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1. Introduction

1.1. The prevalence of liver disease and the need for the training of
franshepatic interventional procedures

The Liver is a vital organ in the digestive system, which involved numerous
physiological processes, including lipid and cholesterol homeostasis (Chiang,
2013, Groen et al., 2014, Sica et al., 2014), immune response (Campisano et al.,
2019, Heymann et al., 2015, Nakagaki et al., 2018), macronutrient metabolism
(Bowman et al., 2019, Mu et al., 2019), blood-volume regulation (Bankir et al.,
2017, Trefts et al., 2017), and the degradation of xenobiotic compounds
(Manzanares et al., 2015, Ookhtens et al., 1998), and so on. Besides, the liver
also participates in the process of glycometabolism, via storing glucose in the
form of glycogen (Xiang et al., 2018, Yao et al.,, 2018). Liver diseases are
considered the secondary leading cause of fatality amongst the whole digestive
diseases in the United States (Everhart et al., 2009). The burden of liver disease
in Europe is the largest in the world, and the burden is expected to continuously
increase in many countries (Pimpin et al., 2018). The potential risk factors that
cause the occurrence of liver diseases include extra alcohol consumption, viral

hepatitis, and obesity.

The bile duct is one of the most important components and accessories of the
liver organ. The main function of the biliary tract is to drain the bile juice that is
secreted from the liver parenchyma into the intestine (major duodenal papilla)
(Banales et al., 2019, Boyer, 2013). The most common biliary diseases consist
of cholangitis, traumatic injury, and hepatocholangioma (Bergquist et al., 2015,
Thompson et al., 2013, Yokoda et al., 2019). The occurrence of these diseases
is possibly accompanied by certain complications, such as obstructions of the bile
duct, bile leaks, and biliary infection. With the development of endoscopy and
interventional therapy, these diseases and complications are more frequently

diagnosed or treated via transhepatic interventional procedures.

The interventional procedures involving intrahepatic duct include but not limited

to



® Endoscopic retrograde cholangiopancreatography (ERCP), a procedure that
incorporates the utilization of fluoroscopy and endoscopy to diagnose or treat
certain problems in the biliary or pancreatic system. The physician intubates
a scope from mouth to duodenum, and then injects a contrast agent into the
bile ducts to visualize the biliary and pancreatic system on the radiograph
(Aabakken, 2012, Laugier et al., 2011).

® Percutaneous transhepatic cholangiodrainage (PTCD), a procedure that
combines fluoroscopy and ultrasound guidance to alleviate intrabiliary
pressure, which causes by biliary obstruction. The procedural route
penetrates the abdominal skin, hepatic parenchyma, and finally into the bile
duct. A stent or tube is placed in the liver with the guidance of ultrasound, to
drain the bile juice to the small intestine or a collection bag outside of the body
(Ogura et al., 2016, Radosa et al., 2019).

® Direct peroral cholangioscopy (POC), an endoscopic procedure that utilizes
an ultra-slim endoscope directly into the biliary tract through a natural orifice.
The procedure allows endoscopists to directly visualize the biliary mucosa
and lumen (ltoi et al., 2011, Parsi, 2011).

® Endoscopic ultrasound biliary drainage (EUS-BD), a procedure that is
developed as a novel alternative approach for failed ERCP. There are two
main routes, including transgastric and transduodenal approaches. Three
common EUS-BD procedures have been reported, i.e., EUS-guided
hepaticogastrostomy (HGS), choledochoduodenostomy (CDS), and
gallbladder drainage (GBD) (Chavalitdhamrong et al., 2012, Minaga et al.,
2018).

These interventional procedures are becoming more and more popular (Kedia et
al., 2013, Thomson et al., 2018). For instance, the annual number of ERCPs in
the United States is projected to be over 45,000, with the use of therapeutic
ERCPs steadily increasing (Kozarek, 2017, NIH_Consensus, 2002). In general,
interventional techniques offer a less invasive method of treating patients, with a
lower surgical risk and a shorter hospital stay than open surgery, such as, surgical
bile duct exploration (Mukai et al., 2017, Parsi, 2011).



The interventional procedures are normally performed by experienced
endoscopists, since these procedures are difficult to learn due to the following

reasons (Cappell et al., 2019):

® There is a high risk of complications, including pancreatitis, bile leaks, biliary

infection, and hemobilia;

® Interventional procedures require high-level technical expertise, as well as

professional knowledge;

® There are few training opportunities available, most of which are in academic

medical centers or tertiary hospitals.

Furthermore, the training of the transhepatic interventional procedures cannot
meet the growing demand. For example, the majority of training centers do not
have an adequate number of ERCP practices for the internship training (Leung
et al., 2011). As demonstrated in previous studies, a minimum of 200 ERCPs was
suggested for the competency acquisition (Garcia-Cano, 2007). 74% of Gl
residents intended to perform ERCP despite feeling that their ERCP training was
insufficient (Kowalski et al., 2003).

Therefore, the training for the interventional procedure is needed to meet the

repetition threshold.

1.2. The history and development of surgical training

In the middle ages, surgeons were regarded as “Mister” because of the trade of
“barber-surgeon” (Popa et al., 2018). In this era, barber-surgeon worked for a
wide range of tasks from haircutting to limbs amputating. This kind of surgeon did
not require formal training, qualification, or degree. It can be expected that
surgical mortality during the period was significantly high as a result of infection
and bleeding (Akhaddar, 2018).

However, surgical training has been greatly evolved in the millennia since the

inception of the art of surgery. The first small steps in the long history of surgical

training are promoting training in the craft of surgery and transforming it from part-

time to the profession. After being aware of medicine as an independent field,

academic surgeons began to appear in order to differentiate from barber
3



surgeons that received sparse training or even no training. Around the early
thirteenth century, the college de Saint Come was established in Paris and firstly
identified the academic surgeon as surgeons of the long robe, specifically refers
to those who had attended the university or had training (Wanjek, 2003). In the
meantime, the barber-surgeons were recognized as surgeons of the short robe
(Franzese et al., 2007, Wanjek, 2003). Subsequently, a school was built in France
by the brotherhoods of St. Domains and St. Cosmos in the middle of the thirteenth
century, to systematically teach barbers in surgical procedures (Franzese et al.,
2007, Wanjek, 2003).

In the mid-sixteenth century, a standard apprenticeship approach became one of
the most well-established and common methods for surgical training and
education (Dobson et al., 1979, Majno, 1975, Young, 1890). The apprenticeship
would have a long period of five to seven years, and it could begin in early
childhood at the age of twelve or thirteen. Additionally, further education was
accessible in the way of journeyman ships, either the same or different masters
were in charge of the teaching of every surgeon. However, this further education
was not mandatory for the surgical practice. In the beginning, the apprenticeship
was proceeded simply with a non-structural arrangement, and normally within
families and friends. The surgical apprenticeship was then developed more
formally with organized arrangements and some formal principles. For instance,
the surgical master had an obligation to instruct and teach, and they were obliged
not to transfer their prentice to another surgical master in Edinburgh during the
sixteenth century (Creswell, 1926). Since then, this time-honored approach has
been the standard of surgical education. And it has been proved to be practical,
and remains to the present. Generally speaking, apprentices were taught surgical
procedures via direct observation in the operating room or the clinical examination
setting. And students were then imitating the surgical procedures followed the
actions of an experienced master (Dunnington, 1996). A famous adage “see one,
do one, and teach one” came from this way, which accompanies personal
experience and instruction too (Walter, 2006). To some degree, the introduction
of an apprenticeship model significantly promotes surgical training and education.
The students were instructed by the medical experiences of an experienced

master, and trainees imitated and repeated the surgical techniques under the

4



guidance of their mentor. The most significant advantage is that the surgical
knowledge and skills were learned by examples and instructions instead of error
or trial. However, there was still no systematic guideline or standardization to
educate or train the apprentices. With the expansion of masters who built
competing “schools of surgery”, the apprenticeship model somehow became the
“cult of the individual” (Hamdorf et al., 2000).

In the nineteenth century, surgical training and education started to shift from the
apprenticeship models to more structured and formalized training models. The
approach is also very popular in recent education models to train surgical
residents. The popularization of the structured and formalized training model was
largely because of the proposal of Dr. Willian Osler and the promotion of Dr.
William Halstead (Nguyen et al., 2006, Rankin, 2006). In 1890, Osler came up
with this approach and proposed it to the Board of Trustees at the Johns Hopkins
Hospital. Halstead was hearty to adopted it and without any hesitations (Rankin,
2006). It has to be stressed out that Halsted played an important role in the history
of surgical education. He set up a school for surgical training, which gave priority
to the safety during the surgery, i.e., meticulous hemostasis and cautious tissue
handling (Robert et al., 1983). Also, as mentioned previously, he greatly promoted
the popularity of resident training in the United States. In 1904, Halstead
presented a remarkable lecture at Yale on the topic of surgical training, that
suggested the adoption of the German residency training model. This model
allowed medical students to receive increasing responsibilities with each boosting
resident year (Grillo, 1999, Nguyen et al., 2006). And the training model improved
structure and standardization during the surgical training. The “pyramid” structure
was also introduced in the residential training, which means the number of
surgical candidates would be decreased every residency year and a single chief
resident would stay after the graduation year (Nguyen et al., 2006). Finally, the
proposal of residency programs and fellowships was approved by the American
Medical Association House of Delegates in 1928 (Hamdorf et al., 2000). The
embryonic form of the surgical educational training programs and residency

educational models in the United States has been formed and retains to this day.

At the present, surgical training and education are quite versatile. With the rising



consciousness for the significance of surgical education, more and more
approaches have been emerged to improve the surgical techniques and
knowledge, for example, workshop and seminar, simulation-based training,
conference, remote education, clinical further education/visiting, and so on. There
is no doubt that the appearance of these methods for surgical training provides a
promising future for surgical education. The history of surgical training and

education is summarized in Figure 1.

Formalized and
structured training
|

Medical school for .
instructing “barber Multiply modalities

» training
The first emerge of surgeons

“Barber surgeon” Typical
apprenticeship
“Academic surgeons” training model P 4
appears ' 4

D A~ Present
1000

Figure 1. A brief summary of the history of surgical training and education.

However, the key to improve surgical competency is practice (Kotsis et al., 2013,
Rui et al., 2018). Plenty of studies reported that increasing the volume is
significantly correlated with the performance improvement of surgeons
(Birkmeyer et al., 2003, Ericsson, 2008, Sosa et al., 1998, Stavrakis et al., 2007).
In addition to that, the increasing time in deliberate practice is also very important
rather than tremendous repetition, so as to achieve the expert level (Ericsson,
1996, Halm et al., 2002). There are two basic approaches for actualizing
deliberate practice, including continually setting up new objectives and higher
performance levels, searching out training circumstances to achieve the goals.
These approaches mainly avoid automated repetition that extra experiences do
not convert to improve surgical performance (Ericsson, 2008). The four steps to

achieve deliberate practice are presented in Table 1.
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Table 1. The conditions to achieve deliberate practice. (Ericsson, 2008)

Four Steps of Deliberate Practice:

1. Have a task with a well-defined goal
2. Be motivated to improve
3. Be provided with immediate feedback

4. Be provided with ample opportunities for repetition and gradual refinements of performance

The most useful method for safely and effectively improving medical
professionals’ capabilities is through the use of a simulation-based training
model. Numerous studies indicate that surgical simulators can help improve the
early learning curves, provide dedicated learning environments, and help avoid
patient discomfort or even potential adverse events (Waschke et al., 2018). The
Accreditation Council for Graduate Medical Education (ACGME) demonstrates
that simulations and skills laboratories are recommended in the resources of
resident education (ACGME, 2008). According to the study of Issenberg et al,
patients are also happier to allow surgical students to perform some medical
procedures on them after the surgical student received the simulation-based
training (Graber et al., 2005). Furthermore, a meta-analysis points out that the
simulation-based training combined with deliberate practice is more significantly
effective in the acquisition of clinical skills (p-value< 0.001), compared to the
traditional apprenticeship training model — “see one, do one, and teach one”
(McGaghie et al., 2011).

1.3. The types of simulators

There is an increasing tendency of the adoption and utilization of simulators as
part of surgical training, credentialing, and privileging (Desser, 2007, Singh et al.,
2014). In the aviation industry, simulators have been an indispensable tool for the
daily training and competency assessment of civilian or military pilots (Lei et al.,
2021, Lowther et al.,, 2021, Singh et al., 2014). In gastroenterology and

hepatology, simulation for training physicians has been used mainly for the



acquisition of new techniques, e.g., laparoscopic cholecystectomy (LC),
endoscopic therapeutic procedures, interventional radiology, and so on (Dawe et
al., 2014, Ostergaard et al., 2016, Sujka et al., 2018). There is a wide variety of
surgical simulators available for the training of physicians, including mechanical
simulators, live animal models, ex vivo models, and virtual reality (VR) models
(van der Wiel et al., 2016).

1.3.1. Mechanical models

Mechanical models, i.e., physical simulators, are using various non-tissue
materials to resemble anatomic structures. Both part-task simulators and organ

phantoms belong to the mechanical models (van der Wiel et al., 2016).

The part-task simulators give priority to some particular tasks that can be
practiced and learned, rather than attempting to acquire actual procedural
experience. For example, the skills for performing endoscopy are divided into
different components, including tip control, torque, insertion, and reduction
(Waschke et al., 2018). Figure 2 shows a part-task simulator for the improvement
of endoscopic skills. A recent study demonstrated that the part-task models
quickly and significantly improve the skills of novice, and it can convert to clinical

benefits in the early stage of the learning period (Waschke et al., 2018).



Figure 2. Part-task simulator for endoscopic skills. A. Endoscopic retroflexion; B.

Endoscopic knob control; C. Endoscopic torque; D. Endoscopic polypectomy; E.
Endoscopic navigation/Loop reduction. (Jirapinyo et al., 2015)

The organ phantom models or box models are also used extensively in medical
education. This kind of phantom is the most basic and inexpensive of the
simulator, which is suitable for basic training or didactical training. It shows a good
abstract anatomy demonstration, real-time physical interactions, and long-term
durability (Choi et al., 2020, King et al., 2016). Some organ phantoms, such as
the brain phantom (Forte et al., 2016), the cardiac phantom (Gosline et al., 2012,
Parsi, 2011), and the gastrointestinal (Gl) phantom (Garbin et al., 2019) have
been constructed for advanced surgical training and robot testing. Furthermore,
the structures of organs and the pathological lesions are able to be completely
copied with the development of 3D printing technology (Dhir et al., 2015, Holt et
al., 2015). Although the simulation of tissue properties is still a problem, a wide
variety of polymers and hydrogel materials provide a good selection for the
simulation of different biological tissues with different mechanical, acoustic, and

electrical properties.



1.3.2. Live animal simulator

Live animal simulators exhibit great advantages in biological tissue. The
physiological characteristics, including secretion, respiratory movement, and
bleeding, resemble the conditions that encounter in clinical practice. Several
therapeutic procedures, e.g., hemostasis, electrotomy, coagulotomy, are able to
perform in the animal simulator. A live swine model for endoscopic training is
shown in Figure 3. Swine is one of the most commonly-used live animal
simulators for surgical training, even though other animal simulators also have
been described in various studies (Desilets et al., 2011, Falkenstein et al., 1974).
However, animal simulators possess significant disadvantages, including
inconsistency with human anatomic structures, inability to be reused, non-
standard, and expensive, as well as the requirement for veterinary support
(Adams et al., 2017, Waschke et al., 2018). Moreover, ethical issues must be
resolved in the light of ethical principles and the local law. For example, animal
experiments with dogs, cats, and non-human primates are prohibited in the
European Union, except for the animals that have been bred for this purpose,
which is quoted from Directive 2010/63/EU of the European Parliament (Parra-

Blanco et al., 2013). The restrictions for living primate species are even severer.
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Figure 3. Live swine simulator for endoscopic training. (Herreros de Tejada, 2014)

1.3.3. Ex vivo simulators or hybrid simulators

To overcome some of the disadvantages of live animal simulators, hybrid or ex
vivo simulators combine a plastic outer shell or torso with detached animal
organs. These models have been utilized frequently in recent years (Ahn et al.,
2016). The part of animal tissue is placed in a mechanical device. Other
attachments and devices are also added, which depend on the content of training,
such as a pump system for fluid perfusion. The example of an ex vivo simulator
is presented in Figure 4 (Jung et al., 2013). A porcine or bovine organ with arteries
or artificial tubes sewn in the mucosa is well-prepared to simulate upper
gastrointestinal bleeding. The model is possible to train endoscopic advanced
procedures, including endoscopic mucosal resection (EMR), endoscopic
submucosal dissection (ESD), Endoscopic clipping, and so on (Palter et al., 2011,
Thomson et al., 2018).

The primary advantages of hybrid simulators are that the biological tissue has

similar properties to human tissue. The ex vivo simulator, therefore, has the
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possibility of practicing a bunch of therapeutic maneuvers with real accessories
that are used in the hospital. Nevertheless, the devitalized organs perform worse
than live animal models and it can make some procedures like variceal banding
or ligation, mucosal resection, and submucosal injection harder to perform
(Tamada et al., 1999, Velazquez-Avina et al., 2014).

Figure 4. Ex vivo porcine stomach simulator. (Jung et al., 2013)
1.3.4. Virtual simulator

Virtual simulators are one kind of equipment that rebuilds a virtual reality on a
computer screen or cyberspace to train cognitive and technical skills under
diverse conditions. The virtual simulator incorporates both visual and haptic
interfaces, attempting to resemble the clinical environments. Many studies
reported significant benefits in the acquisition of skills and surgical efficiency
(Waschke et al., 2018). The effects on training novice endoscopists, especially in
the initial clinical cases, are the most pronounced (Ferlitsch et al., 2010, Koch et
al., 2015). Besides, virtual simulators provide an objective assessment of
performances, e.g., procedural completion, the total time of the whole
examination, and the ability to handle bleeding. The feedback of virtual simulators
can function as a tutor to give real-time feedback and identify the deficiencies of
the trainees. Meanwhile, it is also possible for the realization of the credentialing
process via customizing benchmarks in the simulators.
12



There are several commercially available VR simulators. The virtual simulators in
the field of laparoscopy include CAE LAPVR simulator (CAE healthcare, Montreal
Quebec, Canada), LAP Mentor (3D systems, Littleton, United States), LAP-X
(Medical-X, Rotterdam, Netherlands), and LAPSIM (Surgical Science,
Gothenburg, Sweden), and so on (Huber et al., 2018, Shanmugan et al., 2014,
Wynn et al., 2018, Yiannakopoulou et al., 2015). Figure 5 exhibits the product
LAP Mentor from 3D systems company for the training of laparoscopic
cholecystectomy (Ayodeji et al., 2007). The virtual simulators come with replica
laparoscopes and various tools that resemble different devices, such as graspers,
scissors, staplers, which depends on the chosen scenario. There are sensors
inside the system to respond to the user’s operation. Force or haptic feedback is

also available to simulate the resistance during the procedure.

Figure 5. Virtual simulator manufactured by 3D systems/Simbionix LAP Mentor. (Ayodeji
et al., 2007).

These manufacturers also provide endoscopic virtual simulators (Ferlitsch et al.,
2002, Ferlitsch et al., 2010, Khan et al., 2018, Khan et al., 2019). The details of
modules and costs for the endoscopic virtual simulators are listed in Table 2. All

these virtual simulators have modules of upper Gl bleeding, colonoscopy, and

sigmoidoscopy, and so on. And these platforms are possible to intubate to the

13



cecum, perform loop reduction, hemostasis, and polypectomy, and so on. The
insertions of accessories, e.g., snare and forceps, are also applicable.
Endoscopic retrograde cholangiopancreatography (ERCP) is available in some
certain virtual simulators, including Endo VR, Gl mentor, and Endosim, while
therapeutic ERCP only exists in the Gl mentor system. Furthermore, the GlI
mentor platform has a diagnostic EUS module with linear and radial probes.
Some advanced endoscopic procedures, such as EMR and ESD, have not been
found on the market yet. The prices of virtual simulators are considerably
expensive, ranging from $ 49,950 to $134,000.

Table 2. Virtual reality simulators for endoscopy. (Committee et al., 2019)

Simulator

ENDO VR Gl Mentor Endo-X Endosim
Manufacturer CAE HealthCare 3D Systems Medical-X Surgical Science
mg::tg;:)(””mbers 8 Yes (2) Yes (1) Yes (2) Yes (2)
Cart Yes Yes Yes Yes
Integrated keyboard Yes Yes Yes Yes
Colonoscopy 2 Yes Yes Yes Yes
Sigmoidoscopy Yes Yes Yes Yes
EMR No No No No
Endoscopic submucosal No No No No

dissection (ESD)
Upper Gl bleeding ® Yes Yes Yes Yes
Diagnostic and

. ; ’ ; .
ERCP Diagnostic only therapeutic No Diagnostic only
EUSsH No Yes, diagnostic  No No
Trainee feedback Yes Yes Yes Yes

. - $72,000- $60,000-
List price $119,600 $134.000 $49,950 $132.000

a Colonoscopy module includes advancement to cecum, snare polypectomy, forceps biopsy, and
loop management

b Upper Gl bleeding modules include clip placement and coagulation for control of bleeding

¢ Diagnostic ERCP modules include cannulation, contrast injection, and cholangiogram
interpretation. Therapeutic ERCP modules include sphincterotomy and stent placement

d Diagnostic EUS modules include radial and linear imaging

Although virtual simulators are expensive, they can be used repeatedly and no
dedicated equipment is required, such as laparoscope and endoscope. And the
modules in the platform can be updated to adapt to newly developed modules

and procedures. However, virtual models provide limited haptic feedbacks to
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trainees, making the training scene nonrealistic. Moreover, there is no physical
interaction with real surgical tools too, which compromises the training experience
(Kunert et al., 2020).

To sum up, different types of simulators have both advantages and
disadvantages. Organ phantoms (Kenngott et al., 2015) exhibit great advantages
in durability, cost efficiency, and no involvements of ethical issues. It remains a
challenge to establish a high-fidelity artificial organ simulator with detailed
anatomic structures, soft properties material, vivid imaging results, and the ability
to provide trainees with quantitative feedback on surgical performance. However,
the emergence of fully-fledged 3D printing technology, e.g., Fused Deposition
Modelling (FDM), Selective laser sintering (SLS), Stereolithography (SLA), has
made it possible to fabricate a fully 3D organ phantom with high resolution,
accurate anatomy details (Kong et al., 2016, Lin et al., 2018, van Noort, 2012).
Meanwhile, the extension of printing materials also provides different possibilities
for different phantoms with different mechanical properties, which enables the
fabrication of complex structures (Adams et al., 2017, Garcia-Cano, 2007). Our
previous work combined soft materials molding technologies and advanced 3D
printing to establish realistic organ phantoms for medical training, such as a
gastrointestinal interventional phantom (Grund et al.,, 2012), a soft kidney
phantom (Adams et al., 2017), and a resectable prostate phantom (Choi et al.,
2020). These technical advancements enable the fabrication of highly accurate

organ phantoms using soft biomimetic materials.

1.4. Current research status of the liver phantom

To date, several liver phantoms have been made for surgical planning or

simulation. The details of these phantoms are summarized below.

The important anatomical structures in some liver phantoms, including the
hepatic artery, portal vein, patient-specific tumors, were fabricated by the 3D
printing techniques based on the acquired imaging data from CT, magnetic
resonance imaging (MRI), and cholangiography (Madurska et al., 2017, Pacioni

etal., 2015). Nevertheless, these liver phantoms lack hollow inner structures such
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as the biliary system, which is of significant importance concerning the
transhepatic interventional simulation. Besides, most of them are made of hard
plastic materials, compromising the haptic feedback during the surgical
simulation (Javan et al., 2018, Madurska et al., 2017, Pacioni et al., 2015, Yang
et al., 2018). Figure 6 shows the 3D printed liver models by Madurska et al
(Madurska et al., 2017).

Figure 6. 3D printed hepatic models for surgical planning. a, Portal veins and hepatic
tumor; b, Gallbladder and the corresponding biliary tree; c, Portal vein and its branches;
d, Hepatic artery. (Madurska et al., 2017)

In 2015, Dhir et al. presented a novel ex vivo liver model for the simulation of
endoscopic ultrasound-guided biliary drainage (EUS-BD) (Dhir et al., 2015). The
hybrid liver phantoms include a plastic bile duct and ex vivo animal tissue. The
bile duct was printed using polycarbonate by a 3D stereolithography system (3D
systems, Rock Hill, SC). The liver parenchyma was resembled by porcine liver
tissues. The phantom is applicable for several examinations, including x-ray,
ultrasound. However, the anatomy of the liver and bile ducts, as well as their
location, are underrepresented. And the imaging results on the ultrasound were
not well presented. Figure 7 exhibits the prototype of the liver phantom for the

interventional simulation.
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Figure 7. An ex vivo liver phantom for the training of endoscopic ultrasound-guided
biliary drainage (EUS-BD). A, B different side view of the liver phantom; C, 3D printed
biliary tract. (Dhir et al., 2015)

Tang et al. created a liver simulator for the examination of choledochoscopy in
2018 (Tang et al., 2018). The model was fabricated using 3D printing technology.
An electromagnetic sensor was installed in the working channel of the
choledochoscope to track the movement of the scope. Finally, an augmented
reality (AR) system was established to navigate the choledochoscopy. The model
depicts the biliary tract anatomically and accurately, but lacking of the surrounding
liver precludes the use for transhepatic interventions or ultrasound-based

procedures. Figure 8 shows the details of the liver model made by Tang et al.
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Figure 8. The 3D virtual liver model (a) and the model of intrahepatic biliary ducts (b).
(Tang et al., 2018)

To our knowledge, there has not yet been a report of an anatomically accurate
soft liver mechanical simulator obsesses both the hollow biliary system and the

surrounding hepatic parenchyma.

1.5. Aim of the thesis

As we mentioned above, the medical training regarding transhepatic
interventional procedures and surgery are highly demanding and hindered due to
the technical difficulties, the high risks of procedural complications, rare
accessibility in clinical practices, and so on. However, these interventional
procedures have gained increasing acceptance and begun to be widely used.
The requirement for developing a liver phantom for the training of such a
procedure is urgently needed. Although there are several available liver
phantoms in the research studies, the deficiencies of these liver phantoms, e.g.,
unrealistic anatomical structures, plastic-like haptic feedback, ethical issues, are
not allowed for widespread use in transhepatic interventional training. The design
and development of a soft liver phantom that is used for the training of
transhepatic interventional procedures are of significant importance. Therefore, a
novel, universal liver phantom that is applicable for certain examinations,
including endoscopy, radiology, ultrasound, is developed for the training of
transhepatic interventional procedures. To meet these requirements of the
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training purposes, several characteristics in the liver phantom should be

addressed during the materials selection and manufacturing process:

<>

Accurate anatomic structures: the recognition of anatomical landmarks
is essential for the success rate of surgical procedures. The biliary
tract's shape and location in the liver are critical in transhepatic
interventional procedures. Besides, the shape of the liver also helps to

localize the bile duct with the assistance of an imaging system.

Realistic appearances: to some extent, the fidelity of the simulators
affects the performance of medical training. The basis of deliberate

training is adequate degree of realism.

Analogous mechanical properties of human tissues: The simulator's
haptic feedback is highly dependent on the material's material
properties, such as elastic modulus and hardness. During interventional
procedures, there are frequent interfaces between physicians,
equipment, and tissue. The haptic feedback becomes particularly
important especially in the training of advanced interventional

procedures.

The ability for ultrasound imaging: generally speaking, the
interventional procedure involves the localization of the biliary tract
undergoing ultrasound, as well as the guidance of puncture needles.
Therefore, the ability for exposing the bile duct undergoing ultrasound

examination is critical.

The ability for radiologic imaging: choledochography is one of the most
important diagnostic tools for biliary disease. The therapeutic
procedures, e.g., stent placement, balloon dilation, are performed
under the assistance of radiology. Hence, the ability for radiologic
imaging is a prerequisite characteristic of the liver phantom for

interventional training.

The ability for endoscopic imaging: with the development of ultra-slim
endoscopes, the use of cholangioscopy becomes more and more

common. The possibility for cholangioscopic training is also an
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important characteristic.

<> The hollow biliary system: most procedures during the transhepatic
interventions, including the insertion of guidewires, stent placement,
needle puncture, and balloon dilation, are performed in the biliary
system. The ductal structures in the liver phantom are an indispensable

condition.

<> The assessment of procedural performance: A timely assessment of
the interventional procedures is critical for achieving deliberate training.
Several parameters are very important to assess the performance of
the interventional procedures, e.g., whether the transhepatic needle
punctures exactly in the bile duct, or which segmental ducts does the

needle pierces in.

<> Durability: interventional procedures normally base on the transhepatic
puncture procedures. Repeatedly puncturing is required for the
interventional training. The design of the simulator should consider the

durability property to ensure the service life.

<> Inexpensive: The cost of the simulator is one of the most important
considerations. The use of the simulator can be widely accepted only

when the price of the simulator is acceptable.
The aim of the project was to create an intervenable model of an anatomically

correct liver organ with included intra- and extrahepatic bile ducts according to

the above requirements.
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2. Materials and Methods

2.1. The schematics of fabricating a soft liver phantom that

possesses a hollow biliary system for the purpose of training in
h fic intervention pr r

The project’s schematics are shown in Figure 9. The goal is to create a soft liver
organ phantom that possesses a hollow biliary system for the training in hepatic
intervention procedures. Based on anatomic knowledges, a biliary system,
including the intrahepatic duct and extrahepatic duct, was designed via 3D
modeling software. A new fabrication method that combines 3D printing and
molding was used to fabricate the liver phantom with a hollow biliary structure.
Multiply imaging examinations were then applied to assess the fidelity of the liver
phantom, including CT scan, endoscopy, and ultrasound. All of these
examinations are common medical imaging techniques for hepatic diseases.
Finally, a medical procedure, i.e., transhepatic puncture procedure, was
simulated in the new phantom to assess the practical use. Meanwhile, a real-time
needle tracking system for the quantitative evaluation of endoscopic procedures
has been developed (Tan et al., 2021).

(a) Bile duct anatomy
(d) Validation of models

CT scan

Endoscopy

(b) The fabrication of liver models
\ / J \ Ultrasound

Figure 9. Schematics of the soft liver mechanical phantom possessed a hollow biliary
system for the medical training. (a) the anatomic structure of the biliary system; (b) the
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fabrication of the liver phantom by 3D printing and molding methods; (c) simulation of a
transhepatic puncture procedure in the liver phantom; (d) the validation of the model via
multi-modality medical imaging. CBD, common bile duct; CHD, common hepatic duct; CD,
cystic duct; RHD, right hepatic duct; LHD, left hepatic duct; B1-B8, segmental duct. The
picture is derived from a published article written by our groups. (Tan et al., 2021)

2.2. The design of the 3D digital liver model based on the liver
anatomy

2.2.1. The anatomy of the liver and corresponding bile duct

Proficiency in the anatomy of the liver, especially the internal anatomy of the liver,
is a prerequisite for a good hepatic surgeon. The detail of intrahepatic anatomy
was mainly disclosed by a French surgeon and anatomist, called Claude
Couinaud, who detailed his work in “The Liver: Anatomic and Surgical Studies” in
1957 (Abdel-Misih et al., 2010). His theory points out that hepatic functional
anatomy relies on the vascular and biliary network rather than the external
surface anatomy, which greatly improves the safety and possibilities of hepatic
surgery (Abdel-Misih et al., 2010).

The Couinaud classification of hepatic segments divides the liver into eight
distinct segments based on the presence of dual vessels, biliary drainage, and
lymphatic drainage in each segment (Abdel-Misih et al., 2010). Each segment
was assigned a Roman number (I to VIII), starting with the caudate lobe (l),
followed by the left lateral superior segment (l1), the left lateral inferior segment
(1), the left medial segment (IV), the right anterior inferior segment (V), the right
posterior inferior segment (VI1), the right posterior superior segment (VII), and the
right anterior superior segment (VIIl) (Abdel-Misih et al., 2010). See Table 3 for
more information (Abdel-Misih et al., 2010).

Table 3. The anatomy of hepatic segments

Lobes Segments “Couinaud” Corresponding
classification bile duct
Left lobe Caudate lobe | B1
Left lateral superior segment 1l B2
Left lateral inferior segment n B3
Left medial segment |\ B4
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Right lobe Right anterior inferior segment \% B5

Right posterior inferior segment \ii B6
Right posterior superior segment \i B7
Right anterior superior segment \alll B8

As illustrated in Figure 10, three hepatic veins run in three vertical planes to
divide the liver into four segments. For example, the right hepatic vein divides
the right lobe into right posterior (Segments VI/VII) and right anterior (Segments
V/VIII) sections. The liver is divided into right and left lobes by the middle
hepatic vein. Left lobe is divided into left lateral and left medial sections by the
left hepatic vein. Meanwhile, a horizontal plane (the portal plane), through which
the Glisson's capsule passes, divides each liver section into two segments,

superior and inferior segments.

Right Right Left Left
posterior anterior medial lateral

Right hepatic vein Middle hepatic vein

Left hepatic vein

Umbilical vein
(remnant)
Hepatic duct

Inferior vena cava

Cystic

Hepatic artery
duct

Portal vein

Gall bladder Bile duct

Figure 10. Hepatic functional anatomy based on vascular and biliary relationship. The
image is taken from the website:
(https:/lranzcrpart1.fandom.com/wiki/Abdomen:Solid_viscus:Couinaud_segments).
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2.2.2. Design of the 3D digital liver model

The design of 3D digital model should fully consider the functional anatomy of the
liver, especially the diameters, shape, and orientation of both normal and
abnormal structures. After a literature review, the technical data of different bile

ducts are summarized in Table 4.
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According to the above data regarding the anatomical structures of the biliary
tract, as well as medical experts’ knowledge and experience, two 3D digital
models of a biliary system for both normal and dilated bile duct were designed.
Due to the significance of diameters of the bile ducts, the details of diameters in
real patients and our phantom are presented in Table 5. The diameters of the
segmental ducts, intrahepatic duct (left), intrahepatic duct (right), common
hepatic duct, cystic duct, and common bile duct were set to 1 mm, 3 mm, 4 mm,
10 mm, 4 mm, and 11 mm, respectively, in the phantom of the normal case. And
the diameters of the bile ducts in the phantom biliary dilation cases were set to
replicate clinical biliary dilations, that is 6 mm, 8 mm, 10 mm, 18 mm, 8 mm, and
20 mm for the segmental ducts, intrahepatic duct (left), intrahepatic duct (right),
common hepatic duct, cystic duct, and common bile duct, respectively (Dhir et
al., 2015, Kozarek, 2017). Each segmental bile duct was localized corresponding
to the anatomy of the liver segments. And Figure 11 and Figure 12 show the front-

side view of the designed biliary tract (Tan et al., 2021).

Table 5. The design of bile duct’s diameters in the different sites and cases

Site/Cases Real human The phantom of The phantom of
(mean/range, normal case biliary dilation
mm) (mm) case (mm)
Common bile 5.3(4-14) 11 20
duct
Cystic duct 1-5 4 8
Common hepatic 6-10 10 18
duct
Left (right) 3-4 3-4 8-10
hepatic duct
Lobar duct 0.4-0.8 7 10
Segmental duct <0.1 2~1 7~6

26



Figure 11. Design of the normal bile duct (from own recording).

Figure 12. Design of the dilated bile duct (from own recording).

The 3D digital model of the outer shape of the liver was downloaded from an open
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resource website (BodyParts3D, https://lifesciencedb.jp/bp3d/) and then
customized for the current research. The original dataset's division of the liver

segments was preserved, as illustrated in Figure 13 (Tan et al., 2021).

(a) Front side (b) Back side

Figure 13. Design of the 3D model for the liver outer shape (from own recording).

SolidWorks software (Dassault Systemes SE, France) was used to create the
three-dimensional digital liver and biliary system models. Additionally, they were
decreased to 80 percent size in all three dimensions using the Meshmixer
software (Autodesk Meshmixer 3.5) to conserve 3D printing time and materials
(Tan et al., 2021).

2.3. The fabrication of the liver phantom

2.3.1. The feasibility of the fabrication method

In this study, we used a new fabrication method to build a hollow structure in a
soft model. The method is to use a transformable inner mold to create a complex
hollow structure. As shown in Figure 14, a flexible inner mold can be transformed
during the demolding process. After the removal of the inner mold, the complex
hollow structure was left without destroying the inner mold and the resultant

structure.
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«+— A flexible inner mold

Created a hollow structure after
demolding

Figure 14.The theory of the fabrication method (from own recording).
2.3.2. The selection of 3D printing materials

To explore the most suitable 3D printing materials for the fabrication of inner
molds, a simple 3D digital model was created (Figure 15). The reason for the
selection was that the angle of the bifurcation between the left and right hepatic
duct is relatively large, which means the deformation of the inner mold in this part
is the highest, subsequently resulting in difficulties during the demolding process.
If this part of the inner mold is not damaged during the demolding process, then

the material is considered feasible for our fabrication approach.
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Figure 15. Design of small sample models for 3D printing material test
(from own recording).

Four 3D printing materials were selected for the material test, including
Tangoblack, FLEX9060-DM, FLEX9095-DM, and RGD8730-DM (Stratasys
company), see details in Figure 16. Two sizes of the simple 3D digital model were
printed using each of the above materials on a 3D printer for commercial use
(Object 260 Connex, Stratasys). The diameters of the tip of the simple 3D digital
model are 3~4 mm, 1~2 mm, respectively, which represented the size of the

hepatic bile duct (3-4 mm), segmental bile duct (1-2 mm), respectively.
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Figure 16. Eight samples for the materials test of inner mold (from own recording).
2.3.3. The selection of molding materials

According to the literature, organic phantoms are normally fabricated by hydrogel
materials, due to their low costs and acoustic properties, i.e. echogenicity
(D'Souza et al., 2001b). However, these hydrogel phantoms have a short life time
with an estimated usable life of 2/3 years. Furthermore, their working life could
even be shorter when they serve for the training of invasive surgeries, including

biopsy and puncture procedures.

The selection of molding materials highly depends on the application of the
phantom. In this study, we focus on the training of transhepatic puncture
procedures, the durability and punctuality are the most important factors.
Therefore, silicone polymers were used as basic material due to their durability
and stability over time (Pacioni et al., 2015). But the silicone polymer is anechoic
undergoing ultrasound scanning, which contradicts the iso-echogenicity of the

hepatic parenchyma, see details in Figure 17.
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Figure 17. The ultrasound imaging of a real human liver. The image is obtained from
reference (NIH_Consensus, 2002)

To simulate the lifelike ultrasonic signal, some glass beads with different
diameters were mixed with the silicone. A silicone polymer (Ecoflex 0020,
Smooth-On, PA, USA) was selected because its mechanical properties (elastic
modulus: ~60 kPa) is comparable to the parenchyma of the human liver (0.5 - 70
kPa) (Adams et al., 2017, Zmudzinska et al., 2018). Ecoflex 0020 was mixed via
a glass rod in a volume ratio of 1:1 (Part A: Part B), different glass beads (¢= 600,
200,10 um) were then mixed with silicone materials in a weight ratio of 10%, and
the mixtures were placed in the oven for curing with 63 °C for 4 hrs, see the
samples in Figure 18. The fabricated material was imaged using a medical
ultrasonographic imaging system (LOGIO P6, GE Healthcare, Chicago, IL, USA)
in B-mode, with a linear array ultrasonic transducer (10 MHz). The materials were
fixed at 3 cm underwater and presented in a coronal plane. The most suitable

glass beads were selected for further concentration tests (Tan et al., 2021).
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O=600pm  ®=200pm P=10um

Front view

Side view

Figure 18. The setup for the influences of glass beads with different diameters (¢=10 pm,
200 pm, and 600 pm) on the echogenicity (from own recording).

Different concentrations of glass beads in the mixtures (weight ratio= 2.5%, 5%,
and 20%) was set up for the proportion test. The fabrication method followed the
same method of ECOFLEX preparation in section 2.3.3. The fabricated samples
were imaged by ultrasound at the identical conditions mentioned in section 2.3.3.
Subsequently, according to the imaging result, the most suitable concentration
was selected for the molding process of the whole phantom. Figure 19 shows the

samples for the concentration test.
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Figure 19. The setup for the influences of glass beads with different proportions (¢=10
pm, weight ratio: 2.5%, 5%, and 20%) on the echogenicity (from own recording).

2.3.4. The fabrication process of the whole liver phantom

The fabrication of the liver mechanical simulator is depicted in Figure 20. The liver
phantom's inner mold with a bounding box size (~178x120x110 mm3) was printed
on a 3D commercial printer (Object 260 Connex, Stratasys) using a rubber-like
photopolymer Tangoblack+ material (Stratasys, Israel) (Fig. 20a). And the outer
configuration of the liver model with a bounding box size (~167 x 127 x 124 mm3)
was printed on a 3D commercial printer (Stratasys Fortus 450mc, Stratasys)
using ABS material (Fig. 20b). The negative outer molds were created using
silicones polymers (Mold Star™, Smooth-On, PA, USA) based on the printed ABS
liver. The Mold star was stirred by a glass rod, with a 1:1 by volume ratio of Part
A: Part B, and cured for 4 hrs at 64 °C, finally, the printed ABS liver model was
removed mechanically. After that, the inner mold was connected to the outer mold
by repositioning the extrahepatic ducts in the outer mold (Fig. 20d). As a result,
the inner mold was assigned to the proper position corresponding to the outer
molds for injection molding. Four positioning pins (3 mm x 3 mm x10 mm) was
used to secure the outer molds. A silicone polymer (Ecoflex 0020, Smooth-On,

PA, USA), as well as glass beads, was thoroughly mixed mechanically and
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poured into the assembled mold. The diameter of the glass beads and the

concentration were confirmed by preliminary experiments (Wt% =1%, @=10um),

see the details in the result section 2.3.3. The polymer material mixture was cured
in an oven at a temperature of 65 °C for 4 hours. The inner mold was mechanically
removed. It is extractable due to the high degree of elasticity of the inner mold
material (Fig. 20e). Extrahepatic biliary tracts were created using the tip-coating
technique. The mold for the extrahepatic biliary tract was immersed in another
silicone rubber material (Dragon Skin™, Smooth-On) containing the same
concentration of glass beads and then gradually removed. After curing overnight
at room temperature, a thin layer of silicone polymers was formed. Finally, a liver
mechanical simulator with biliary tract was created using silicone adhesive and
the extrahepatic biliary duct (Fig. 20f) (Tan et al., 2021).

(a) 3D printed inner mold
(d) Assembly of molds (e) Removal of molds

{}é&
y

&

Injection point
ﬂ / of the polymer

=

(¢) Negative outer mold

/ Z

(f) Liver phantom

» N\
5cem Y
& Injection Outlet of
point of the bile duct
polymer

Figure 20. Workflow of fabricating the liver mechanical simulator. (a) the 3D printing of the
inner mold with a soft material; (b) the 3D printing of the outer shape of the liver with a
rigid material; (c) the negative outer mold; (d) the assembly of inner and outer molds; (e)
the demolding process; (f) the fabricated liver phantom. (Tan et al., 2021)

(b) 3D printed outer shape

5cm

2.4. The validation of the liver phantom
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2.4.1. Validation of the liver phantom using radiographic imaging

As illustrated in Fig. 21a, the liver mechanical simulator was examined using a
CT scanner (Somatom Force, Siemens, Germany). The data were collected in
the axial plane, the matrix size was set as 512 x 512, the field of view was set as
370 mm x 370 mm, and the thickness of the slice was set as 1 mm. The obtained
data was saved as IMA file, and were then reconstructed in a 3D medical imaging
software (InVesalius v3.1.1, Renato Archer Information Technology Center,
Brazil). The 3D structures of the biliary tract and the outer shape of the liver were
rebuilt independently. The biliary tract was reconstructed using a threshold of -
1024 to -678 Hounsfield units (HU), and the liver using a threshold of -478 to 1144
HU. The quantitative analysis of the fabrication accuracy was processed using
mesh editing software (CloudCompare v2.11) by comparing the differences
between the 3D reconstructed models and the 3D digital models of the liver. Two
identical meshes in the STL files were manually aligned. Then, the cloud/cloud
distances between the fabricated and designed models were calculated, as well
as the point-to-point distances. Finally, the pseudocolor images were displayed
to demonstrate the spatial inaccuracies of the two models. To analyze the
difference, the root mean square error (RMSE) of the distance between the
fabricated liver mechanical simulator and the designed liver model was
calculated. The RMSE is the square root of the distance between the designed
and fabricated models (Tan et al., 2021).
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Figure 21. The phantom in a CT scanner (from own recording).

2.4.2. Validation of the liver mechanical simulator using endoscopy

The biliary duct was inspected by a flexible endoscope to validate the fidelity of
the liver phantom. To visualize the biliary system's "mucosal surface" in the liver
mechanical phantom, a thin 16 French endoscope (Slim video gastroscope, Karl
Storz SE & Co. KG, Germany) was used. The scope was connected to a light
source (XENON 100 SCB, Karl Storz, Germany) and a camera control unit
(Image1 S X-link, Karl Storz, Germany), and real-time visualization was provided
by a high-definition monitor (9619 NB, Karl Storz) (Tan et al., 2021).

2.4.3. Validation of the liver mechanical simulator using digital type-B ultrasonic
imaging

To validate the ultrasonic imaging of the liver phantom, a medical ultrasound

imaging platform (LOGIO P6, GE Healthcare, Chicago, IL, USA) was used. A

linear array ultrasonic transducer operating in B mode (10 MHz) was used. The

liver phantom was submerged approximately 2 cm beneath the surface of the
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water and displayed in the coronal plane. The biliary system's anatomical
structures were visualized sequentially, including the segmental bile ducts, left
hepatic duct (LHD), right hepatic duct (RHD), common hepatic duct (CHD),
common bile duct (CBD), and cystic duct (CD) (Tan et al., 2021).

imulation of transh ti nctur
needle tracking system on the liver phantom

2.5.1. The simulation of transhepatic puncture procedures

As shows in Figure 22, the target bile duct was visualized with the digital type-B
ultrasonic imaging system. The parameters of the ultrasound system were set as
the same as the parameters mentioned above. Transhepatic puncture
procedures were performed using a puncture needle with 20-Gauge (Becton
Dickinson S.A., Madrid, Spain). The interrupted needle insertion technique was
utilized for puncturing the hepatic parenchyma until the tip of the needle was
placed in the target bile duct. The transhepatic puncture procedure was

repeatedly performed three times in each bile duct (Tan et al., 2021).

Figure 22. The simulation of transhepatic puncture procedures (from own recording).

2.5.2. The establishment of the needle tracking system and the quantitative
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assessment of the transhepatic puncture procedures

To determine whether the puncture needle was successfully intubated into the
target bile duct, a needle tracking system was established. The schematic
diagram of the transhepatic needle tracking platform is shown in Figure 23. Eight
electrodes (E1-E8), i.e., straight pin headers (RS Components GmbH,
Germany), were installed at the respective bile duct tips (B1-B8). A
microcontroller (MEGA 2560, Arduino, Italy) was connected to the electrodes and
interfaced with a laptop computer. The biliary system was fully filled with 0.9 wt%
physiological saline (0.9% NaCl solution), imitating the biliary liquid. The Saline
solution functions as an electric conductor in the circuit system. After performing
the transhepatic puncture procedure successfully, the needle contacts the
physiological saline solution, forming an enclosed circuit system. Different
amounts (distances) of saline water between the electrodes and the needles
could act as unique resistors (from R1 to R8). Two electrodes, i.e., the
transhepatic needle and the reference resistors (RO, 470 Q), were empowered
with a square pulse, with an amplitude of 5.0 V and a period of 0.3 ms. The
voltages across the reference resistors (RO) from the eight channels were
monitored in order to determine the corresponding resistors for the buffered
saline (R1 to R8). The transhepatic puncture needle position was determined by
identifying the lowest resistance value, i.e., the shortest conductive path in
buffered saline solution. Through analyzing the resistances between the needle
and a counter electrode, the accuracy of the needle tracking system was also
explored, the schematic diagram of the set-up shows in Figure 24 (Tan et al.,
2021).
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Puncture needle

Figure 23. The schematic diagram of the electric sensing system. Eight electrodes (E1-E8)
were placed at the tip of each segmental biliary tract, which filled with physiological saline
water and the resistance is measured respectively. (Tan et al., 2021)
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Figure 24. The schematic diagram of the set-up to calibrate the accuracy of the electric
sensing system. (Tan et al., 2021)
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3. Results

3.1. The feasibility of the fabrication approach and the selections of
materials

3.1.1. The feasibility of fabrication approach

To test the possibility of the fabrication approach, a small sample with a
bifurcation structure was 3D printed on a commercial 3D printer, using a rubber-
like photopolymer material (Tangoblack+). The small samples, served as an inner
mold, were then immersed in a cube box filled with silicone-based polymers
(ECOFLEX 0020) for molding. After the silicone-based polymers were cured in
an oven at 65 °C overnight, the small sample was carefully removed from the
silicone-based polymers by extracting force. The result shows that the small
sample can be extracted successfully from the silicone-based polymer, which
suggested that the fabrication approach described herein is feasible. This method
successfully builds a complex hollow structure by the design of the flexible inner
mold, which can easily demold from an outer mold without destroying the inner
mold (Tan et al., 2021).

The surface of the small sample was carefully inspected to see the potential
damages of the fabrication process on the inner mold. Meanwhile, the silicone-
based polymer was cut in a coronal plane to expose the surface of the hollow
structure, subsequently to explore the potential damages of the fabrication
process on the fabricated model. The results reveal that there is no crack in both
the inner mold and the fabricated model, which means the fabrication approach
herein does not destroy the fabricated model and the inner mold. Therefore, the
fabrication method can serve as an ideal approach for the fabrication of a liver

phantom with complex hollow structures, e.g., biliary system.

3.1.2. The selections of materials for inner mold (3D printing bile duct)

To find out the best 3D printing materials for the inner mold, different

photopolymeric materials with different mechanical properties were selected. In
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total, four types of photopolymer materials were included in the material test, i.e.,
Tangoblack+, FLEX9060-DM, FLEX9095-DM, and RGD8730-DM. Eight samples
with two sizes (¢=3-4 mm and ¢=1-2 mm) were printed using the above 3D
printing materials. Eight samples were then respectively immersed and fixed in
eight cube boxes filled with silicone-based polymer (ECOFLEX 0020). After the
polymer was cured, eight samples were carefully and mechanically removed. The
results show that two samples printed by RGD8730-DM were broken in the
bifurcation during the demolding process. However, the other six samples were
all successfully removed by the extracting force. Therefore, 3 types of materials,
including Tangoblack+, FLEX9060-DM, FLEX9095-DM, are suitable for the

fabrication process of the inner molds.

A slim 16 French gastroscope (Slim video gastroscope) was applied for the
endoscopy check of six small samples. The inner surfaces of six samples were
clearly visualized by the endoscope, see examples in Figure 25. The results show
that there is no damage or crack in the inner surface of the six remained samples,
which indicates that these materials do not lead to any damages to the liver model
(Tan et al., 2021).

Figure 25. Endoscopic imaging for the small samples of the inner mold. (a) the scope was
placed at the common bile duct; (b) the scope was placed at the common hepatic duct; (c)
the scope was placed at the right hepatic duct. CHD, common hepatic duct; CD, cystic
duct; LHD, left hepatic duct; CHD, common hepatic duct; RHD, right hepatic duct (from
own recording).

A digital type-B ultrasonic imaging machine was applied for the ultrasound check
of six small samples (simplified bile duct model). Some of the important anatomic
structures were inspected in each sample, including common bile duct, cystic
duct, right hepatic duct, and left hepatic duct. An example of the small samples
was shown in Figure 26. The results show that six remained samples were all

clearly visible in the ultrasound imaging system.



The end of LHD The end of RHD Additional layer CHD
simulate stomach

Figure 26. Ultrasound imaging for the small samples of the inner mold. CBD, common bile
duct; CD, cystic duct; LHD, left hepatic duct; CHD, common hepatic duct; RHD, right
hepatic duct (from own recording).

3.1.3. The selections of materials for the liver parenchyma

According to previous experience, the silicone polymer (ECOFLEX 0020,
Smooth-On, PA, USA) is an ideal material that has similar mechanical properties
to that of human organ tissues. However, ECOFLEX 0020 is anechoic when
undergone ultrasound examination, which is contradicting to the acoustic
properties of human liver tissue. Generally speaking, the echogenicity of the
hepatic parenchyma is an equal echo. Therefore, to resemble a realistic
echogenicity of the liver tissue, the following experiments were performed to
explore the most suitable mixtures that resemble the ultrasonic signal of real

human liver tissue.

Due to the refraction and scattering effects of glass beads, they can be added
into the silicone polymer to increase the amount of echo return to the ultrasound
device so that the iso-echogenic signal can be simulated. Therefore, different
diameters of glass beads with different weight ratios were mixed with the silicone-
based polymers to investigate the best material and proportion of glass beads in

the silicone-based polymers.
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Figure 27 shows the ultrasound result of the selection of glass beads with different
diameters. Three kinds of glass beads (¢= 600 ym, 200 pym, and 10 ym) were
added into the silicon-based polymers (ECOFLEX 0020). After curing in the oven
at 65 °C overnight, the samples were inspected by a digital type-B ultrasonic
imaging machine. The results show that all three samples that mixed with different
glass beads exhibit uniform echo signal, which demonstrated that the mixture of
glass bead provides a method to produce echogenicity in silicone-based
polymers. However, the echo signals in Figure 18a and 18b mainly presents in
the bottom of the samples, while the top of the samples remains anechoic. The
phenomenon occurs basically because the density of these glass beads (¢= 600
um, 200 pm) is higher than that of silicone-based polymer and subsequently the
glass beads agglomerated to the bottom. Although the glass beads were
thoroughly mixed with polymers, they sank to the bottom during the curing time.
On the contrary, the glass beads in Figure 18c are equally distributed. This is
because the density of the glass beads (¢= 10 um, p =1.1 g/ml) is similar to that
of silicone-based polymers (p =1.07 g/ml). Therefore, the glass beads can almost
be equally distributed in the silicon-based polymers during the curing time,
accordingly, the echo signal produced by the glass beads is equally distributed
on the top. The result of the material test for the selection of glass beads
displayed that the glass beads with a diameter around 10 ym are the most
suitable supplement in the silicone-based polymer to resemble the echogenicity

properties of human liver tissue.
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Figure 27. Ultrasound image of the silicon-based polymer samples with different glass
beads. (a) Glass beads with a diameter of around 600 pm were added to the polymers; (b)
Glass beads with a diameter around of 200 pm were added to the polymers; (c) Glass
beads with a diameter of around 10 pm were added to the polymers (from own recording).
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To find out the most suitable concentration of the glass beads in the silicone-
based polymers, three small samples were made in Petri dishes as molds with a
diameter of 3.5 cm. The glass beads with different weights (0.1 g, 0.2 g, 0.8 g, ¢=
10 um) were added to 4 g mixtures of silicone-based polymers (ECOFLEX 0020).
Therefore, the weight ratios of glass beads in these three samples are 2.5%, 5%,
and 20%, respectively. Three samples were then inspected by a digital type-B
ultrasonic imaging machine. The appearances of these samples are presented in
Figure 19. As shown in Figure 28, all three samples clearly show echo signals
during the ultrasound examinations. Furthermore, with more proportion of glass
beads in the samples, the echo signals are stronger. It seems that the signal in
Figure 19c presents a similar echogenicity to that of real human liver tissue
(Figure 8). However, with detailed observation in those images, unequal
distributions of ultrasound signals can be detected in Figures 19a, 19b, and 19c.
Paradoxically, the distribution of glass beads is homogeneous because the
density of glass beads is almost equal to that of silicone-based polymers.
Therefore, the reason that results in unequal distribution of ultrasound signals is
something else other than the physical distribution of glass beads. After the
literature review, we considered that the inhomogeneous ultrasound signals
come from the high ultrasonic attenuation of the silicone and glass beads. The
speed of silicone-based polymer is considerably lower than that of a real human
liver. As a result, the silicone-based polymer has a disadvantage in ultrasound-
based imaging. However, the silicone-based polymers (ECOFLEX 0020) were
selected mainly because of their durability. This property is essential for the
procedure of needle puncture. To reduce the acoustic attenuation, a less
proportion of glass beads are supposed to add in the preparation of molding

material.

Finally, silicone-based polymers with 1 wt% glass beads (¢= 10 um) were

considered as the suitable mixtures as the molding material.
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Figure 28. Ultrasound image of the silicone-based polymer samples with different
proportions of glass beads. (a) 2.5 wt% Glass beads were added to the polymers; (b) 5
wt% glass beads were added to the polymers; (c) 20 wt% glass beads were added to the
polymers (from own recording).
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3.2. The fabrication results of the liver mechanical simulator

With the fast development of medical interventional procedures, the potential
medical imaging methods for the assistance of interventional procedures have
become increasingly versatile. Currently, the most popular interventional imaging
are radiophotography, sonography, and endoscopic imaging. To adopt different

interventional imaging methods, two different liver phantoms were fabricated.

3.2.1. The fabrication of the liver phantom for the simulation of transhepatic
puncture procedure

Most transhepatic interventional procedures are based on the transhepatic
puncture procedure, e.g., percutaneous transhepatic cholangiobiopsy,
percutaneous transhepatic cholangiography (PTC), percutaneous transhepatic
cholangiodrainage (PTCD), and so on. There are no biliary mucosal details
involved during the whole interventional procedure. Therefore, the biliary mucosa
was not fabricated in the liver phantom for the transhepatic puncture procedure.
The details of fabrication processing for the liver phantom were illustrated in
Figure 11 (Tan et al., 2021).

A soft translucent liver phantom with a hollow biliary system was fabricated. The
appearance of the liver phantom from different angles is shown in Figure 29. The
results of the liver phantom show that most anatomic landmarks are accurately
depicted in the liver phantom, such as the gallbladder bed, the porta hepatis,
gastric impression, and so on. This indicated that the phantom herein can serve

as high-fidelity organ phantom for medical training (Tan et al., 2021).
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Figure 29. The view of the liver phantom for the transhepatic puncture procedures. The
front view, back view, and right view of the liver phantom were exhibited (from own
recording).
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3.2.2. The fabrication of the liver phantom for the cholangioscopy-based
interventional procedures

Some of the hepatic interventional procedures are based on cholangioscopy, for
example, percutaneous transhepatic cholangioscopy (PTCs), peroral
cholangiography (POC), and peroral transluminal cholangioscopy (PTLC). These
interventional procedures were mainly to inspect the inner structure or lesion in
the biliary system. Hence, the mucosal surface of bile ducts is of significant
importance. To fabricated the mucosa surface of bile ducts, a thin layer of
silicone-based polymers was applied to the inner mold by a dip-coating approach.
After the manufacture of the biliary mucosa, the fabrication procedure followed

the protocol described in Figure 20.

As shown in Figure 30, a soft and opaque liver mechanical simulator with a hollow
biliary system was fabricated. The inner color, surface, and structure of the bile
duct highly resemble to that of real human liver tissue. Similarly, most anatomic
landmarks are vividly displayed in the liver phantom, including the gallbladder
bed, the porta hepatis, and the gastric impression, and so on. This result suggests
that the fabricated liver phantom is highly realistic, which is possible for the
simulation of the cholangioscopy-based interventional procedures. Furthermore,

the fabrication method herein is reproducible and with high accuracy.
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Figure 30. The view of the liver phantom for the endoscopy-based interventional
procedures (from own recording).

3.3. The validation of the fabricated liver mechanical simulator

To validate the feasibility of the interventional procedures in the liver phantom,
the most common medical imaging methods are used, including CT imaging,
sonography, and endoscopy. The liver phantom was inspected by these imaging

devices sequentially. The results of each imaging method are shown below.

3.3.1. CT validation of the fabricated liver mechanical simulator

The fabricated liver mechanical simulator was placed in a coronal plane and then
checked by a CT scanner. The obtained data was imported and reconstructed in
3D medical imaging software. A quantitative analysis of the accuracy of the
fabrication process was performed in a mesh editing software, by comparing the
digital fabricated phantom model with the original designed model (Tan et al.,
2021).

The quantitative error analysis of the biliary system was performed to determine

the consistency of the fabrication process of the biliary tract. As illustrated in
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Figure 31, the biliary system has a RMSE of 1.7 mm and a standard deviation
(SD) of 0.7 mm. The size of the biliary system (a bounding box) measures
approximately 147.3 mm in length, 115.6 mm in width, and 243.2 mm in height.
As a result, the mean error of the bile duct model is approximately 1%. Because
of the flexibility of the printed inner mold, the largest error of the fabrication
process (represented by the red colors in Figure 22) occurs primarily at the tip of

the biliary system.
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Figure 31. Quantitative error analysis of the bile duct in the liver mechanical simulator
compared to the digital model. The surface colors stand for the root mean square error
(RMSE). (Tan et al., 2021)

To detect the fabrication process’s accuracy of the hepatic parenchyma, the
quantitative error analysis of the liver outer shape was performed. As shown in
Figure 32, the spatial error associated with the outer shape of the liver phantom
is 0.9 mm with an SD of 0.2 mm. Meanwhile, the bounding box of the liver
measures approximately 209.4 mm in length, 159.3 mm in width, and 157.6 mm
in height. Hence, the mean spatial error of the hepatic parenchyma is less than
0.7 percent. The red mark in Figure 32 that represents the largest error of the

liver phantom mainly locates on the visceral surface of the liver (Tan et al., 2021).

The spatial error results of both the biliary system and the hepatic parenchyma

imply that the fabrication process precisely resembles the designed model, with
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high-fidelity morphological structures in both the biliary system and the hepatic
parenchyma. The preciseness of the fabrication procedure, e.g., the mold
establishment and the assembly processing, is high. These characteristics of the
fabrication process are able to make the liver phantom suitable for the training of
interventional procedures (Tan et al., 2021).
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Figure 32. Quantitative error analysis of the liver outer shape in the liver simulator
compared to the digital model. The surface colors stand for the root mean square error
(RMSE). (Tan et al., 2021)
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3.3.2. Endoscopic validation of the mechanical simulator

The opaque liver mechanical simulator with biliary mucosa was assessed using
an endoscope, to validate the feasibility of cholangioscopy. As exhibited in Figure
33, the mucosal details of the bile duct in the opaque liver mechanical simulator
correctly replicate the typical features of a human biliary system, for instance, the
morphological features, surface’s color, and texture, and so on. All branches of
the bile ducts are able to be intubated with the endoscope. And the inner
structures of the biliary system are all clearly visible. The spatial orientation of the

endoscope is obtained as in a real human liver (Tan et al., 2021).

Gastrointestinal endoscopists were recruited to perform the endoscopic
assessment on the opaque liver mechanical simulator. According to the
qualitative assessment of the endoscopists, the tactile feedback of the opaque
liver mechanical simulator is almost the same as that of a real human organ
during the endoscopic simulation. When the endoscope passes through the
bifurcation of the right and left intrahepatic ducts, the feedback becomes even
more realistic. This is largely due to the soft silicone polymers used to construct
the liver mechanical simulator. The material's elastic modulus is up to 60 kPa
(Adams et al., 2017), which falls within the normal range for human liver tissue
(0.5-70 kPa) (Zmudzinska et al., 2018). When the scope is performed incorrectly
but continuously intubated, a greater resistance can be perceived at the tip of the
endoscope. The haptics offer a high-fidelity scenario as if the endoscopists are

operating the endoscopy on a real clinical case (Tan et al., 2021).
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Figure 33. Validation of the liver mechanical simulator using endoscopy. (a) The view of
the biliary system in a real human liver. The picture is taken from Ref. (Leung et al., 2011,
Parsi, 2011). (b) The view of the liver mechanical simulator. (Tan et al., 2021)

3.3.3. Ultrasound validation of the liver mechanical simulator

An ultrasound examination was used to confirm the ultrasonic imaging in the liver
phantom. The ultrasonic results of a real human liver is obtained from a clinical
case as a reference (Vardevanyan et al., 2017), which is set as a comparison. As
shown in Figure 34, the liver phantom truly replicates the echogenicity of the real
human liver compared to the real ultrasound image in Figure 8. For example. the
shape of the bile duct and the boundary of the liver were clearly visualized
undergoes the ultrasonic examination. Meanwhile, both the intrahepatic and
extrahepatic ducts are distinctly identified and traced in the liver mechanical
simulator. Figures 25a to 25f show the ultrasonic images of different segments in
the biliary system, including medial segmental duct (MSD), right hepatic duct
(RHD), left hepatic duct (LHD), common hepatic duct (CHD), cystic duct (CD),
and common bile duct (CBD). Other segmental biliary tracts are also able to be
observed in the liver phantom. Furthermore, the echo signal from the parenchyma
of the liver in the liver phantom exhibits high-fidelity scattering effects as a result
of the mixed hollow glass beads in the silicone polymers material. However, the
biliary tract, which is located over 4 cm beneath the surface, cannot be visualized
clearly; this is primarily due to the silicone material's high acoustic attenuation
(Cafarelli et al., 2016). As mentioned above, the silicone-based polymers material

ECOFLEX 0020 has a speed of sound (SOS) around 993 ~ 1074 m/s, which is
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significantly lower than that of a human liver around 1600 m/s (Cafarelli et al.,
2016). However, the fabrication technique described herein is generic and could
be applied to other materials, such as composite hydrogels with acoustic
properties comparable to those of human organ tissues (Choi et al., 2020, Tan et
al., 2021).

(@) Common bile duct (b) Cystic duct (¢) Common hepatic duct

(@) Left hepatic duct (e) Right hepatic duct

Figure 34. Ultrasonic results of the liver mechanical simulator in different locations (a-f).
IHD, intrahepatic duct; CD, cystic duct; CBD, common bile duct; LHD, left hepatic duct;
RHD, right hepatic duct; CHD, common hepatic duct; MSD, Medial segmental duct. (Tan et
al., 2021)

3.4. Transhepatic puncture procedure simulation on the liver phantom

With the assistance of the digital type-B ultrasonic imaging system, the
transhepatic puncture procedure was successfully performed in the liver
phantom. Each segmental bile duct is able to be punctured using a 20-Gauge
needle. The haptic feedback shows that the resistance of puncturing during the
transhepatic puncture procedure similarly resembles that of real human liver
tissue. Meanwhile, after several punctures, the liver phantom is still workable. The
puncturing path is hard to be observed even if the transhepatic puncture
procedures were performed several times. The phenomenon proves that the liver
phantom herein is reusable and applicable for the simulation of ultrasound-based

transhepatic puncture procedures (Tan et al., 2021).
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3.5. The needle tracking system and the quantitative assessment of
the transhepatic puncture procedures

A needle tracking system was set up in the liver phantom via an electronic
sensing approach. The electrical route in the saline solution is an equivalence of
a resistor. By computing the solution resistances, the location of the puncture
needle within the biliary tracts can be determined. Then, a calibration experiment
was conducted to establish a relationship between the resistance values and the

needle-electrode distances (Tan et al., 2021).

To avoid electrolysis, the electrical sensing system used a short pulse with a
period of 0.3 ms. During electrical measurements, the saline solution acts
primarily as a resistor. To verify the feasibility of the sensing system, a 20-gauge
puncture needle was sequentially inserted into the eight segmental bile ducts (B1
to B8) and the resistances of the saline solution (R1 to R8) were measured. The
resistance values from R1 to R8 are shown in a log scale in Figure 35. The
electrodes with the lowest resistance value are recognized as the puncture site,
where the electric path is shortest. Additionally, the smallest resistance value is
nearly an order of magnitude smaller than the others (Table 6). For example,
when the puncture needle is inserted into B1, the resistance to the nearest
electrode R1is 135 + 5 Q, while the other resistances range from 2341 Q to 10050
Q. Despite the fact that the absolute resistance values of the target resistors may
vary due to the needle's location and geometry (such as the diameter and the
shape of the tip), the variation in values between the target resistor and other
resistors is sufficient to detect the precise location of the puncture needle using a

simple threshold approach (Tan et al., 2021).
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Figure 35. Electrical sensing in the needle tracking system during the transhepatic
puncture procedure. (Tan et al., 2021)
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Table 6. The recording of resistance changes after the needle was placed in the
corresponding bile duct (from own recording).

Resistance
Q)

R1

R2

R3

R4

R5

R6

R7

R8

To assess the spatial accuracy of the electronic sensing approach, a calibration
experiment was implemented to explore the correlation between the resistance
value and the distance of two electrodes in the saline solution. Figure 36 presents
the resistance value of the saline water that adds up linearly with the upturn of
the distance (r? = 0.99) (Tan et al., 2021). Table 7 shows the original recording of
the calibration experiment, the resistance of the saline solution (R) is calculated

by the following formula.

Vtotal
R =— * R0 — RO
VRO
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Whereas, Vtotal refers to the electric voltage that powered on the two
electrodes (5 V); VRO refers to the average of the electric voltages of the
resistor RO which recorded by an oscilloscope. Given the measuring
resolution's sensitivity of around 0.1 Q, the spatial resolution of the reported
approach is down to around 0.1 mm.

Resistance (R, Q)
H-

T
0 2 4 6 8

Distance (d, cm)

Figure 36. The schematic diagram of the set-up to measure the accuracy of the electrical
sensing.
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Table 7. The electric results of the calibration experiment for exploring the
relationship between distance and electric voltage of RO in the needle tracking
system (from own recording).

Distance  Electric Phase Vro1(V)  Vwro2 (V)  Vro3 (V) VrotSD (V)
(cm) Voltage °)

(V)
8 5 10.5 3.06 3.06 3.10 3.07+0.02
7 4.99 10.7 3.1 3.1 3.14 3.12+0.02
6 4.99 1.1 3.16 3.17 3.19 3.17+0.02
5 4.99 10.7 3.21 3.22 3.24 3.22+0.02
4 4.98 10.8 3.24 3.25 3.28 3.26+0.02
3 4.98 10.4 3.30 3.31 3.32 3.31£0.01
2 4.98 10.5 3.38 3.39 3.39 3.39£0.01
1 4.98 10.9 3.47 3.47 3.48 3.47+0.01

Finally, transhepatic puncture procedures on the liver mechanical simulator were
performed under the guidance of an ultrasonic imaging device. Randomly, the
segmental bile duct (B8) was chosen as a penetration target. A technique known
as interrupted needle insertion was applied, which is a common technique that
enables the clinical doctor to penetrate easily and reduces the rate of
complications. Figure 37 illustrates the needle's ultrasonic image within the
segmental bile duct (B8). The record of R8's resistance during the transhepatic
puncture procedure is shown in Figure 28b. The period of needle insertion is
corresponding to the section from the beginning to Point c. When the puncture
needle was inserted into the bile duct, the value of R8 declined promptly. At
Section b, a small peak appears with a period of up to 0.6 s. This phenomenon
occurs as a result of the needle being withdrawn during the interrupted needle
insertion technique. After Point ¢, when the puncture needle was removed from
the bile duct, the value of R8 gradually increased to infinity. Thus, the electrical
sensing approach for needle localization demonstrates superior performance in

terms of both temporal and spatial resolution.
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Figure 37. Electrical sensing record during the transhepatic puncture process. (a) The
procedure is recorded under the guidance of ultrasound; (b) The resistance change of R8
when the needle was placed in the bile duct (B8). Point a refers to the needle enters the
biliary tract; Section b refers to the progressive motion of the puncture needle; Point ¢
refers to start the withdraw of the puncture needle. (Tan et al., 2021)
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4. Discussion

In this project, we present a soft liver mechanical phantom that fulfills the
characteristics mentioned in the introduction section (1.5). These phantoms
utilize soft lifelike material resembling human liver tissues. And several common
medical examinations, including CT, ultrasound, and endoscopic imaging, are
applied to validate the possibilities of these imaging methods. The phantoms
presented herein are able for the wide use of the training of transhepatic
interventional procedures, such as EUS-BD, POC, ERCP, and PTCD.
Meanwhile, the interventional procedures can be quantitatively evaluated through
embedding electrical sensors in the phantom. With the guidance of ultrasound,
the precision of the transhepatic needle puncturing is monitored via the real-time
electrical resistance measurement. Additionally, distinct segments of the biliary
duct can be distinguished. The assessment system enables trainees to engage
in interactive interventional training sessions and receive quantitative feedback,

which is not possible with existing organ models.

4.1. The fabrication method of the liver phantom

4.1.1. Previous fabrication methods for complex hollow structures

Few studies have reported the fabrication of a complex cavity structure for
medical simulators. The complex cavity structures, generally speaking, are hard
to build because of the difficulty in the demolding process for the inner mold. Most
3D printers could not print a soft material that resembles the mechanical
properties of human tissue (Zheng et al., 2019). Therefore, soft materials molding

technologies are needed for the fabrication of cavity structures.

The most common approach to fabricate a cavity structure is designing a
dissolvable inner mold. Several 3D printing materials can be used for the
dissolvable inner mold. Adams et al reported a novel method of fabricating a
human kidney phantom using a 3D wax printing technology (Adams et al., 2017).
The collecting system inner mold was printed using wax by a special 3D printer
(3Z pro, Solidscape, NH, USA), as shown in Figure 38. The inner mold was then

dissolved in the ethanol after the outer shape of the kidney was casted (Adams
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etal., 2017).

Figure 38. A fabrication method using 3D printed wax to make a complex inner structure.
(A) The inner mold is 3D printed in wax. (B) The phantom is demolded from the outer
mold, and the inner mold is dissolved in ethanol. (Adams et al., 2017)

Turney et al also reported a water-soluble material to fabricate the cavity
structure. In their study, a human collecting model was printed using a 3D printer
(Replicator, Makerbot, USA) with polyvinyl alcohol (PVA) material (Turney, 2014).
The silicone rubber was solidified in a plastic box that embeds the collecting
system inner mold. The PVA inner mold was then removed by immersing it in
water. The collecting system model printed by PVA is shown in Figure 39 (Turney,

2014).




Figure 39. A collecting system model that 3D printed by water-soluble materials. (Turney,
2014)

In addition, Mashiko et al reported a method of fabricating a hollow and elastic
aneurysm model (Mashiko et al., 2015). As shown in Figure 40, a solid aneurysm
model was 3D printed using ABS material on a 3D commercial printer (OPT
printer, Tokyo, Japan). Subsequently, the ABS material was removed with the

toxic solvent xylene after the casting of silicone models (Mashiko et al., 2015).

Figure 40. A fabrication method of a hollow elastic model using 3D printed acrylonitrile-
butadiene-styrene (ABS) material. (A) the solid ABS model was prepared for the next step;
(B) ABS is melted with xylene after silicone solidifies. (Mashiko et al., 2015)

4.1.2. Our fabrication method

In comparison to the previous method, the fabrication used in this study is capable
of saving 3D printing material, time, and cost (Adams et al., 2017, Mashiko et al.,
2015, Turney, 2014). The inner mold with a complex hollow structure was printed
by a flexible 3D printing material (Tangoblack+). The inner mold was then
attached to the outer mold, so that silicone polymers can be poured and cured in
the assembly of molds. Finally, the inner mold can be extracted from the liver
outer shape due to its flexibility. Therefore, a soft liver phantom with the complex
biliary system was fabricated to fulfil the requirements of transhepatic
interventional simulation. The novel fabrication method herein does not require
the sacrificial of the inner mold to fabricate the complex hollow structure. As a
result, the inner mold is capable to be reused, which saves time, material, and
cost in the 3D printing of the inner mold. Take the kidney phantom by Adams et

al as an example, the 3D printing process for the wax inner mold takes almost 1
66



day (up to 25 hrs). Additionally, the step for dissolving the soluble material is a
greatly time-consuming and labor-consuming procedure that is dependent on the
solubility of the substance in the solvents. Compared to previous models, the
current fabrication method, which utilizes 3D printing and molding technology,
enables the creation of an accurate and reproducible soft liver organ model, which
can also extend to the pancreas, lung, vasculature, and heart, and so on (Tan et
al., 2021).

4.2. Discussion of the materials
4.2.1. The casting material

The casting material is critical for the medical imaging of the organ phantom.
Several materials are possible for the fabrication of organ phantoms. But the

selections of materials highly depend on the application scenario.

In the ultrasound-based simulation, organ phantoms are usually made from
hydrogel materials because of both high cost-efficiency and good performance in
connection with echogenicity under ultrasound scanner (D'Souza et al., 20013,
Madsen et al., 1978). For homemade simulators, there are mainly two categories,
including the hydrogel categories and plastic categories. For example, the
hydrogel family consists of agarose, gelatin, polyvinyl alcohol (PVA-C), and
polyacrylamide (PAA), while the plastic category includes polyvinyl chloride
(PVC), and so on (Carbone et al., 2012, Casciaro et al., 2009, Madsen et al.,
2005). All these mentioned casting material exhibits both advantages and
disadvantages. Agarose and gelatin, members of the hydrogel family, are the
most widespread materials for resembling soft tissue due to the good acoustic
performance, flexible and easy fabrication processes. This kind of material can
be fabricated in a fast and harmless way. Yet their characteristics can only be
preserved for a limited period because these materials degrade owing to
dehydration (Hungr et al., 2012) and microbial invasion (Culjat et al., 2010).
Compared to the agarose, the PVA-C can maintain its properties for a longer time
— about several months, when stored in a humid and cold environment.

Nevertheless, the preparation of 24-hour long freezing cycles is extremely time-
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consuming (Chiarelli et al., 2010). The PAA material enables create diverse
outlines, however, the surface of the phantom should be smoothed by additional
procedures. Zell et al. pointed out that these smoothing procedures can be
dangerous during acrylamide polymerization, which could produce neurotoxic
and carcinogenic monomers (Zell et al., 2007). The polyacrylamide under certain
conditions, such as heat and UV light, can depolymerize to a small quantity of the
monomer after manufacturing. The plastic-like material, e.g., PVC, shows
significant advantages in the demonstration purpose due to the durability and low

cost. But they have limited use for surgical simulation.

The durability of the organ phantom is one of the most important considerations
in the fabrication of liver phantom for interventional procedures (Hunt et al., 2013,
Madurska et al., 2017). However, the usable life of hydrogel organ simulators is
estimated to be 2/3 years and a warranty of 1 year only (Amit et al., 2019, Pacioni
et al., 2015). The primary purpose of the liver phantom is supposed to train
transhepatic interventional procedures. The phantom made of hydrogel materials
is basically disposable after a single use. On the contrary, the organ phantoms
made of silicone rubber have an estimated usable life of more than 15 years and
come with a warranty of at least 10 years. Therefore, the silicone-based polymers,
an organic polymer that consists of a silicone-oxygen chain and organic side-
groups |, were chosen as the casting material. Among them, platinum-catalyzed
silicones (ECOFLEX 0020) can be vulcanized at room temperature and can
resemble similar mechanical properties with a modulus of elasticity of ~60 kPa,
which is within the range of human liver tissues. Furthermore, the silicone-based
polymers are not prone to fast dehydration, accordingly, the phantom made of
silicone does not degrades undergoing ultrasound examinations. The accuracy
could decline dramatically when hydrogel materials were exposed to specific high
temperature. Silicone-based polymers do not suffer from this effect. The main
disadvantage of using silicone-based polymers are the acoustical properties, e.g.,
sound of speed and attenuation effect, which are not within the range of biological
tissues. Consequently, the ultrasonic imaging of the phantom could be difficult
owing to the different acoustic properties. With the assistance of augmented
reality (AR), the software can compensate the imaging results of the organ

phantom (Kunkler, 2006). Also, the results in the literature indicated that acoustic
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properties of silicone-based material can be modified using additives (Maggi et
al., 2009).

4.2.2. The material for molds

Due to the limitation of the 3D printing materials, some materials that are suitable
for the manufacturing of organ phantom, yet, are not available or quite difficult to
be produced in 3D printing technology. Take rubber or silicone as an example,
although there are several 3D printers that could print those materials, the cost of
the special 3D printer and material is extremely high, and the product dimension
and resolution are also limited. The 3D printing material problem may be solved
in the future. The limitation of direct printing silicone or rubber imposes us to come
up with another fabrication method to build a soft and realistic liver phantom. Our
fabrication approach, combining the 3D printing technology and soft material
molding technology, lower the requirement for the 3D printing material. Therefore,

the 3D printing material with high flexibility is applicable in our method.

A 3D printing flexible material refers to the 3D printable material that can be
stretched reversibly when it undergoes elastic strain. In our fabrication, the
flexibility of the mold material is one of our most considerations. The inner mold
can only be removed from the liver outer shape when the material of the inner
mold is flexible enough. Several 3D printers with different printing technologies

offer flexible materials, the following are the most common,

® FDM (Fused Deposition Modeling): the FDM 3D printing technology builds
the productions using a continuous filament of thermoplastic material (Liu
et al., 2021, Wissamitanan et al., 2020).

v Flexible thermoplastic elastomers (TPE)
v Flexible thermoplastic polyurethane (TPU)
v Flexible thermoplastic composite pipe (TCP)

® Polyjet: The Polyjet 3D printing technology builds the productions via
jetting plenty of photopolymer droplets onto a printing bed and curing them
with Ultraviolet (UV) light (Zammit et al., 2020).
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v" Tango resin (photopolymer)

® SLS (Selective Laser Sintering): The SLS 3D printing technology uses
laser light to sinters powdery materials, such as nylon and polyamide. The
laser can automatically bind the materials together at the points defined by
a 3D model (Deng et al., 2018).

v' Polyether block amide (PEBA)
v' Polyamide 12 (PA12, slightly flexible)

® CLIP (Continuous Liquid Interface Production): The CLIP 3D printing
technology uses the principle of oxygen-inhibited photopolymerization to
continuously solidify the photopolymer instead of an iterative layer-by-layer

process (Miller et al., 2017).
v Elastomeric polyurethane (EPU)
v Flexible polyurethane (FPU)

® 3D printing silicone (Abdollahi et al., 2020, Davoodi et al., 2020, Roh et al.,
2017)

v' UV-sensitive silicone (ACEO, Wacker, Munich, Germany)
v Catalyst-cross-linker silicone (Fripp Design, Sheffield, UK)

The Polyjet 3D printing technology using Tango resin was selected for the
fabrication of the inner mold due to the high resolution and large dimension (Tan
et al., 2021).

To compare the flexibility of the printing materials, several mechanical properties
were measured, including hardness, and elongation at break. As we mentioned
in section 2.3.2, Tangoblack is the softest and the most stretchable materials
among the selected materials. The flexibility of Tangoblack is therefore the
highest. Considering the large deformation during the demolding process, the
most flexible material was identified as a printing material for the fabrication of

the liver inner mold.

4.3. The fidelity of the liver phantom
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According to the degrees of fidelity, the medical training simulators are usually
classified based on their fidelity. However, no broad agreement on “fidelity” was
reported in this field. Normally, the fidelity, also known as the concept of “realism”,
considers the following parameters, including the resemblance of anatomy and
difficulties encountered, visual impression, tissue texture, and the ability to
acquire the technical skills during the procedure, and so on (Matsumoto et al.,
2001, Sarmah et al., 2017). It was reported that a realistic surgical simulator has
an essential position in training performance and simulation acceptability
(Hamilton et al., 2002).

In this study, the anatomy structure, the imaging results, as well as mechanical
properties were exhibited to validate the fidelity of the liver mechanical simulator.
The reported liver mechanical simulator exhibits very accurate anatomical
structures, particularly in the hollow structures of the biliary system. Additionally,
it produces realistic images in a variety of medical imaging modalities, including

CT, ultrasound, and endoscopy.

4.3.1. The resemblance of the anatomy structures

Anatomic structures are extremely essential for surgical procedures. The
anatomic landmarks can assist physicians in recognizing the functional anatomy
of the liver and facilitate segmental dissection during the surgery (Buzink et al.,
2010, Muavha et al., 2019, Wang et al., 2018). The locations and shapes of the
liver and Glisson's capsule (which ensheathes hepatic artery, portal vein, and bile
ducts) are the key points during the surgical or interventional procedures
(Hiroyoshi et al., 2019, Rossi et al., 2019).

As shown in section 3.3.1, the described approach accurately replicated the
complex 3D shapes of both the liver and biliary system. The shapes of the biliary
tract and the corresponding position to the liver also fully resemble that of the
designed model. Hence, training different procedures at diverse locations is
feasible in our liver phantom, which could greatly improve the efficiency of
deliberate practice. Because the strategies and difficulties of transhepatic
interventional procedures greatly rely on the position of the lesions, the
establishment of liver phantoms with different lesions at different localizations can
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create an opportunity for simulations of various situations (Tan et al., 2021).

In addition, the liver phantom accurately depicts anatomic landmarks such as the
gallbladder bed, the porta hepatis, and the gastric impression. This provides a
promising perspective in surgical simulations, which are beyond the transhepatic

interventional training (Tan et al., 2021).

4.3.2. The resemblance of the imaging results

As the results are shown in section 3.4, the fabricated liver mechanical simulator
also produces realistic imaging results for routine clinical examinations, including
CT scan, ultrasound, and endoscopy, allowing for the training of advanced

endoscopic procedures (Tan et al., 2021).

The imaging result of the endoscopic validation was reported in Section 3.3.2.
The mucosal detail of the bile duct, as well as the morphological features, highly
resemble that of the human biliary system. The liver phantoms are therefore
possible to be used to train the cholangioscopic procedures, including direct
peroral cholangioscopy (POC), percutaneous transhepatic cholangioscopy, or

even cholangioscopy-guided lithotripsy.

The ultrasonic imaging data of the liver phantom were shown in section 3.3.3. All
the important biliary structures are able to be exposed undergoing the ultrasound
examinations, including intrahepatic bile duct and extrahepatic duct, which
provides a theoretical basis for the training of ultrasound-based interventional
procedures. Although the ultrasonic images’ quality is not so high compared to
human liver tissue, the biliary ducts are still distinguishable, which could localize

the biliary tract and track the direction of the needle.

The CT scan provides high-resolution data to visualize the biliary system and liver
parenchyma. The signal of the hollow biliary tract undergoing CT scanning
obviously differentiates that of liver parenchyma. This provides the possibilities
for CT-guided interventional procedures. Although the hepatic vascular system,
such as portal vein and hepatic artery, was not taken into account, the fabrication
herein is also possible to be extended to the vascular system. Furthermore,

additional lesions composed of different materials can also be embedded in the
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liver phantom to replicate diseased cases, such as carcinoma, hemangiomas,
and cysts (Tan et al., 2021).

Hence, the liver phantom has already fulfilled the requirements for the training
transhepatic interventional procedures. Additional research will be conducted to

determine the value of advanced interventional training for surgeons.

4.4. The performance assessment for the simulation of transhepatic
puncture procedures

4.4.1. The importance of performance assessment in medical training

Simulation-based medical training is critical for teaching surgical residents how
to acquire medical skills without risking patients’ lives. It is still a controversial
question how to assess surgical performance. Conventionally, surgical skills are
evaluated through an examination of the logbook and professional feedback
following a period of service. It has been reported that a logbook is not a reliable
indicator of expertise (Shah et al., 2001). The reason for this is that the
parameters include the number of procedures and supervision code, rather than
individual procedure performance scores. Thus, logbooks are deficient in terms
of content validity (Cuschieri et al., 2001). Professional feedback evaluates the
performances of the trainee by a professional supervisor, which is widely used in
medical assessment. Yet the professional assessment is largely subjective and
influenced by several factors, e.g., the basic condition of patients, operating

theatre’s environment, and hospital condition.

Compared to the traditional training approaches — “see one, do one, and teach
one”, the simulation-based training provides a practical way to achieve the
competency credentialing and training assessments (Hohmann et al., 2019, Lal
et al., 2020, Sachdeva, 2011). Embedded sensors in the simulators are able to
monitor different parameters that are associated with the surgical performance.
These parameters enable supervisors to observe objective and reliable factors
that cannot be easily recorded (Shah et al., 2001, Shaharan et al., 2014).
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4.4.2. The current metrics for the evaluation system

The assessment systems for surgical performance mainly exists in virtual
simulators and mechanical simulators. The assessment system has begun to
been accepted and applied in simulators, especially in virtual reality simulators.
The uttermost advantages of computer-based training are that they can gather a
set of quantitative measurements on which training performances and
competency level can be objectively assessed. Here, the most frequently used
metrics that can evaluate the performance of surgical procedures are
summarized below (Oropesa et al. 2011, 2013; Cotin et al. 2002; Escamirosa et
al. 2015).

® Velocity-related factors:
- idle time to indicate inactive period
- maximum velocity
- average velocity
® Distance-related factors:
- angular path
- depth
- orientation
® Volume-related factors:
- energy of volume
- economy of volume
® Acceleration-related factors:
- motion smoothness
- average acceleration
® Force-related factors:
- average force

- average torque
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- maximum force
- maximum torque
® Area-related factors:
- angular area
- energy of area
- economy of area
® Error-related factors:
- accuracy
- the number of errors
® Collision-related factors:
- the number of collisions
- tissue damage
® Other factors:
- bimanual dexterity
- economy of diathermy

Although there are plenty of metrics for the surgical assessments, the most
important metrics depend on which procedure physicians want to be assessed.
Take the transhepatic puncture procedures as an example, the metrics that
physicians concern most are whether the needle is placed in the right structures,
such as bile ducts, and which bile duct is punctured. These parameters directly
influence the outcomes of the patients. Therefore, a sensing system aimed at

detecting these metrics was developed.

4.4.3. The sensing system in the liver phantom

A unique sensing system was built to evaluate the performance of the
transhepatic puncture procedure. The needle tracking system is able to
quantitatively assess the performance of the puncture procedure, specifically the

puncture location's accuracy. It provides trainees and supervisors with real-time
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feedback, measuring several parameters that are difficult to be acquired in real

surgeries and organs (Tan et al., 2021).

4.4.3.1. The assessment of the success rate and the location for needle puncture

The success of the transhepatic puncture procedure was assessed as the needle
puncturing into the biliary system. The localization of the puncture needle, e.g.,
the segmental ducts, was also evaluated via the sensing system (Tan et al.,
2021).

The success and localization of the puncture needle are critical parameters
because they are directly related to the success and safety of interventional
procedures (Tan et al., 2021). The needle tracking system described in this study
elaborately uses an electrical sensing approach to obtain a set of electronic
signals to analyze the detailed information regarding the process of puncture. The
success of the needle puncturing onto the biliary tract can be estimated by the
connection of the electric circuit via the physiological saline. And the localization
of the needle could also be tracked through the quantitative measurement of the
resistance of the corresponding physiological saline. The calibration experiments

show that a considerably high localization accuracy of 0.1 mm.

The electrical sensing approach depicted herein is general and reliable to localize
an instrument in the liver phantom for transhepatic minimally-invasive
procedures. The electrolysis of water molecules disturbs the sensing under direct
current (DC) power. By changing the measurement scheme to alternating current
(AC) or short DC pulses, the electrical measurements were reproducible and
reliable.

4.4.3.2. The assessment of the puncturing details during the transhepatic
puncture procedures

As mentioned in section 3.5, the liver system was punctured via a transhepatic
puncture procedure. The resistance of R8 was measured and graphed during the
B8 puncturing procedure. The resistance curve in Figure 28b depicts the
physician's detailed maneuver for an interrupted insertion technique. This is a

common technique for puncturing, that utilizes a needle with a higher maximum
76



insertion force and controllable movement (Tan et al., 2021). It can facilitate
puncturing and prevents complications (Forte et al., 2016). After proper needle
insertion into the biliary tract, the tiny peak at Section b clearly reveals the needle
withdraw, which is consistent with the ultrasonography. It demonstrates the

presented sensing approach's high spatial and temporal resolution.

Theoretically, the speed of the puncturing procedure can be calculated through
the current change, which is then possible to assess the fine movement of
trainees, e.g., the puncturing force. This provides an essential indicator for

deliberate training.

Overall, the needle tracking system is capable of assessing puncturing accuracy
and providing real-time feedback to trainees, assisting them in learning how to

handle sophisticated instruments and honing their surgical skills.

4.5. Perspectives of the liver phantom

Simulation-based training has already proved to be a safe and effective way to
acquire competency for surgical training, including interventional procedures
(Aggarwal et al., 2011, Fong et al., 2020, Heelan Gladden et al., 2018, Manuel et
al., 2021, Ozer et al., 2021, Tedesco et al., 2008). Currently, the interventional
procedures regarding liver and bile duct are quite difficult to be performed owing
to the technical difficulties and limited clinical cases’ volume (Lee et al., 2019,
Matteotti, 2019). The liver phantoms with the biliary system that could train those

procedures are urgently needed.

The reported fabrication method can build a soft liver phantom with a hollow and
complex biliary system, that combines 3D printing technology and soft material
molding technology (Tan et al., 2021). Compared to the most common fabrication
approaches to fabricate complex hollow structures(Adams et al., 2017, Mashiko
etal., 2015, Turney, 2014), the fabrication method herein doesn’t need to sacrifice
a complex inner mold, so that the inner mold can be repeatedly used.
Subsequently, the time, cost, and labor for the manufacturing of the inner molds
can be greatly saved, which provides a potential strategy for massive production

in the industry.
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Furthermore, the capabilities of the liver phantom for multiple modality imaging
have tremendously widened the application fields. Although only the transhepatic
puncture procedure was simulated in the phantom, the liver phantom has
promising perspectives for the interventional simulations if other relevant organs

are added. Below are a few possible examples.

4.5.1. The perspectives in therapeutic ERCP

There are several diagnostic ERCP models for the fundamental technical training
in both research studies and markets, including ex vivo ERCP models, virtual
ERCP models, and mechanical ERCP models (Bittner et al., 2010, Frimberger et
al., 2008, Itoi et al., 2013, James et al., 2016, Leung et al., 2012a, Leung et al.,
2007, Leung et al., 2012b, Liao et al., 2013, Lim et al., 2011, Von Delius et al.,
2009). However, few therapeutic ERCP models were reported (Committee et al.,
2019, Jovanovic et al., 2015). As a result of the hollow biliary system, the
fabricated liver phantoms are able to train many kinds of therapeutic ERCP
procedures, including stone removal, stent placement, balloon dilation, and
transluminal biopsy. In addition, the therapeutic procedures can be performed in
different segmental ducts, which has to our knowledge not been reported

previously.

4.5.2. The perspectives in POC

Few simulators, neither virtual nor mechanical models, are used for the training
of direct POC. In 2006, Larghi et al were the first to demonstrate the feasibility of
direct POC in three patients using an ultrathin endoscope (Larghi et al., 2006). A
few new approaches or accessories have been shown to increase the success
rate of POC, for example, the back-through the guide-wire techniques (Moon et
al., 2009); the intraductal balloon-guided technique (Moon et al., 2009, Waxman
et al., 2010); and the overtube balloon-assisted techniques (Choi et al., 2009,
Tedesco et al., 2008), and so on. For the training of POC, five live porcine models
were prepared to acquire the skills and experience, which was reported by Lin et
al (Lin et al., 2012). The total procedure time has proved to be greatly shortened
after the deliberate training. The liver phantom provides detailed mucosal surface
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and anatomically accurate shapes of the biliary system, which enable the training

of POC, especially in tip control and spatial recognition.

4.5.3. The perspectives in EUS-BD

Currently, most EUS-BD models are established based on animals or animal
organs (Dhir et al., 2015, Dietrich et al., 2018, Lee et al., 2014, Minaga et al.,
2017). The shortness of these kinds of models cannot be ignored, such as the
long duration for preparation, the difficulties in waste disposal, and ethical issues,
and so on. Our liver phantom has the capabilities for the training of transhepatic
puncture procedure, ultrasonic imaging, and choledochography, which could
serve as an ideal mechanical simulator for EUS-BD. Furthermore, the accurate
localization of the puncture needle makes it possible to elaborately assess the
performance of trainees and give real-time feedbacks, so as to improve their

technical skills and competency.

4.5.4. The perspectives in PTCD

PTC or PTCD is a radiological technique that has been popular since 1952
(Carter et al., 1952, Schuberth et al., 2010). It has a special place in the therapy
of Cholestatic jaundice, especially in proximal biliary obstruction. However, the
training for the procedure is still a problem. Few studies reported a simulator that
could be used for the PTCD'’s training (Fortmeier et al., 2016, Papanikolaou et
al., 2014). Animal organ tissue can hardly resemble intrahepatic biliary dilation.
Therefore, the manufacturing of a feasible and realistic phantom remains a
challenge. Fortmeier et al demonstrated a virtual reality model for the training of
PTCD, the haptic interaction, ultrasound imaging, and X-Ray simulation are
provided. Undoubtedly, there is still a long way to go due to the limited haptic
interaction and the cost problem. Our liver phantoms possess a hollow dilated
biliary system, in accordance with the pathological structure. It is a potential cost-
effective simulator for the training of PTC/PTCD.

4.6. Conclusion
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In summary, transhepatic interventional procedures are technically difficult, and

medical training for these procedures is urgently needed. In this study, we have

solved several difficulties in the field of organ phantoms for medical training.

The originalities were summarized in the following bullet points.

We report a cost-efficient and feasible fabrication approach to build an organ
phantom with complex inner cavities, which combines 3D printing and

molding technologies.

A soft liver phantom with a hollow biliary system was manufactured. The liver
phantom remains high-fidelity and anatomically accurate in both the liver and

the corresponding biliary system, including extra- and intrahepatic ducts.

The validation experiments of the liver phantom in ultrasound, endoscopy,
and radiology shows that the liver phantom exhibits realistic imaging results,

compared to the imaging data in real human liver.

The liver phantom is able to be imaged undergoes ultrasound, endoscopy,
and CT scanning. The medical training involving these examinations,

including X-ray, are possible in the liver phantom.

The casting material for molding, i.e., ECOFLEX 0020, is durable, analogous
mechanical properties to human tissue. Although the acoustic properties are
inadequate, the mixing of additives, e.g., glass beads, can improve the

similarity in acoustic properties.

Transhepatic needle puncturing procedure was successfully simulated in the
liver phantom (Tan et al., 2021). A quantitative evaluation system was carried
out on the phantom to assess the performance of trainees during the training.
The position of the puncturing needle and successfully puncturing or not can

be precisely assessed in real-time.

The liver phantom shows extraordinary strengths in medical training that involves

ultrasound-related procedures, endoscopy-related procedures, and radiology-
related procedures, including PTC/PTCD, ERCP, POC, and EUS-BD. It could

also find wide applications in medical device testing.
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5. Abstract

Introduction: Flexible endoscopy constantly offers innovative diagnostic and
therapeutic options for hepatobiliary disorders. These advanced procedures,
which are sometimes complex and have relatively high complication rate, require
special technical skills, proficient anatomical knowledge and a long learning
curve. For the patient-independent training of endoscopic and endosonographic
procedures, a soft, true-to-life, and durable liver organ model with detailed
morphology should be available. In this thesis, a cost-effective, self-made, and

soft liver model with an anatomically correct biliary system is presented.

Method: The 3D printing and soft molding technology were used to produce the
complex biliary system embedded in a nearly realistic liver model. The anatomy
of the liver model was validated by computed tomography (CT), ultrasound and
endoscopy. The interventional transhepatic procedures were initiated based on
the liver model. An accurate assessment system for the transhepatic approach

was established for the validation of training effects and individual competency.

Results: A realistic liver model was successfully developed and manufactured.
CT results show that the liver model reflects the detailed anatomy, with a spatial
root mean square error (RMSE) of 0.9 £ 0.2 mm and 1.7 £ 0.7 mm for the external
shape of the liver and the bile duct, respectively. The endoscopic and
ultrasonographic images of the model are similar to that of real human tissue. The
transhepatic puncture of bile ducts was successfully performed in the model and
the quantitative localization of the transhepatic needle was accurately conducted

by an electronic sensing system in real-time.

Conclusion: The presented artificial liver model for endoscopic and
endosonographic training is close to a normal liver. Moreover, it is cheap, reliable
and easy to reproduce. The transhepatic puncture procedure can be simulated in
the liver model. The electronic sensor module offers an opportunity to objectively
monitor the success of the training. The investigations of the liver model in training
other advanced interventions are warranted in the future studies, such as
Endoscopic Retrograde Cholangiopancreatography (ERCP), percutaneous

transhepatic cholangiography or choliangiographic drainage (PTC/PTCD),
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percutaneous choledochofiberoscopy (POC), endoscopic ultrasound guided
biliary Drainage (EUS-BD).
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6. Zusammenfassung

Einleitung: Die flexible Endoskopie bietet eine standig wachsende Zahl
innovativer diagnostischer und therapeutischer Moglichkeiten bei hepatobiliaren
Erkrankungen. Diese fortschrittlichen Verfahren, die mitunter komplex und gar
nicht so selten mit relevanten Komplikationen verbunden sind, erfordern
spezielle technische Fertigkeiten, ein profundes anatomisches Wissen und eine
lange Lernkurve, die praktisch trainiert werden muss. Fir ein
patientenunabhangiges Training endoskopischer und endosonographischer
Eingriffe sollte ein weiches, naturgetreues und langlebiges Leberorganmodell
mit detaillierter Morphologie zur Verfligung stehen. In dieser Arbeit wird ein
praktikables und kostenglinstiges selbst hergestelltes weiches Lebermodell mit

anatomisch korrektem Gallensystem vorgestellt.

Methode: Mit Hilfe von 3D-Druck- und Weichstoffformungstechnologien wurde
ein nahezu realistisches Lebermodell mit einem komplexen, hohlen
Gallensystem hergestellt. Die Anatomie des Lebermodells wurde mittels
Computertomographie (CT), Ultraschall und Endoskopie validiert. Nach
Aufbereitung und Auswertung der Bildgebung wurden interventionelle
transhepatische Eingriffe eingeleitet. Zur Validierung der Trainingseffekte und
der individuellen Kompetenz wurde ein genaues Bewertungssystem fiir den

transhepatischen Zugang etabliert.

Ergebnisse: Ein realistisches Lebermodell wurde erfolgreich entwickelt und
hergestellt. Die CT-Ergebnisse zeigen, dass das Lebermodell die detaillierte
Anatomie wiedergibt, mit einem raumlichen Root Mean Square Error (RMSE)
von 0,9 £ 0,2 mm und 1,7 £ 0,7 mm fur die duRere Form bzw. den Gallengang.
Das endosonographische Bild des Modells ist realistisch und die Dimension der
Gallengange ist konsistent. Die transhepatische Punktion der Gallengange war
durchflhrbar und ein elektronisches Abtastsystem zur quantitativen

Lokalisierung der transhepatischen Nadel in Echtzeit war erfolgreich méglich.

Schlussfolgerung: Das vorgestellte kiinstliche Lebermodell fir das

endoskopische und endosonografische Training kommt der Realitat einer
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normalen Leber sehr nahe, ist kostenglinstig, einfach zu reproduzieren und fir
die Serienproduktion geeignet. Mit dem elektronischen Sensormodul Iasst sich
der Trainingserfolg objektiv kontrollieren. Neben der transhepatischen Punktion
konnten an diesem Modell weitere Eingriffe trainiert werden, wie z. B.
endoskpischen retrograden Cholangiopankreatographie (ERCP), perkutane
transhepatische Cholangiographie oder choliangiographische Drainage
(PTC/PTCD), perkutane Choledochofiberoskopie (POC), endoskopische
ultraschallgefiihrte biliare Drainage (EUS-BD).
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