
3D MRCP, fabricated the net-shaped tubular scaffolds, and
applied the scaffolds in bile duct regeneration. The commercial
software Mimics allowed a rough 3D reconstruction from 2D
DICOM images through built-in functions, such as thresh-
olding and masking, as shown in Figure 2a,b. For the fine
development of the reconstruction on the basis of 3D object
data, 2D MRCP images were used as a reference (Figure 2c). A
radiologist (with 5 years of experience in MRCP) excluded
intestinal fluid, renal pelvises and ureters, the spinal cord, and
other artifacts from the reconstructed image (Figure 2d).
Considering practicality in scaffold-based operation, in which
surgeons occasionally must cut out the prepared scaffold for

Figure 2. Generation of 3D object data for 3D printing from MRI data. (a) Selection of target region by adaptive thresholding of grayscale MRCP
image data. (b) Cropping of the target region (bile duct) by masking and excluding unnecessary areas. (c) 2D MRCP image used as the reference in
the 3D reconstruction. (d) Final development of the 3D data of the bile duct via noise filtering and smoothing.
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necessary clinical circumstances, we designed and fabricated a
whole anatomical structure of a bile duct system composed of a
common bile duct and right and left intrahepatic ducts. Such
realistic and integrative features are distinct from those of
previous artificial bile ducts, which have had only primitive
cylindrical shapes,22−24 and can be used to plan and conduct
clinical surgeries with greater freedom and accuracy.
3.2. 3D-Printed Sacrificial Template. We utilized a 3D

printing technique for the net-shaping of the designed scaffold.
The printed construct was used as a sacrificial template for thin-
film formation in the subsequent dip-coating step. Because the
geometry of the final thin tubular scaffold depended on the
geometry of the printed template, the 3D printing process
needed to be carefully controlled. The ME process is one of the
most universal and reliable 3D printing techniques in terms of
the versatility of materials. Most thermoplastic polymers can be
processed into the 3D-printed construct under optimized
process parameters, including the flow geometry, the heating
condition, and the moving speed of the nozzle.25,26 Among the
various thermoplastic biocompatible polymers, PVA has a great
water solubility, which increases its suitability for use as the
sacrificial template.27−29 As shown in Figure 1b, the PVA
template was successfully fabricated according to the 3D design
data. The geometric features of the 3D-printed structures,
particularly with ME, are typically dependent on the layering
process parameters of the material deposition, such as the
layering direction and thickness. The paths for the 3D printing
were generated according to the layering direction, which was
determined in a longitudinal manner with reference to the
overall morphology of the designed structure. In addition to the
well-ordered printing paths, the close-layering deposition at a
thickness of 0.15 mm formed a defect-free 3D construct as
shown in the inset of Figure 1b. When the layering thickness
was set over 0.2 mm, failures and defects occurred during
printing regions with steep branch parts (hepatic and cystic
ducts in our example). Because our target shape was a tubular
structure for an artificial bile duct, the accuracy of the cross-
sectional geometry was important for suturing to the surgical
site of the bile duct. To quantify the printing accuracy, circular
features with different diameters were printed as shown in
Figure 3a−c. The diameters of the actual printed structures did
not show significant differences from the diameters in the
original CAD data, as shown in Figure 3d. The printed
structures with diameters of 1, 2, and 6 mm had error ranges of
less than 5% from each target. Because of the minimum
dimension limits of the printed strand, which are generally
determined by the printing nozzle diameter, precise sub-
millimeter dimensions could not easily be realized by using the
typical nozzle, which has a 0.25 mm diameter. For the 0.6 mm
diameter cylinder, relatively large errors that could exceed 25%
were observed between the design and measured data. For
smaller features, we are planning to develop a deposition
system with enhanced accuracy for 3D printing, including
smaller-diameter nozzles and more dilute materials.
Although the layer thicknesses of the printed structure were

reduced to 0.15 and 0.1 mm, the surface roughnesses in Rmax
remained at approximately 52 and 37 μm, respectively. These
values could not be ignored because the thickness of the dip-
coated biomaterial in the following step was less than 100 μm.
The rugged surface of the sacrificial template would be naturally
transferred onto the dip-coated biomaterial film and might
cause defects or mechanical weakness in the final tubular
structure and interrupt the flow of body fluid inside the tube

after transplantation. To overcome these problems, we
performed a dip-smoothing process, as shown in Figure 4a.
The printed structure was immersed in warm water at 50 °C for
1 min with gentle sonication. Cross-sectional images of the
printed PVA structures before and after the dip-smoothing
process are shown in Figure 4b,c, respectively. The rugged
surface was slightly redissolved in water and smoothed. The
smoothing effect was confirmed by the reduced Rmax of 9 and 8
μm for the specimens printed at layer thicknesses of 0.1 and
0.15 mm, as shown in Figure 4d,e, respectively. The periodic
but relatively large fluctuation on each surface was alleviated to
form an even profile. The surface of the sacrificial template was
smoothed to ensure an even deposition of the biomaterials in
the subsequent dip-coating procedure, thereby achieving a
favorable tubular structure with a uniform wall thickness in the
final step.

3.3. Characterization of Thin-Wall Tubular Scaffold. As
shown in Figure 1c, the 3D-printed and surface-smoothed PVA
template was dipped into PCL solution. As the solvent
evaporated from the solution, a thin film surrounding the
template was deposited in the solid state. In the typical dip-
coating procedure, the thickness of the coated film is influenced
by the concentration of the dipping solution because of simple
fluid dynamics.30 Our method using the water-soluble template
for dip coating confirmed the feasibility of thin-film formation
as other previous works using insoluble mold.31 As shown in
Figure 5a, a solution with a lower concentration resulted in the
deposition of a smaller thickness of material. When the solution
was diluted to a concentration of 10% (w/v), the average
thickness of the film was reduced to 33 μm. After removal of
the inner PVA template, this thin-wall tube was easily torn and
showed holes and cracks, which might cause critical bile
leakages. Considering the requirements for the structural
stability and flexibility, we chose the intermediate condition
of 15% (w/v), which yielded a tubular construct with a wall
thickness of approximately 60 μm.
The 3D-printed PVA template covered in the coated PCL

film was finally removed by dissolution in deionized water. For

Figure 3. Circular printed PVA structures with different diameters of
(a) 1 mm, (b) 2 mm, and (c) 6 mm. (d) Comparison of the measured
diameters of the 3D-printed cylinders with reference to the diameter of
the original designed geometry. The diameter of the 3D-printed
cylinder varied (1, 2, and 6 mm). Data are shown as mean ± standard
deviation (n = 15).
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the efficient dissolution and removal of the PVA, the water was
heated to 50 °C, which is slightly lower than the melting point
of PCL (60 °C). After 45 min, we confirmed that the PVA was

entirely removed as shown in Figure 5b. From this
experimental procedure, we determined that sonication was a
critical factor for the template removal process. For our target

Figure 4. (a) Schematic illustration of the dip-smoothing process of the 3D-printed PVA sacrificial templates. Microscopic cross-sectional images of
(b) nonsmoothed and (c) smoothed PVA structures. Each arrow in (b) and (c) indicates the boundary of the PVA structure. The images in (b) and
(c) are at the same magnification. Surface profile changes of the 3D-printed structures with layer thicknesses of (d) 0.1 mm and (e) 0.15 mm before
and after the smoothing process.

Figure 5. (a) Microscopic images and quantitative thickness data of the PCL film deposited by the dip-coating process. The solution concentrations
for the dip coating were 10, 15, and 20% (w/v). The data in the histogram are shown as mean ± standard deviation (n = 5). (b) Dissolution and
removal of the inner PVA template by sonication in distilled water. (c) Compression tests using a directly 3D-printed tube and a dip-coated film
tube.
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shape, which was relatively narrow and had a branched
morphology, the core template materials were not totally
removed if sonication was not applied (Figure 5b). The
sonicated water completely dissolved and removed the PVA
materials, thereby leaving a clear hollow tube of PCL. Because
of the optimal PCL film thickness set in the dip-coating step,
defects were not observed in the developed tube construct, and
sufficient mechanical flexibility was maintained. We used PCL
as the component biomaterial of the final scaffold. Because of
its extremely low glass-transition temperature (−60 °C), the
PCL-based structure exhibited a rubberlike material behavior at
room temperature. Together with the thin-wall geometry at the
micrometer scale, the favorable material properties were able to
synergistically achieve a sufficient level of flexibility when used
as a soft-tissue scaffold. The synergistic advantage was
demonstrated in a simple compression test that compared the
dip-coated film tube with a directly 3D-printed tube (Figure
5c). Using a homemade PCL filament, we printed a tube-
shaped cylinder with wall thickness ranging from 500 to 600
μm, which is the typical width of a single strand deposited in
the ME process. As shown in Figure 5c, limited deformations
were observed in the relatively thick-walled tube when 200 g of
the compressive force was exerted in the radial direction.
Compared with the stiffness of thick-walled tubes, dip-coated
tubes with a wall thickness of less than 100 μm exhibited a high
compliance, large deformations under a much smaller force of 2
g, and a better structural resilience thereafter. We expect that a
superior mechanical flexibility would be advantageous for the

functioning of engineered scaffolds used for the regeneration of
soft tissues, including our target bile duct.

3.4. Feasibility Test during Animal Surgery. The
feasibility of the developed tubular structure was tested via
rabbit surgery. An approximately 10 mm long part of the
common bile duct was excised from the native rabbit bile duct
and replaced with a partial artificial duct cut from the whole
entity as shown in Figures 1d and 5b. Because of the similarity
between the artificial and native ducts, a region could be easily
determined in an identical location to that of the excised tissue.
The cutting and suturing of the artificial bile duct were easily
performed because of the softness of the material, and an
appropriate length of bile duct was easily separated from the
total length of the manufactured bile duct, which was well fit as
an anatomical structure. Because the surgical knots were
compatible with the elasticity and flexibility of the component
material (PCL), we did not observe bile leakage at the
anastomotic site during surgery.
Three days after the surgery, MRI was performed again on

the surviving rabbit. As shown in Figure 6b, the 3D-
reconstructed MRCP image demonstrated that the anastomotic
site provided a smooth interconnection between the native and
artificial bile ducts and was well preserved without bile leakage.
The 3D MRCP image also showed a mild dilatation of both
intrahepatic ducts because of an anastomotic stricture. Despite
the slight stricture, the MRCP image revealed a sound bile flow
across the anastomotic site without any blockage or leakage.
After the MRI observations, the animal was sacrificed and

Figure 6. (a) Photograph of the anastomosed bile duct. (b) 3D-reconstructed MRCP image shows the anastomotic site and both dilated intrahepatic
bile ducts of the rabbit. The 3D reconstruction was processed by the same manner as Figure 2. (c) Photograph of the sectioned tissue containing the
replaced artificial bile duct. Histopathological examination of the rabbit bile duct and liver. (d) Bile duct wall adjacent to the anastomosis site (black
arrows). (e) Mucosal epithelium inside the bile duct wall showing normal regenerative atypia. (f) Liver parenchyma with well-preserved hepatic
lobules and portal area.
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autopsy was performed. In the intra-abdominal approach and in
the MRI, we confirmed that the bile leakage was minimal, and
the integrity of the suture between the native bile duct and
artificial bile duct was maintained. In addition, mismatches were
not observed between the original bile duct and the artificial
bile duct.
A histological analysis was performed on an extracted tissue

construct containing the replaced artificial bile duct (Figure 6c)
by staining the surgically treated bile duct and liver parenchyma
with hematoxylin and eosin (H&E). As shown in Figure 6d,e,
the histopathologic examination of the anastomosis site of the
bile duct revealed an appropriate healing process after the
surgery. The wall of the bile duct was slightly thickened and
showed epithelial regenerative changes, a mild lymphocyte
infiltration, and a minimal fibroblastic proliferation with no
evidence of bile leakage into the surrounding tissue (Figure 6d).
No foreign-body reactions or destructive inflammatory changes
were observed. As shown in Figure 6e, the mucosal epithelium
exhibited a normal regenerative process. In addition, the liver
parenchyma was well preserved, and the histologic evidence of
bile duct obstruction was not observed (Figure 6f).
In a small animal model, such as the rabbit model in this

experiment, only the common bile duct could be reconstructed
because of the limited minimal printing diameter of 1 mm.
However, in the case of a large animal or human, for which the
diameters of the bile ducts are in the range of several
millimeters,32 the developed artificial duct would be feasible, on
the basis of the resolution of 3D printing. Figure 7 shows that
the presented approach has the potential for use in clinical
applications. MRI data were obtained from a patient with an
intraductal papillary mucinous neoplasm in the pancreas, and a
3D image was reconstructed on the basis of these data and then
processed as an artificial bile duct according to our fabrication
procedures. The 3D image showed a normal biliary tree and
multiple cystic lesions (intraductal papillary mucinous neo-
plasm, branch duct type) along the main pancreatic duct. On

the basis of the processed CAD data, the as-fabricated artificial
bile duct exhibited most of the confluent portions and second-
order branches, such as the hepatic and cystic ducts. The
detailed geometry of the artificial construct, including the lesion
site, is expected to provide superior functions for patient-
specific bile duct surgery compared with the conventional
cylindrical duct, which has a primitive shape of single trunk.
The goal of this study was to produce an anatomically well-
fitted artificial bile duct. Previously, a long-term survival study
showed that a tubular space surrounded by inflammatory cells
and connective tissue was formed.22 The epithelialization of the
transplanted artificial bile duct has also been reported in
experiments using basic fibroblast growth factor33 and human
mesenchymal stem cells.34 To determine the degree of
epithelialization and the long-term survival, we are planning
further studies using the developed artificial bile ducts covered
with cultures of growth factors and cells.

4. CONCLUSIONS

To formulate a net-shaped construct customized from CAD
data based on CT or MRI, we utilized 3D printing techniques
combined with a biomaterial dip-coating process. Our method
could produce thin-wall tubular structures with thicknesses less
than 100 μm. Compared with conventionally 3D-printed tubes,
the structures produced using our technique provided a
superior flexibility without impairments in the geometric
integrity of the 3D structure. In an animal experiment involving
bile duct regeneration, the tailored shape of the artificial duct
demonstrated feasibility and usefulness in practical surgery. In
addition, the histological results indicated the potential of this
method for use in bile duct regeneration. The advantages of our
developed method, which is capable of delivering custom-
izability, three dimensionality, mechanical flexibility, and
biocompatibility, suggest that it has the potential to meet the
needs of practical tissue engineering applications.

Figure 7. Potential application in clinical surgery for bile duct regeneration. 3D volumetric MRCP data were obtained using 3T-MRI with respiratory
gating from a patient with chronic abdominal pain. Detailed anatomical structures of the biliary tree are shown in the final processed artificial bile
duct, including hepatic and cystic ducts (the leftmost image in the second row).
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