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Introduction

The last few decades have seen tremendous progress in surgery with the incorpora-
tion of several technological advancements, leading to the increased practice of
minimally invasive surgical procedures in general surgery and all the different sur-
gical specialties and subspecialties. The overall goal has been to achieve a more tar-
geted, patient-oriented approach which would combine curing the patient, while at
the same time preserving quality and safety of care. One of the more recent techno-
logical developments that has left a significant imprint in industry with product
design and manufacturing and aeronautics is 3D printing [1]. The amazing success
and wide-spread applications of 3D printing meant that it was only a matter of time
till this technology drew the interest of physicians and surgeons, interested in
expanding these applications in medicine and surgery [2]. Similar to the advent of
any new technology and especially in the age of the internet and social media,
this led initially to a situation where science and science fiction played equal parts
in trying to explain this new technology and its applications; before we could print
basic instruments, we would hear talk about 3D printing of human organs. This is not
necessarily wrong, as before you create something new, you need to dream of it first
before facing the practical realities of realizing your goals. However, it is our duty to
stay grounded and ensure that any new technology and its applications in any field,
and much more so when it pertains to human lives, are carefully and fully evaluated.

The technology of 3D printing, together with areas such as nanotechnology and
biomedicine, are all part of the regenerative medicine effort. This represents a field
where engineering and medicine come together to identify ways of preserving or,
more likely, replacing basic biological functions in an effort to sustain and improve
life. This is a core part of surgery, as it can provide us with answers and solutions to
many of the problems that surgeons have to face, including organ failure due to
trauma, infection, cancer, or even the frailty of age. This becomes even more critical
if we consider the increased longevity of the population together with the increased

3D Printing: Applications in Medicine and Surgery. https:/doi.org/10.1016/B978-0-323-66164-5.00001-5
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expectations. Before embarking on this quest, however, it is imperative that certain
questions are answered, including

* The history and current status of 3D printing
e What are the possible applications of 3D printing in surgery today?
e  What are the challenges and future prospects for 3D printing in surgery?

This chapter will provide a brief overview of the topic and these questions, with
the main part to follow in the rest of the book.

History of 3D printing

In the early part of the 1990s, we witnessed the first laboratory arrangements of stereo-
lithography, which eventually led to the automated natural prototype production,
through a process of layering of resin levels that were solidified with the use of a laser.
This process had originally received an intellectual property patent in 1986 by Charles
Hull, and in 1987, the first machine was presented by 3D Systems Inc [3]. The concept
is based on a process of additive layering of the material to create the 3D object.
Similar to the inkjet printer concept, in 3D printing there is the initial additive layering
of a polymer (or any material that can reach liquid stage through heat) which is placed
horizontally and then solidified either through cooling or through ultraviolet radiation,
so that a complete 3D model can be printed. Every horizontal layer is similar to the
pictures obtained during a computed tomography scan (CT scan) or any similar radio-
logical two-dimensional picture. The challenge is converting the data from these two-
dimensional representations through the use of stereolithography to an .stl file that can
be used to obtain the 3D-printed product. This was originally used in the industry as a
way to design and manufacture new products, with the main advantage of the 3D
printer being the speed compared to more traditional methods.

At the same time, this basic description of the process also reveals some of the
main limitations or challenges. Specifically, the final product is only as good as the
original design of what will be printed; that is in order, for example, to 3D print an
organ based on a CT scan, it is critical that both the CT scan and the method of infor-
mation transmission to the 3D printer are as detailed as possible. Additionally, another
challenge is the type of material used, the number of colors needed and other
manufacturing issues, all of which increase the complexity of the 3D printer needed.
Not surprisingly this has direct bearing on the cost of the whole process, as 3D printer
prices can range from several hundred to several hundred thousand US dollars. The
speed of the printer, the ability to use different materials, and the layering method
used are some of the more important factors explaining the differences in cost.

3D printing in surgery
One of the main advantages of 3D printing and the main reason for the introduction
of 3D printing in surgery was the ability to convert 2D pictures into a 3D object. This



3D printing in surgery

enabled the surgeon to better understand the anatomy of the lesion and the surround-
ing area, thus being able to plan the surgery in a more efficient manner [2,4,5]. The
ability to simulate an operation has been helpful to the whole surgical team,
including residents, fellows, and students, which resulted in application of the 3D
printing technology in surgical fields such as neurosurgery, cardiothoracic surgery,
plastic surgery, facial reconstructive surgery, and orthopedic surgery [6,7]. It
allowed surgeons to envision in a clear manner the complicated anatomy involving
blood vessels, nerves, and surrounding bone structures, allowing for significantly
fewer complications. Studies comparing the 3D-printed models to cadaveric ones
for the purposes of planning and simulating a cardiac operation showed no differ-
ence, even with the earlier 3D-printed attempts [8,9]. The same was possible in other
surgical specialties including liver transplantation, where it was possible to map the
liver of a living donor and accurately assess the volume and the part of the liver
required for the transplantation [10,11]. Similarly, 3D printing also played a key
role in the transplantation of a kidney from an adult living donor to a pediatric recip-
ient as it allowed the surgical team to simulate the anatomy and the placement of the
renal graft in the recipient [12]. Being able to evaluate the exact hepatic volume and
the blood and biliary vessels involved allowed for a more targeted approach in a sur-
gery involving a living donor, which is an essential step in ensuring the safety of the
living donor. In the case of the living renal transplantation, especially in a pediatric
population, the improved simulation offered by 3D printing also means avoiding
exploration on the surgical table and thus improved safety and decreased operative
time. If we add to all of the above, the significantly reduced cost and regulatory
burden of the 3D-printed models compared to the cadaveric ones, it is easy to under-
stand the appeal of the new technology.

The next step in the evolution of the technology was the actual 3D printing of
material to be used in the surgery, such as grafts for closure of skull defects or for
orthopedic procedures, with applications in craniofacial surgery, neurosurgery,
and orthopedic surgery [13—15]. The ability to 3D print a graft that would fit exactly
the specific patient was crucial in avoiding future surgeries. Another factor was the
complete lack of immunogenicity of the material used which led to decreased
inflammation. An extension of the process of 3D printing of material to be used
in a surgery was 3D printing of actual surgical instruments [16—18]. Together
with the use of nanotechnology, this allowed for antibiotic coating of these instru-
ments providing surgeons with an instrument to their exact specifications, which
was also potentially safer for the patient. One of the implications of this technique
and approach is its importance for global and humanitarian surgery, as the ability to
3D print inexpensive instruments in underdeveloped areas of the world (which also
happen to be the ones with the greatest medical need) can affect the lives of millions
of people.

Another application of 3D printing, in addition to helping simulate a surgery and
printing material to be used during the surgery, is its role in patient and family ed-
ucation regarding the upcoming procedure. In order for the patients and their fam-
ilies to understand the surgery planned and the risks involved, so that they can
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provide informed consent, the ability to examine a 3D model of the relevant anatomy
can be very helpful. The surgical team can better discuss the procedure and potential
complications with the use of such a model and answer any relevant questions. There
have been several studies confirming the importance of 3D-printed models in help-
ing patients and their families understand the underlying pathology and the type of
treatment planned [19—21].

Conclusion

The advent of 3D printing represents an excellent example of how technological ad-
vancements can potentially change surgical practice. In the short time period since
the first applications, it has been possible to see the effect that it has had and con-
tinues to have allowing surgeons to simulate the operation planned, improving the
education of surgical trainees and helping patients and their families better under-
stand the upcoming surgery and the risks involved. This is potentially only the begin-
ning, for as we are able to understand the technology and its limitations better new
areas of clinical applications emerge, including the possibility of 3D organ and tis-
sue printing with the use of bioprinting. However, before all of this is realized, we
need to understand and overcome several obstacles, including the cost, the need for
improved printing technology, better materials, and increased understanding of the
technology. Critical factors are the need for interdisciplinary collaboration between
surgeons and engineers, as well as an understanding that nature is much more com-
plex than it first appears.

This book will provide readers with an overview of what is 3D printing and its
applications in surgery, including an examination of its role in several surgical spe-
cialties and subspecialties. At the same time, as it is necessary with any new tech-
nology, ethical and organizational issues will be addressed in order to provide
readers with a more complete picture of what the future holds.
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Basic processing

Today, the extraction of 3D models of internal human body organs from a high-
resolution series of CT scan images can be accomplished with the use of
appropriate software that often accompanies the instrument of the CT scanner.
Appropriate software connected directly to the CT scanner processes images
stored in a specific file format created for proper storage, transport, and visualiza-
tion of medical imaging data well known as DICOM (Digital Imaging and Com-
munications in Medicine).

DICOM is the standard for the communication and management of medical im-
aging information and related data. DICOM is most commonly used for storing and
transmitting medical images, enabling the integration of medical imaging devices
such as scanners, servers, workstations, printers, network hardware, and picture
archiving and communication systems (PACS) from multiple manufacturers. It
has been widely adopted by hospitals and is making inroads into smaller applica-
tions like dentists’ and doctors’ offices [1].

Traditionally the main steps of medical image processing are:

¢ Enhancement

¢ Segmentation

¢ Quantification
* Registration

e Visualization

3D Printing: Applications in Medicine and Surgery. https:/doi.org/10.1016/B978-0-323-66164-5.00002-7
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CHAPTER 2 The long and winding road

The current document purposes are beyond the description of the above-
mentioned processes to analyze and edit DICOM images. More information on
the above-mentioned image processing steps can be retrieved from relevant litera-
ture [2].

To produce a printed 3D model from tomography images, the usual processing
steps are:

Enhancement

Segmentation

Extraction model (usually semiautomatic techniques)
Noise removal and smoothing

Slicing

3D printing

QapwnN -~

Although the processing of a series of CT scan images is, at least in the initial
stages, common to the processing of individual images (e.g., enhancement, segmen-
tation), there are two parameters that cannot be ignored:

» Direct georeferencing (registration) of each pixel of displayed pixel positions.
The technology of CT scans is able to directly define a local coordinate system
in each image by defining the step between slice thickness and pixel dimen-
sioning (x and y pixel spacing information)

e FEach image is connected and has continuity with the next and the previous one
and the imaging of the sections can produce any other projection (axial,
collateral, lateral)

The first stage of the processing involves the enhancement (usually in gray
values) of the image that can define the boundaries between the different tissues
depicted in each separate DICOM image. This technique involves transformations
of the original image through filters (low-high and bandpass filters, edge
detection-enhancement filters, etc.)

In the second step, some transformations are applied, and the goal is to group
together the pixels in each DICOM image so that each group gathers pixels depicting
the same material (bones, muscles, fat, vessels). The process is often called classi-
fication, and simple filters or advanced statistical analysis techniques (k-means clus-
tering, supervised classification, support vector machine classification, etc.) can be
used. It is the most important and difficult step of processing since the success of the
grouping of pixel in separate volumes belonging to different organs will define the
success of the 3D model production.

The third processing step involves connecting all pixels of the same group from
successive DICOM images in a file describing the 3D information of an object.

Again, it is necessary to apply methods of enhancing and noise removal (normal-
ization, generalization, etc.) in the final 3D model object. This is implemented
within the task of the fourth processing step.

The final model can be visualized in appropriate software and sent to a 3D printer
for the creation of the tangible object.
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In the fifth stage, the 3D model file will again be processed (converted from 3D)
into sequential 2D layers (representing a horizontal section-layer of the object). This
process is called slicing and breaks the 3D model into 2D slices using appropriate
software (Slicer).

In the sixth and final stage, printing with the appropriate printer and the appro-
priate material (described below) will take place. The printing may need a small
number of days to finish.

As it was described earlier the most important stage of processing to extract the
3D model of a specific part of the human body and specially to perform its isolation
from adjacent tissues is an easy process and quite automated in some cases, whereas
in other cases the process requires manual operations that often require a one by one
image processing approach for the complete set of CT scan images.

For example, if it is necessary to create a model of a bone or a surface area that
are very well separated from the soft tissues (skin, muscle, fat, and so on), the
process is simple and easy. All that is required is the determination (usually manual
or sometimes with a predetermined value) of the threshold density above which a
tissue is designated as bone, or blood vessel. Below this threshold value, the pixel
(or better voxel—volume element) is indifferent and should not be included in the
geometry of the model.

Any software that connects and drives a CT scanner is accompanied by appro-
priate software that can be produced by applying all of the above techniques for
noise removal, enhancement, segmentation, and visualization of the results for
extracting internal human body organ, but within the basic configuration only
threshold and simple image enhancement procedures are installed. Frequently, there
is no capability to extract from specialized CT scan software the complete 3D
models of complicate internal human body organs (for example, liver, pancreas).

The following paragraphs are dedicated to the two best practice approaches to
extract from DICOM images 3D models of either bones or internal human body
organs (in our case the liver). Our study is concentrated to open-source generic soft-
ware applications since our study is addressed to people who may not have access to
commercial software applications that are probably attached to CT scanners,
performing special algorithms on the produced images.

Best practices
3D slicer

3D Slicer is an open-source software platform for medical image informatics, image
processing, and three-dimensional visualization. Built over two decades through
support from the National Institutes of Health and a worldwide developer commu-
nity, Slicer brings free, powerful cross-platform processing tools to physicians, re-
searchers, and the general public [3].

The software has very good documentation of both basic and specialized func-
tions [4] and specifically to produce models for 3D printing [5].
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A typical flowchart of image processing for creating semiautomatic processes for
producing a model for printing is the following:

* Import images in DICOM format
¢ Load images
* Definition of clipping area (defined as crop volume process)
* Perform segmentation (add segments)
* Set the isolation threshold
*  Removing noise in speckle and islands
e Cut off unwanted structures
* Visualization of results
* Save to a suitable 3D print file

The software has a lot of features and ways to visualize both different projections
of a CT or MRI scan and is also available for researchers to contribute providing
their own solution.

To produce a spine part model the processing did not take more than 10 minutes
interaction with the system (Figs. 2.1 and 2.2). Of course, it depends on the
complexity of the model to be generated how much time it will take to provide
the final model.

MiTK

The Medical Imaging Interaction Toolkit (MiTK) is a free open-source software sys-
tem for development of interactive medical image processing software. MiTK com-
bines the Insight Toolkit (ITK) and the Visualization Toolkit (VTK) with an
application framework. As a toolkit, MiTK offers those features that are relevant
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FIGURE 2.1

Workspace in 3D Slicer during the production of 3D bone model and specific part of the
spine from CT.
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FIGURE 2.2
Derived 3D model from 3D Slicer ready to print.

for the development of interactive medical imaging software covered neither by ITK
nor by VTK; see the Toolkit Features for details [6].

In fact, this is a DICOM image data processing library that can be embedded in
software designed and implemented using different programming languages (C/
C++, python) and on different operating systems (Windows, MacOs, Linux). In
addition to the ability to integrate features from the toolkit, there exists a distribution
offering an integrated processing environment with the brand name MiTK Work-
Bench. A very recent development of this Toolkit platform and the WorkBench is
the integration of Artificial Intelligence (AI) algorithms to export models of volumes
from CT images and to produce the 3D models of internal human body organs. The
problem of isolating the tissues of an internal human body organ lies in its vague
geometry (shape, size) that an individual can have and in the proximity to other
body parts that may have similar characteristics and therefore same density and
gray scale value in DICOM images.

To perform the determination of an internal human body organ model, with the
minimum interaction, the process is quite easy to follow (Fig. 2.3). The software just
needs the collection of at least six points covering its most extend the boundaries of
the human organ with other parts of the body. It is also feasible to follow proper cor-
rections and revisit the solution with a better approach.

The software is also supported with the detailed documentation and tutorials [7].

Artificial intelligence features have been developed and built into NVIDIA
graphics cards, and specific NVIDIA AGX and DGX Systems are not only
capable of using predefined function algorithms to extract 3D and other informa-
tion from DICOM images, but also to be “trained” (following a proper training
procedure) to extract the appropriate and customized data from a CT scanned im-
age series [8].

11
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FIGURE 2.3

The extraction of the liver of a patient is a quite easy process. It needs just the collection of
at least six points on the liver boundary with other organs to determine automatically its
geometry.

Pilot case study

In July 2019, at the Aristotle University of Thessaloniki and more specifically at the
1st University Surgical Clinic, for the first time in Greece, a printed 3D model was
used to aid a difficult surgery for the removal of a single tumor from a patient
suffering from liver cancer. CT scanner examinations were used to evaluate and es-
timate the extent of the patient’s illness at the General Hospital of Thessaloniki
“Papageorgiou.” The CT scans were performed in a very high spatial resolution
(0.71 mm in XYZ dimension) and in three phases (portal, delayed, arterial) in order
to extract the patient’s liver model with the highest accuracy.

The CT scan images were then processed and the tumor and liver models were
extracted using MiTK Workbench using the AI algorithms (CLARA) built into an
NVIDIA graphics card. The connection of the MiTK Workbench software with
the embedded library of functions of the graphics card was made via the Internet
connection with a Linux server where the hardware was originally installed.

Liver parenchyma and tumor models were extracted into separate files (Fig. 2.4)
and were printed for time-saving purposes in two different 3D printers but with the
same characteristics in different colors and in 1:1 scale (Fig. 2.5A—D).

Liver parenchyma print time was approximately 2 days and for the tumor it was
4 h. The final assembled physical model (Fig. 2.5C and D) was used as to help the
surgical process. It gave a clear picture of the tumor and helped the improved plan-
ning of the surgery by the physicians, as well as the increased understanding of the
difficulty of the surgery by the patient and the family. The material used to print the
models was colored (purple and green) PLA, while natural printing PVA was used to
support printing (Fig. 2.6). The model of the printers used was the Ultimate S5
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FIGURE 2.4
Liver parenchyma in purple and tumor in green.

FIGURE 2.5

(A) Printer model of liver parenchyma. (B) Model of tumor and parenchyma. (C)
Assembly of the two models (for bottom view). (D) Assembly of the two models (for top
view).

which has been described as the Best Dual Extruder 3D Printer FDM of summer
2019.

The research and more specifically the tasks of the 3D modeling extraction,
printing, surgery planning, and surgery assessment are part of the research program
with the acronym “Liver3D” which is cofinanced by the European Union and Greek
national funds and has a duration of 3 years (July 2018 until July 2021).
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FIGURE 2.6

Natural PVA (white material) was used to support hanging parts of the liver parenchyma
model (purple).

(A) (B)

FIGURE 2.7
(A) and (B) Surgery images and comparison of printed model with the tumor picture.

After the surgery, the doctors evaluated the operation and the success of planning
by numerical calculations (Fig. 2.7A and B). The part of the liver and tumor
extracted from the liver was measured using 3D recording techniques (Fig. 2.8)
and more specifically the combination of Structure by Occipital and iPad [9].

3D printers and materials
The most common types of devices that have so far been used for the wide produc-
tion of prototype print models are described in the next paragraphs [10].

Extrusion material (fused deposition modeling)
The material extrusion technique is the most affordable at the cost of both the print-
ing device and consumables. It is available in a variety of sizes of the printing table
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FIGURE 2.8
Capture model with Structure on Ipad.

(a typical size covers a cube of approximately 20 x 20 x 20cm) and has been
designed for special applications for printers that can even build fully functional
buildings (mostly small single story houses). The material used is usually in the
form of a plastic fiber which is heated at high temperature (e.g., 200°C), and it is
directed through the extruder at the appropriate location for the creation, in succes-
sive levels, of a 3D form (Fig. 2.9). The most common materials that are used are

Print Bed

Filament

FIGURE 2.9

FDM Printer.
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polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS), while in some cases
nylon, glass, ceramic, or other plastic material may be used which is initially heated
and placed on the heated bed in fluid form and then, via a physical process (e.g.,
cooling) it solidifies.

Vat photopolymerization (SLA/DLP)

The technique of vat photopolymerization is also referred to as stereolithography
(SLA) or as Digital Light Processing (DLP). The device is separated into three
main parts: a high-intensity (ultraviolet) light source, a reservoir or tray of epoxy
or acrylic resin that can be solidified after proper processing, and a control system
that directs the light beam for selective illumination of the upper layer of the resin.
The top resin layer is advanced successively perpendicular to the vertical axis and is
exposed to the ultraviolet light source in the cross-sectional shape of the model to be
manufactured. As the resin hardens under the effect of the light beam, the shape of
the 3D model is gradually built (Fig. 2.10).

Power bed fusion

This category of 3D printing technologies uses SLS (selective laser sintering), direct
metal laser sintering (DMLS), selective laser melting (SLM), or electron beam
melting (EBM). All these technologies use a high-powered laser beam or electron
beam to melt small particles (in powder form) of plastic, metal, ceramic, or glass
inside the printing device in a special bucket. The powder is usually preheated to
temperatures just below the melting point of the material. Thereafter, the power
source is controlled by the printer, allowing it to selectively melt any successive
layer of powder on the surface of the drum. After the first layer has melted, the pow-
der bin is lowered and a new layer of material is placed at the top by a feeder; hence a

Laser Source
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Material *=

FIGURE 2.10

Vat Photopolymerization printer.
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new layer is ready for melting. The bucket is always filled with material as the
melting and welding process continues and there is no need to create support prints;
therefore, it is much easier and faster to construct complicated shapes and in partic-
ular medical implants.

Material jetting

Material jetting is a different technology much associated with vat photopolymeri-
zation as it is based on hardening radiation, but it also follows the principles of con-
ventional inkjet printing. While inkjet printers print ink on paper that dries and
leaves the desired footprint, 3D inkjet printers instead of dropping paper ink, drop
liquid layers that are exposed under light rays on a special UV tray. Layers are
“built” one at a time to create a three-dimensional model. Fully processed models
can just be printed and can be used directly without additional processing. In
addition to the desirable materials that make up the model, the 3D printer appropri-
ately uses a gel-type support material specifically designed to support overhangs of
the model and other complex geometries that are easily removed by hand and water.
Inkjet printing technology has many advantages for the rapid construction of proto-
types, with superior quality, high geometric precision, and a very wide variety of
materials and texture. Printers have unique technology that can use multiple mate-
rials in a single print. This means that it is possible to selectively combine different
materials in a prototype print and even combine two different materials to create new
composites with distinct but predictable properties. Many printers can use more
materials and produce combinations of rigid or elastic and opaque to fully trans-
parent characteristics, so that finished products can match the appearance, feel,
and operation of even the most complex objects. In particular, for the reproduction
of three-dimensional medical models, these printers supply a unique technique for
the production, with the optimal quality, of 3D tissue models that can lead to a novel
simulation technique well known as biomimetics.

Slicing and printing

The last stage for the generation of a 3D model is the process of slicing. This is also a
very important stage of the process since it is connected to the final accuracy of the
printed model and is related to the features of the specific 3D printer model used. We
will describe only the concept for the transition of the 3D solid object file model to
2D slices that are given as commands in a file for the printer. For more information
about accuracy and restrictions of the slicing process, the reader can refer to relevant
literature [11,12]. The most commonly used slicers are:

e UltimakerCura
e PrusaSlicer

e Slic3r

e Simplify3D

e KISSlicer

Most of these are open source while commercial licenses also exist.

17
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facet normal ninjnk
outer loop
vertex vlx vly vilz
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endloop
endfacet
FIGURE 2.11
3D object model geometry.
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FIGURE 2.12

Commands in g-code format. These commands direct the head to follow the shortest path
to arrive at the cartesian coordinates given as arguments to the commands.

An original object model is described with a large number of triangles whose co-
ordinates are stored in a special format (Fig. 2.5). Everyone of the defined vertex
(Fig. 2.11) is a triangle used to supply a part of the outer surface of an object. Usu-
ally, there is a connection (common edge) among two triangles, and under this con-
dition the complete model of an object is defined by a closed shape.

However, the 3D printer, in order to be able to produce the model, should receive
directions from a special driving file, which is constituted by a list of commands in
g-code format (Fig. 2.12).

G-code is a language in which computer users instruct computerized machine
tools to make something. The “way to move and act” is defined by g-code instruc-
tions provided to a machine controller (in our case a 3D printer) that tells the motors
where to move, how fast to move, and what path to follow. The g-code language
originally was used to drive cutting machines. Two most common situations are
that, within a machine tool a cutting tool is moved according to these instructions
through a toolpath cutting away material to leave only the finished workpiece
and/or an unfinished workpiece is precisely positioned in any of up to nine axes
around the three dimensions relative to a toolpath, and either or both can move rela-
tive to each other. The same concept also extends to noncutting tools such as forming
or burnishing tools, photoplotting, additive methods such as 3D printing, and
measuring instruments [13].

Therefore, commands included in an appropriate, for the 3D printer, g-code file
give the instruction to move the head to specific X and Y positions by means of spe-
cial motors. After the head is positioned at the correct coordinates, the material starts
to flow and at the same time the head moves to create a horizontal section of the print
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model. When all material has been placed for a specific layer at a certain height from
the base of the model to be produced, the print table moves downward to continue
printing the next layer until finally the complete model is printed starting from the
base and ending at the top.

Conclusions

Through the current study we came to the conclusion that it is already feasible to
create realistic high accuracy printed models of human body parts that can be
used for planning, training, and informative purposes.

The 3D model that was printed for the assistance of a very difficult surgery
(resection of a hepatic cancer) has a threefold purpose:

1) To help doctors plan the surgery using a tangible and most important 3D copy of
a human body organ. There is huge difference among the way that a physician
(or any other person) is approaching to understand and provide a solution to
problem that exists in 3D but sees it in 2D images (CT scan image). That is the
traditional approach, where in all cases surgeons are studying CT scan images
to navigate and perform an operation. Using printed models, the problem is
provided in its real 3D extend, the physician is not making assumptions and the
solution in many cases can be rehearsed prior to the solution.

2) The 3D printed models can be used for the training of young doctors and students
of the medical schools. There is an undoubtable profit using the specific
approach.

3) Finally, the patients are able to understand by touching and feeling the problem
and embrace the solution to a surgical operation. Not only him or her but also
the close family environment can benefit from 3D printed model observation
and examination.

3D printing was not present before the 1990s and it is characterized as one of the
fourth industrial revolution technologies. It has evolved very much since 2012, when
the first low-cost commercial 3D devices came into the market (Fig. 2.13). It is just
the beginning of a far promising technology, and more techniques that will be able to
combine a big number of materials of different color, texture, and mechanical fea-
tures will follow in the near future.

557 Enpeiwon

FIGURE 2.13
Google trends for 3D printing in United States.
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Printing time is also in issue today. A typical volume of about 10 x 10 x 10 cm
may take 1 day to complete. Current research is directed to the production of more
time-efficient devices [14].

We believe that 3D printed models using inorganic material are just a precursor
of the 3D bioprinting technique that has already made huge steps to reproduce parts
of the human body as fully functional internal organs. There have been successful
attempts to create artificial skin or replacement bones or parts of them, but in the
case of internal body organs like the liver the physiology of the organ and its func-
tions pose significant challenges. However, the developmental pace is fast and the
first results for the reproduction of a fully operational human body organ will appear
earlier than we expect [15].
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New three-dimensional (3D) printing machines have emerged, as additive
manufacturing technology improves, leading to realistic models with accurate char-
acteristics close to the real-life tissues. For this reason, 3D printing technology is
gaining increasing attention from many institutions as an educational tool for a
wide spectrum of surgical training. But this is just one of major applications of
3D printing manufacturing in medicine, as it is additionally used in preoperative
planning on complicated cases, in helping patients understand the geometry of their
problems [1], even for dealing with the empty spaces left after transplantation or
amputation procedures [2].

This technology has been used in various surgical specialties such as cardiovas-
cular surgery, neurosurgery, and ENT surgery to create high-fidelity models for sur-
gical training. The extent of publications has led to the need for a more systematic
classification and critical review of the data acquired regarding 3D printing technol-
ogy. Addressing this request, the following chapter aims to provide an insight not
only into the current status of these new techniques but also future perspectives
throughout the different surgical specialties, as well as to discuss variables such
as cost effectiveness.

Technical background

Before reporting applications of rapid prototyping for training purposes, it is prudent
to lay out an overview of the consecutive manufacturing steps of these procedures.
Data preparation, selection of printing materials and technology according to the
final purpose are some of the key elements to take into account.

Steps of rapid prototyping process:

1. Collection of medical imaging data is a crucial step toward extracting reliable
and accurate 3D models. High-quality imaging can guarantee time-saving and
decent fidelity level of the final outcome [3] stemming from multidetector
computed tomography, ultrasound imaging, magnetic resonance imaging,

3D Printing: Applications in Medicine and Surgery. https:/doi.org/10.1016/B978-0-323-66164-5.00003-9
Copyright © 2020 Elsevier Inc. All rights reserved.
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angiography, cone beam computed tomography, X-rays, positron and single
photon emission computed tomography. High contrast between structures of
interest and adjacent areas is essential for better outcome [4]. All data collected
are saved in DICOM format [3].

2. Afterward, the segmentation procedure follows. It includes the identification of
the anatomical landmark of interest by selecting the corresponding voxels and,
thus, marking a region of interest (ROI). Segmentation is conducted by software
programs in automatic, semiautomatic, or manual way, and files containing the
ROI can be turned into a 3D format through conversion to an STL file [4].

3. Additional model designs and modifications have to be done before final print-
ing, which include optimizations such as surface smoothing. For example,
“hollowing” technique is useful for fabrication of cardiac and vascular models,
creating empty spaces through capturing and removing blood volume voxels
from file during segmentation [4].

4. Undoubtedly, appropriateness and final utility of fabricated models rely mainly
on accurate representation of anatomical structure or pathologic entities.
Meeting this fundamental need, quality assurance and control of this multistep
process have to be fulfilled [4].

5. Furthermore, postprocessing procedures will refine the 3D model as long as final
control of anatomical accuracy is conducted, usually after evaluation by
experienced professionals [4]. In this way, models can gain acceptance as
training tools.

6. Final step is the printing process, in which many aspects have to be taken into
consideration, such as optimal materials, multiple colors, overall cost, and time
requirements [4].

In 1980s, Charles Hulk reported the first rapid prototyping technique, which was
called stereolithography (SLA) [5]. Nowadays, 3D printing technologies have
rapidly evolved and new laser techniques such as selective laser sintering are
used. Nevertheless, even nowadays, SLA printing remains a valuable choice for
medical use [5] (Figs. 3.1—-3.4).

The following table contains basic characteristics of the most common 3D print-
ing technologies implemented in recent years.

General surgery

Without any doubt, rapid prototyping has contributed in various teaching procedures
of general surgery, particularly in minimally invasive processes. Steep learning
curves in this field signify the need for 3D printing as an educational tool in this field.

Hepatobiliary surgery is a fertile ground for use of 3D printing as an alternative
solution for visualization and hands-on training for the needs of medical students’
education [6]. Nevertheless, concerns regarding complexity of liver parenchyma/
venous/biliary anatomy and the need for anatomical landmarks have to be addressed.



RapidPrototypingtechniques
PolyJet printers

Stereolithographyprinters
(SLA)

Selective laser sintering
printers (SLS)

Fused deposition modeling
printers (FDM)

Binderjetting printers

Fabricatingmethod

Liquid photopolymers
elaborated with UV
curing

Resin elaborated with
laser

A basis of powder
material elaborated with
laser

Plastic filament
elaborated by a heated
nozzle

A basis of powder
material elaborated with
a binder

Advantages

Wide range of colors,
transparency,
hardness

Broad range of prices
for printer and
materials

Low material cost
No need for support
material

Efficient strength

Low printer and
material cost of
Efficient strength

Multi-colored printing
possible

No need for support
material

Medium material cost

Disadvantages

High cost of
printer and
materials

Need for support
material

One single
material per
structure

Need for support
material
Moderate
strength

One single
material per
structure
Extremely high
printer cost

Highest layer
thickness

Low speed

Only rigid models
can be printed
Moderate
strength

Need for support
material

High cost of
printers

Layerthickness

At least 16
microns

At least 25
microns

At least 60
microns

Thicker than 200
microns

100 microns

Accuracy
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2D data acquisition and save in DICOM* format

*Digital Imaging and Communications in Medicine

Data processing and segmentation

Model design and modifications

Conversion to STL* file
*Standard Triangle Language

Quality assurance

3D Printing through selected technology

Post-printing adaptations

FIGURE 3.1
Step-by-step process of medical 3D printing.

Laparoscopic and robotically assisted hepatectomies in neoplasias and in living
donor liver transplantations (LDLTSs) are some of the training applications of 3D
printing [7]. Two-dimensional (2D) imaging and intraoperative ultrasound are useful
tools for hepatic surgical procedures, but there are limitations which can be effec-
tively overcome by the use of 3D hepatic models in order to help surgeons acquire
a better understanding of liver anatomy and develop hand-eye coordination [8].
An application of this state-of-the-art technology has been the recognition of he-
patic segments according to Couinaud classification, which is a confusing classifica-
tion system for many students and novice surgeons. A study fabricated three discrete
liver models, particularly type 1: 3D-printed hepatic segments without parenchyma,
type 2: hepatic segments with transparent parenchyma, type 3: hepatic segments
with corresponding hepatic ducts. Each segment was colored in a different way,
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FIGURE 3.2
3D printing machine (exterior part).

FIGURE 3.3
3D printing machine (upper part).
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FIGURE 3.4
3D printing machine (interior part).

facilitating the visualization of liver segment architecture in three dimensions and
also accurately replicating spatial relationships with crucial adjacent structures. Stu-
dents’ tests scores demonstrated the statistically significant impact of 3D hepatic
segment models in teaching procedure, especially of the replica type 3, rending
them useful to traditional anatomy teaching [9]. Deeper perception of liver anatomy
and tumor characteristics through the 3D models could help eliminate some of the
limitations of 2D radiographic methods [6]. Taking into consideration the signifi-
cance of proper and in-depth understanding of hepatic vasculature for achieving suc-
cessful surgical maneuvers and minimal complications intraoperatively, Watson
et al. fabricated low-cost physical models of portal and hepatic veins of about
$100 per model, abrogating the barrier of high cost. This study implied that these
models can be introduced in weekly conferences, aiming to teach operative tech-
niques to young residents and students, on the basis of following elective surgeries
[10].

A great amount of 3D printed liver models reported in literature replicate liver
and biliary tract structure with accuracy as well as common situations such as tu-
mors, and thus, are used for stepwise surgical resection simulation [6]. Up to
date, 3D solid models have been utilized for helping young surgeons and clinicians
acquire proficiency in the anastomosis procedure during LDLT [11]. Javan et al.
designed a novel solid 3D hepatic model of blood vessels, biliary tract, and patho-
logical structures permitting the performance of hepatobiliary procedures. Via this,
trainees were encouraged to practice procedures such as tumor embolization and bi-
opsy, transjugular intrahepatic portosystemic shunt (TIPS) positioning, abscess
drainage catheter placement, percutaneous biliary drainage and percutaneous chol-
ecystostomy tube placement, acquiring confidence in dealing with hepatobiliary
emergencies. Skills and simulation opportunities incorporated in training through
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3D printed models so far also include laparoscopic gallbladder excision and hepato-
blastoma management [12], while, Kagaki et al. were the first to fabricate a 3D
printed hepatic model with replication of a perihilar cholangiocarcinoma, which al-
lows simulation-training for the management of hepatobiliary malignancies [6].

Surgical resection is the most effective solution for hepatic metastasis from colo-
rectal cancer. The advent of laparoscopy has initiated multiple pathways for hepa-
tectomies resulting in a need for sophisticated and up-to-date hands-on training.
Witowski et al. described the fabrication of a low-cost 3D printed hepatic model
based on radiographic data of a patient, that was used as a guide for preoperative
planning for a laparoscopic right hemihepatectomy for colorectal cancer metastases.
Authors support that this model also has great potential as an adjunct of the educa-
tional process for medical students due to lifelike size and accurate spatial relation-
ships [13].

Additive manufacturing has opened up new horizons in the simulation of biliary
system interventions, since 3D printed models can represent specific disorders or
anatomical variations such as common bile duct obstruction. Techniques requiring
high level of expertise, such as EUS-guided biliary drainage (EUS-BD) of malignant
obstructive jaundice due to gastrointestinal, pancreatic or peripapillary diseases after
unsuccessful ERCP can also been taught on 3D printed models. Opportunities for
training in basic maneuvers of this technique on real patients are sparse, hindering
a continuous sequence of the learning process. Aiming to mitigate this challenge,
Dhir et al. manufactured a 3D printed model of a dilated biliary tree by polycarbon-
ate incorporated and replicas of blood vessels filled with aerated water in an animal
liver tissue and examined the performance of clinicians experience in interventional
EUS in four discrete maneuvers of EUS-BD, including needle puncture, guidewire
manipulation, tract dilation, and stent adjustment. Trainees had the opportunity to
practice on the most challenging steps of the procedure, maximizing educational
profit. Materials were chosen so that the model would provide lifelike EUS and
radiographic data. Each participant performed both the antegrade procedure and
the choledochoduodenostomy. Consequently, participants were asked to evaluate
the experience of practicing on the model for each one of the four steps and the qual-
ity of the radiographic data, but also the simulator’s accuracy and feasibility to be
adapted into the training curriculum. Results emphasize that this kind of novel
seventeen bile duct replica would be a cornerstone in mastering ultrasound-guided
interventions in biliary system, even without any further modification and also an
inspiration for further models of EUS-guided interventional procedures [14].

Another interventional procedure with a key role in the management of hepato-
pancreatobiliary diseases is choledochoscopy, which is considered a challenging
process even for experienced surgeons. Previous endeavors included 3D printed
models of the biliary tract and especially its spatial relationships with the hepatic pa-
renchyma. Based on these attempts and on lack of previous 3D printed choledocho-
scopy simulators, Li et al. used CT data from two patients with biliary system
dilation to fabricate two biliary tree models using 3D printing technology for educa-
tional purposes. Simulators were evaluated by four experienced surgeons regarding
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accuracy and utility and then used by group A of junior residents for anatomy
comprehension and choledochoscopy maneuvers practice, while group B had to
study the same data through a virtual 3D image on computer. Outcomes have shown
this choledochoscopy simulator to be a realistic and valuable tool for acquiring basic
principles of the procedure, as it enhanced biliary anatomy and variation complexity
and boosted manipulation dexterity and confidence of participants. In conclusion,
similar innovations involving endoscopic procedures in the biliary system will be
an important part of training curriculum of hepatobiliary surgery residents [15].

Apart from hepatobiliary surgery, the adoption of 3D printing technology for
fabricating teaching and simulation models also constitutes an excellent option
for other general surgery subspecialties. Transabdominal preperitoneal (TAPP)
inguinal laparoscopic hernia repair consists nowadays the state-of-the-art strategy
in management of bilateral or recurrent hernias; yet today it presents a steep learning
curve and demands mastered surgical skills and techniques. Nishihara et al. noticed
the physical inadequacy of current teaching and practicing status quo based on the
apprenticeship model of training and tools such as cadaveric specimens and virtual
reality platforms to provide sufficient proficiency to general surgery residents. To
examine the impact of 3D printed models in training novice residents in fundamental
but challenging procedures, Nishihara et al. developed an original TAPP laparos-
copy inguinal hernia repair simulator composed of a 3D printed replica of human
trunk and abdominal wall layers under pneumoperitoneum and handmade models
of organs of the inguinal region, representing a realistic and reusable simulation sta-
tion for repair of all types of inguinal hernias. Fifteen participants rehearsed in co-
ordination with an endoscopist the basic steps of the repair procedure including
management of trocars and hernia sac, mesh placement, and peritoneal flap creation
and closure. Statistical analysis of answers to a standardized questionnaire revealed
that incorporation of this simulator in resident training curriculum would be of great
benefit, both for skill acquiring and maintenance.

An additional advantage regarding the use of similar simulators for laparoscopic
procedures is the feeling of stress positions of surgeon’s wrist, corresponding with
accuracy to difficulties otherwise faced only in the operating room [8]. Apart
from TAPP laparoscopic inguinal hernia repair, 3D printed models are gaining
importance as a first contact tool of novice surgeons with principles of laparoscopic
and robot-assisted surgery, rendering necessary the incorporation of minimally inva-
sive techniques training in residency curriculum. For this purpose, UCI Trainer
(UCiT) laparoscopic simulator, which is a laparoscopic simulator in connection
with a PC or tablet device that collects training data on a platform, was designed
and used by Parkhomenko et al. to assess basic laparoscopic surgical skills, such
as peg transfer and knot tying. This type of simulation would be helpful for novice
doctors who do not have the ability to perform and polish up their laparoscopic skills
regularly, mainly due to lack of time or equipment [16].

Education on upper gastrointestinal system procedures is also a section of great
interest, where 3D printed models are a sophisticated alternative option. Examples
are gastroscopies and stomach biopsies, techniques mainly acquired through
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hands-on practice under the supervision of an expert. Lee et al. conceived and pro-
duced a silicone-based 3D printed stomach simulator with ten lesions for training in
endoscopic biopsy. Parameters analyzed include total time required for taking tissue
biopsies from all ten lesions, simulator accuracy to real anatomy and procedure cir-
cumstances and, last but not least, potential use of this model as part of stepwise
training program. Trainees, including residents, first- and second-year fellows and
faculty members, were called to perform endoscopic biopsy five times. Results high-
light a decrease in time needed to complete the procedure, noted in all levels of expe-
rience and especially among residents, enhancement of basic skills needed, such as
coordination with the assistant and equipment handling [17].

Another point of interest for further training opportunities of the upper gastroin-
testinal tract is thoracoscopic esophageal atresia (EA) and tracheoesophageal fistula
(TEF) repair, which is considered an advanced endoscopic procedure with a steep
learning curve. Barsness et al., after having fabricated a novel EA/TEF simulator
repair with high cost and need for animal tissue, proceeded in producing a low-
cost repair simulator of a C-type EA/TEF, which includes proximal EA with distal
TEEF, through 3D printing of the molds, filling them with silicone and placing them in
a model of neonatal thorax. Trainees, both experienced and novice surgeons,
claimed this simulator to be a flexible solution and a new promising tool in field
of thoracoscopic EA/TEF repair training, especially for less experienced surgeons
[18].

Furthermore, 3D printing could be highly useful in education of surgeons
regarding colorectal and anal disorders. Arguably, anal fistulas can be a challenge
in colorectal surgery, even for experienced surgeons, since they are accompanied
by complex anatomy and route, close relation with sphincters, all of which may
lead to severe complications and high rates of recurrence, even after state-of-the-
art primary treatment. In the field of Coloproctology, Bangeas et al. was the first
to endeavor to evaluate the impact of ten diverse 3D printed models of anal fistulas
based on MRI images on anal fistula understanding by final year residents both pre-
and postoperatively. Participants were divided into two groups, based on studying
MRI images or the 3D printed replicas. After completing the fistula assessment
test, residents who had studied fistula replicas achieved higher scores. Positive an-
swers regarding other parameters, such as enjoyment, educational effectiveness
and utility, originality and ethical issues were also more common among participants
who studied 3D printed models. It is worth mentioning that the cost of each single
model was approximately 3—5 Euros, enabling use of additive manufacturing tech-
nology for training clinicians in developing countries [19].

In the field of endocrine surgery, advances in radiographic imaging, mainly ul-
trasound and CT and ultrasound or CT-guided cytology examinations, have led to
a significant increase in detection of patients who need to be treated. With regard
to the field of thyroid pathology, fine-needle aspiration cytology (FNAC) contributes
critically in the therapeutic decision and treatment and is necessary for nodules
larger than 1.0 cm or with suspicious US findings and thyroid cysts. Herein, it is
strongly advisable to assure accuracy, confidence, and constant skill maintenance
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of the technique, since it presents a high rate of complications due to close spatial
relationships of the thyroid gland with the jugular veins, carotid arteries, and the tra-
chea. Baba et al. used CT data to construct a cervix. The originality of this study lies
in the combination of mold-based fabrication and 3D printing procedures, since the
group constructed 3D printed models and filled them with polymers, mainly agar, so
that organs of region developed after mold removal. This strategy assures that once
templates have been fabricated, replicas can be easily produced, resulting in mark-
edly lower cost and repeated practicing. Models produced were used by 45 medical
students, residents, fellows, and thyroid experts for performing FNAC. The evalua-
tion questionnaire revealed that all participants found the FNAC simulation model
excellent for educational purposes and, also, a large number of medical students
gained interest in thyroid diseases, resulting in a more profound learning procedure
[20].

Neurosurgery

Additive manufacturing technology has broadened the horizons of neurosurgery ed-
ucation and training in a groundbreaking way. Especially in this specialty, it is highly
important to have a deep perception of complex craniofacial and skull base anatom-
ical structures, in order to be qualified and educated to manage challenging neuro-
surgical cases and procedures. A great variety of educational models, such as
cadaveric specimens, live animals, simplified, augmented and immersive virtual re-
ality systems, have come to light, in order to address the need of both open transcra-
nial and minimally invasive operative skills [21,22]. Taking into consideration that
opportunities for real-life practicing are limited, utilization of 3D printing on a large
scale could assure improvement of standard neurosurgical and microsurgical tech-
niques with a long learning curve, through activation of psychomotor skills [22].
What is more, future expectations of evaluation of an operator’s accuracy and effi-
ciency may be a valuable tool for recording technical progress and assuring the abil-
ity to execute a procedure on a live patient, preventing plenty of fatal complications
[23]. Arguably, 3D printed neurosurgical models present advantages including low
cost, robustness, portability, reusability, safety, reproducibility, realism and low cost-
maintenance and storage needs comparatively to previous education methods [21].

3D printed replicas are emerging as a novel method for achieving state-of-the-art
education and practical experience during residency in many fundamental steps, like
head positioning, navigation, skin flap preparation, bone flap elevation, emboliza-
tion, craniotomy, and lesion resection [24,25]. Ghizoni et al. report use of a low-
cost prototype 3D printed polyamide craniosynostosis replica for educational,
training, and simulation purposes, which enabled both teaching and understanding
of regional anatomy and the various pathologic structures in three dimensions. It
also constitutes a useful tool for training in bone maneuvers and refinement of sur-
gical procedures such as fronto-orbital advancement, Pi procedure, and posterior
distraction both for novice trainees and advanced surgeons, in a risk-free environ-
ment [26]. Moreover, Mashiko et al. constructed a hollow brain model with
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incorporated water manometer and a force sensor set on the spatula tool to train res-
idents, through hands-on practicing, in mastering on pterional, lateral suboccipital,
frontal interhemispheric approaches of brain retraction, an elementary step in
creating a sufficient surgical field in every craniotomy [27]. Neuroendoscopy for
admission to the ventricular system is the option of choice for managing obstructive
hydrocephalus and performing biopsies and excisions of intraventricular lesions
[28]. For management of hydrocephalus, Tai et al. presented the use of a rapid pro-
totyping model for execution of skin-to-skin external ventricular drain in training
seventeen novice surgeons, proving it to be an efficient, reproducible, and safe op-
tion in the training arsenal of neurosurgery [23]. Endoscopic third ventriculostomy
(ETV) is a complex technique and a state-of-the-art surgical option for management
of obstructive hydrocephalus, which is associated with life-threatening complica-
tions, such as forniceal injury, bleeding, thalamic and hypothalamic contusions
[29]. Breimer et al. examined the utilization of an additive manufacturing silicone
brain model as an ETV training station for neurosurgical trainees and pediatric
and adult consultant neurosurgeons and reported its strong impact in advancing co-
ordination and camera skills and thus promoting skills enhancement. Furthermore,
this specific study included many extraosseous anatomic details, such as choroid
plexi, mammillary bodies, infundibular recess, and the basilar artery and veins, as
well as possible intraoperative complications such as hemorrhages, rendering this
structure a realistic educational model [21]. Similarly, Waran et al. expanded the po-
tential of an ETV training simulator, providing trainees the opportunity to perform at
the same time an endoscopic biopsy of the pineal tumor, incorporated to the model
[8], while the innovative combination of ETV simulating 3D models and special ef-
fect techniques permitted the visualization of a lifelike simulation station [24].
Unruptured intracranial aneurysms have a prevalence of about 3% of the general
population, while multiple aneurysms are found in up to 20% of the patients [30]. In
addition, incidence of ruptured intracranial aneurysms and following subarachnoid
hemorrhage worldwide is about 9 per 100,000, with a mortality rate of approxi-
mately 60% [31,32]. Due to severity of cerebral aneurysms, there is a constantly
emerging need for excellent acquisition of technical skills and related to cerebrovas-
cular neurosurgery [33]. As a response to this increasing need, Liu et al. developed a
3D printed cerebral aneurysm model, incorporated with a skull and a brain model in
a simulator, aiming to replicate with precision physiological characteristics, such as
blood flow and pulsation pressure. This model was provided as an educational sta-
tion for teaching the fluid dynamics of an aneurysm and also for training resident
neurosurgeons in aneurysm clipping [34]. Furthermore, a 3D aneurysm model con-
tributes in obtaining full perception and visualization of its three-dimensional struc-
ture, escaping from two-dimensional radiographic images [35]. Similarly, Mashiko
et al. offered neurosurgery trainees and young specialists the opportunity to practice
aneurysm clipping on a 3D printed model composed of the skull, dura mater, arach-
noid membrane, a soft retractable brain replica, and an aneurysm with its parent
blood vessel. Thus, the 3D printed aneurysm model served for training skills like
dural incision, brain retraction, opening of the Sylvian fissure, and position of the
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clip in the neck of an aneurysm [36]. Fabrication of 3D printed aneurysm models
used for educational purposes is also reported by Wurm et al. who utilized advances
of 3D rotational angiography for this purpose [37]. Finally, Wang et al. produced a
series of 3D printed models of middle cerebral artery aneurysms with various length,
width, and neck measurements, so that novice neurosurgeons were challenged not
only to perform mock slipping procedures accurately but also to decide the appro-
priate clip set preoperatively [32]. Apart from aneurysms, also rapid prototyping
produced models which resemble cerebral blood vessel abnormalities. Dong et al.
using data from computerized tomography angiography and 3D digital subtraction
angiography, fabricated brain replicas with arteriovenous malformations that were
used as a training tool for improving the comprehension of pathologic anatomy,
the relationships of AVM to adjacent structures and the planning of surgical resec-
tion and endovascular embolization treatment by novice neurosurgeons [38], while
they can be utilized by experienced clinicians as a training station for optimizing sur-
gical dexterity [39].

Skull base and craniovertebral junction surgery and endoscopic endonasal, fron-
totemporal and retrosigmoid approaches for pituitary tumors, meningiomas, chordo-
mas, Rathke’s cleft cysts, craniopharyngiomas, and other neoplasms are another
demanding field of minimally invasive neurosurgery due to steep learning curve,
need for profound understanding of the regional anatomy and identification of
anatomical landmarks through different approaches, and extremely high possibility
for fatal complications [40,41]. Nowadays, training opportunities offered to young
surgeons are extremely constrained, both due to ethical and safety issues inside
the operating theater and lack of reliable and effective simulating models [28,42].
Shah et al. investigated the educational potential of 3D-printed model for recog-
nizing skull base anatomical structures through a transsphenoidal approach,
comparing scores of residents trained only by 2D pictures to those trained both
with 2D images and the 3D-printed model [40]. Furthermore, Lin et al. through
the use of 3D-printed personalized skull base models for two patients with a sellar
tumor and one patient with an acoustic neuroma for preoperative planning, claim
that similar models are a high-accuracy training tool, both for experienced surgeons,
who can practice and adjust different surgical approaches, and for trainees, who can
conquer step by step these challenging surgical procedures on pathologic models
[43]. Similarly, Lin et al., through utilizing models of tuberculum sellae for resi-
dents’ education, evaluated their contribution in shortening the learning curve of
this meticulous procedure and their potential role in a trainees’ training curriculum
[44]. In addition, 3D-printed models are a valuable instrumental tool for individual
skills needed in these approaches. Endonasal drilling is a crucial step of every endo-
scopic endonasal approach, due to the high risk of injury of adjacent structures. Tai
et al. fabricated an endoscopic endonasal drilling simulator, which allowed residents
to practice with the instrumentation used in the operating theater [45].

In the field of refinement of 3D-printed models as a substantial tool for neurosur-
gery teaching and research, many studies aim to increase the model accuracy,
improving both anatomy visualization and the stepwise training. Favier et al. report
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polycarbonate (PC) as a realistic material for replication of human bone geometry
and physical characteristics, in order to fabricate reliable skull base models for sur-
gical skills training [42]. Nowadays, great pace of 3D printing innovations in neuro-
surgery education and training has also given birth to a novel multimodality 3D
superposition (MMTS) technique, a fusion of multiple automated whole brain trac-
tography (AWBT), and functional magnetic resonance imaging (fMRI) into a
3D-printed model. This advancement led to a better grasp of cerebral crucial connec-
tions and important functional centers, improved preoperative preparation, and
increased skills self-confidence for residents and clinicians [44]. Last but not least,
3D-printed models have already established their groundbreaking role in neurosur-
gery training through utilization as equipment of experimental laboratories for
microneurosurgery training, where trainees are able to perform surgical dissections
on 3D replicas before progressing to cadaveric specimens [46].

Orthopedic and spine surgery

The advent of 3D printing technology has introduced a vast amount of innovations in
the field of musculoskeletal and spinal surgical diseases. Together with cranial
(12.72%) and maxillofacial surgery (24.12%), orthopedic and spinal surgery holds
the lion’s share of all publications related to surgical applications of 3D printing,
with 48.16% and 7.46%, respectively [47]. First report of application of 3D printing
in spine surgery came by D’Urso et al. in 1992 [5]. Applications of 3D printing in
education and research in orthopedic field include the following major aspects:

1) take forward understanding of the complexity both of regional anatomy and
pathological conditions, such as fractures, lesions or degenerative modifications

2) offer opportunities for residents’ training, skill, and dexterity improvement

3) preoperative planning and surgical simulation

There are many reports and studies that underline the contribution of 3D printing
in the theoretical and practical education of orthopedic surgeons. Anatomy teaching
and research are main applications of 3D printing in the field of orthopedic and spine
surgery. Accuracy and lower costs render 3D-printed anatomical models an
emerging alternative to cadaveric specimens [48]. In addition, 3D-printed models
through the visualization of complexity of pathological conditions, such as different
types of structures, are a better educational tool than 2D radiographic images
[48,49], while adjacent vital nerves and vessels render these models a valuable
tool for precise maneuvers [5]. Moreover, [zzat et al. reported that surgeons claimed
to grasp a more profound understanding of complex anatomy of patients with both
degenerative elements and neoplasias, in comparison to other radiographic images
[5]. Fabricating 3D-printed models with different calcium concentrations enables
the accurate representation of the bone density spectrum [50]. What is more, McMe-
namin et al. report that 3D-printed models used for teaching purposes are able to
give an accurate visualization of both structures of air and fluid negative spaces
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[51], while Manganaro et al. highlight the emerging role of 3D-printed models on
teaching hip anatomy and acetabular fracture classification [52].

3D printing has a great impact on essential skills needed for trainees and young
residents. Through continuous practice it is possible to decrease the learning curve,
complete a logbook of necessary operative skills using state-of-the-art simulation
stations, and achieve better performance under stress-free conditions for the physi-
cian and risk-free conditions for the patient [50]. 3D-printed models can also play a
profound role in evaluating a trainee’s ability for decision-making and technique
refining [53]. A characteristic example is the application of screw trajectory for
intraosseous spine fixation, although the absence of soft tissues, discs, and ligaments
lessens the biomechanical accuracy [48]. Javan et al. report the fabrication of a
hybrid gypsum-based 3D-printed training model of the lumbosacral spine based
on CT images, which will be a valuable tool in practicing techniques such as root
pain management procedures, facet injections, and blood patching for managing
intracranial hypotension, arguably challenging and demanding for trainees [54].
Another application of 3D-printed models in residents’ education reported is the
use of specific 3D-manufactured drill template to get trained in trough preparation
as part of expansive open door laminoplasty [55]. Wan Kim et al. published the eval-
uation of use of 3D-printed acetabular models as an educational option for fracture
pattern understanding and optimizing percutaneous screw fixation from 17 trainees’
points of view, while using 3D-printed clavicle models. They reported the experi-
ence of trainees in selecting and positioning the optimal plate system [56]. Jin
Park et al. also add the use of a real-size 3D-printed spine model for practicing
free-hand pedicle screw instrumentation procedure in a precise way among trainees,
reducing the risk of complication such as nerve and great vessel injuries and spinal
construct failure in the operating theater [57].

Preoperative planning through surgical simulation has numerous advantages for
residents and surgeons [56], enhancing surgical confidence through mock surgeries,
thus permitting a better 3D understanding of the anatomy of the region [58],
reducing surgical time and intraoperative complications, and optimizing surgical
technique. Wan Kim et al. claim surgical simulation on 3D-printed model of muscu-
loskeletal system to be of tremendous importance, especially for technically com-
plex conditions and for novice surgeons [56]. Yang et al. comparing patients who
underwent posterior corrective surgery for Lenke 1 adolescent idiopathic scoliosis
patients with patients for whom a 3D-printed spine had been studied preoperatively,
reported shorter operation time, less perioperative blood loss and transfusion vol-
ume, higher postoperative hemoglobin, and lower occurrence rate of operative com-
plications [59]. Preoperative planning through 3D-printed models is feasible also for
scoliosis fixation, including vertebral rotation, absent or dysmorphic pedicles and
segmentation anomalies [5,59]; hemivertebra correction surgery; pediatric pelvic
and spine surgery, ankylosing spondylitis; revision lumbar discectomy cases [53];
rheumatoid cervical spine [60]; patients with high-riding vertebral artery,
irreduclanto-axial dislocation; three-plane proximal femoral osteotomies (TPFO)
for deformity of the proximal femur as result of slipped capital femoral epiphysis
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(SCFE) [58]; and spinal neoplasias [48], such as en bloc resections of primary cer-
vical tumors, using 3D-printed spine models [50]. In all these situations, additive
manufacturing, using data from CT and MRI, contributes to surgical precision and
success [49].

ENT surgery

There is a wide spectrum of additive manufacture technology available to enhance
surgical anatomy orientation and training in the field of otorhinolaryngology. 3D-
printed simulators triggered a shift in the history of ENT surgical education, creating
new paths in personalized interventional treatments.

Temporal bone dissection simulators dominate the literature compared to other
applications [61,62]. Kyle et al. broadened their research on ENT educational
models for surgical procedures through review of the literature until 2017,
describing otologic, nasal, and laryngeal simulators. Models for practicing on
congenital aural atresia, endoscopic ear procedures, auricular repairs, nasal and si-
nuses surgeries, and skull base interventions are some of the described subjects.
But, as is mentioned, further peer validation is necessary for the above teaching
tools. Training models regarding the laryngeal area mentioned in this study were
anatomically normal and pathological models of the pediatric larynx. These simula-
tors were assessed positively for high anatomic accuracy and low cost, but proved
poor regarding tissue simulation [61]. More recently, another systematic review
from Canzi et al. tried to summarize the literature regarding 3D-printed applications
for educational purposes in ENT surgery, revealing that the majority of published
studies focused on otologic models for surgical and preclinical education [62].
They collected 23 studies describing educational approaches in the field of otology
compared to 7 and 5 studies in the fields of rhinology and head and neck, respec-
tively. They also categorized the studies according to each area of interest, showing
various simulators used for temporal bone dissection training and for endoscopic
sinonasal and skull-based training.

Lip and palate cleft repair remains a demanding process with high surgical time
requirements in order to avoid complications or morbidities. AlAli et al. [63] devel-
oped a teaching model of these deformities in order to assess its impact on helping
medical students understand anatomic relationships. This study recruited 67 medical
students from different institutions and showed that 3D-printed anatomical models
of lip and palate clefts were superior to conventional 2D images from anatomy
atlases. Although there are some limitations in the conversion of anatomic image
data into printable material, the low cost of this model, calculated at $32, makes
this technology more feasible than other options in being included into universities’
curricula.

Regarding palatoplasties, a better understanding of the involved anatomy is the
first step in the improvement of surgeons’ knowledge. The next step is simulation of
this surgical procedure in order to gain confidence resulting in better clinical
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outcomes. Cote et al. prototyped a silicone-based cleft palate model which was vali-
dated for its fidelity and utility as an educational tool [64]. Model characteristics
such as anatomical and tissue compliance can be achieved without requiring exces-
sive resources for manufacture, calculating the cost per model less than $10, allow-
ing low-income health systems to include it in their training programs. Furthermore,
they suggested high reproducibility of these models in various types of cleft, facil-
itating training on different surgical techniques. However, limitations were high-
lighted concerning lack of bleeding, muscular layers, and high time-production.
This model was of higher value to novice surgeons rather than more experienced
ones. Other limitations were the poor sample size of participants. Convenience of
transportation is a key element of this novel model, promoting cooperation among
many medical departments around the world, enhancing the clinical outcome even
in developing countries [64].

A pioneering 3D-printed model of a patient’s paralyzed vocal cords was pre-
sented by Hamdan et al. in an effort to visualize its complex anatomy, aiding the un-
derstanding of the challenging procedure of injection laryngoplasty. In this study, the
essential value of this model in training less experienced residents in the technical
aspects of the procedure was highlighted [65]. In some instances, such as advanced
stages of laryngeal carcinomas, total laryngectomy is a considerable solution, lead-
ing, however, to loss of speaking ability. Tracheoesophageal prosthesis placement is
one solution for this complication, although it remains a technically demanding sur-
gical intervention. For this reason, Barber et al. developed an innovative simulator
which would recreate the whole procedure of tracheoesophageal prosthesis place-
ment [66]. The estimated cost for prototyping ranged from $15 to $50, allowing
medical centers and educational institutions to introduce it into their programs.
This study needs further validation not only because of its small number of partic-
ipants but also due to its lack of follow-up data from patients who were treated by the
simulator-trained doctors.

Esthetic, reconstructive, and craniomaxillofacial plastic
surgery

Utilization of rapid prototyping technology in maxillofacial surgery was first re-
ported in 1981. Nowadays, publication of the numerous applications of rapid proto-
typing in this surgical field place plastics and maxillofacial surgery second among
other medical specialties [67]. In general terms, surgical procedure principles in
plastic and maxillofacial surgery are oriented toward management of tissue defects,
dysmorphisms, malrelationships, or a combination of them [68]. Furthermore,
craniofacial structures, which are a vital part of daily plastic and maxillofacial prac-
tice, present with complexity and continuous need for comprehension [69], while
meticulous techniques with a steep learning curve, manipulations of tissues with
high accuracy and multistep surgical procedures demand the broad establishment
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of skills and surgery simulation. As a response to this need, 3D printing technology
emerges as a powerful tool in the arsenal of knowledge and skills enhancement
marathon. Computed tomography seems to be the best option for data extraction
during 3D model production because different values in the Hounsfield scale corre-
spond to different levels of tissue density [70].

A broad variety of pathological models based on patient-specific cases has been
fabricated so far, in order to be utilized for virtual surgeries, giving clinicians the
opportunity to practice on different surgical approaches and methods before moving
in the operating theater. Apart from contributing to surgical planning, it enables sur-
geons to gain profound understanding of the anatomical complexity, spatial relation-
ships, and manipulations of tissues that exist in the pathological entities replicated,
to master operative techniques and to enhance surgical confidence. Models that have
been fabricated so far for mock surgeries include cranial defect models of anterior
skull base and frontal bone, craniosynostosis, facial dysmorphology models,
mandibular deformities due to genetic syndromes or trauma [68]. Utilization of
3D-printed models for medical students and novice surgeons also has a more pro-
found impact on their education, since it stimulates active participation in training
without the compounding factors of limited sources and intraoperative stress. Last
but not least, Schwam et al. underlines the value of 3D-printed models as instru-
ments for educating nonexpert clinicians during medical missions worldwide [69].

Ueda et al., facing the need for realistic skin and soft tissue replicas for carrying
out mock flap preparation and cheiloplasty surgeries, which are fundamental in
microsurgery, fabricated a cleft lip and a face elastic model and with an outer layer
made of polyurethane and an inner made of silicone. Some special characteristics of
these models included replication of skin and subcutaneous tissue and ability for
preincision marking, incision and suture making, and retention. Consequently,
models have been used in training process, as six junior doctors had the opportunity
to prepare flaps, one designed and performed bilobed flaps, while the second model
came up to be a reliable tool for teaching the cheiloplasty procedure. The innovation
of this group’s flap model derives from the double layer, which enables undermining
and suturing stably, in contrast to previous one-layer models. In addition, the visu-
alization and performance of flap preparation in three dimensions surpass traditional
training methods on papers or sponges, rending the practicing experience valuable
and fruitful for junior residents. The low cost for these models is remarkable, which
was $61 and $33, respectively [71]. Similarly, Calonge et al., using previous silicone
of bilateral and unilateral cleft lip and palate models, fabricated mixture resin-based
models for rehearsing simulation reconstruction surgeries by residents and for better
understanding of pathological entities described in textbooks by medical students
[72].

Rhinoplasty consists one of the most commonly performed surgical procedures
and a chapter of significant importance in the field of esthetic and functional recon-
structive plastic surgery. Despite the increasing need for mastery in rhinoplasty sur-
gical process, opportunities for training without patient risk and at the same time
preserving the educational character of the procedure are few. Zebaneh et al.
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constructed a novel model for nasal hump rhinoplasty simulation with 3° of diffi-
culty, aiming to promote training in fundamental principles of this procedure for res-
idents, but also to familiarize medical students with the process [73]. In the field of
rhinoplasty, Gray et al. designed 5 lifelike 3D-printed nasal replicas in order to assist
30 clinicians to provide insight into anatomical and biomechanical characteristics of
nasal tip and also to visualize and get trained in reaction forces required during nasal
tip plasty techniques [74].

In the region of maxillofacial and oral surgery education, 3D printing technology
has achieved considerable progress. Werz et al. report use of fused deposition
modeling (FDM) technology to fabricate patient lifelike surgical training models,
taking advantage of characteristics such as low production cost, broad availability,
accurate CT data extraction, and collaboration in production process. Specifically,
maxillary models for external maxillary sinus lift and jawbone models for molars
extraction training have been constructed, aiming to enhance comprehension and
surgical skills of oral and maxillofacial surgery for young surgeons and dental stu-
dents. In addition, materials used in models fabrication were also evaluated, finding
polylactic acid to be a more advantageous choice rather than acrylonitrile butadiene
styrene, because of its low toxicity and human bone-tissue fidelity during manipu-
lations [75]. Another promising potential utilization of 3D printing is the enrichment
of head and neck surgical oncology teaching process by importing 3D printing tech-
nology outcomes as an assistant tool to traditional methods and, in this way,
improving the teaching quality and problem-solving capabilities, finally promoting
rounded education and high-level technical proficiency [76].

Future perspectives of 3D-printed models in plastic and craniofacial surgery
include the potential role of these tools as an objective evaluation tool for quanti-
fying mastery of surgical skills during residents’ learning processes [75].

Cardiovascular surgery

3D printing in the field of cardiothoracic surgery has been rapidly revolutionized in
the last decade providing health professionals with improved means in visualizing
common cardiac deformities and their relationships among neighboring organs
and vessels. 3D models are nowadays used as supplementary tools of conventional
imaging modalities [77,78]. This method expanded the understanding of congenital,
structural, and valve heart diseases as well as the knowledge and experience in mini-
mally invasive cardiac procedures such as transcatheter aortic valve repair via simu-
lation approaches. Although it seems that the majority of published articles concern
presurgical planning, there is a sufficient level of published material in relation to
3D-printed heart models for educational needs [78—80]. Future application of this
technology would be to create digital data libraries to print rare cardiovascular mal-
formations, providing the opportunity to multiple cardiothoracic departments to
print and practice on such rare cases [77].
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Congenital heart diseases (CHDs) are some of the most prevalent anatomic heart
and/or great vessels deformities which appear in 9 per 1000 live births worldwide
[81] and require surgical management at very early childhood to avoid mortality
or morbidity [82]. Given the great complexity and variability of these malforma-
tions, congenital heart surgery can be quite demanding [82]. Recently, Lau et al. con-
ducted a thorough systematic review including 6 studies concerning teaching
processes with application of 3D-printed heart models (Costello et al. 2014, Costello
et al. 2015, Olivieri et al. 2016, Jones and Seckeler 2017, Biglino et al. 2017, Loke
et al. 2017) which showed the value of this technology in creating accurate cardiac
models for training cardiac nurses, premedical and medical students, and pediatric
residents. These models can also improve pediatric residents’ learning satisfaction
for CHDs and can be used for simulation-training for multidisciplinary intensive
care teams [79]. Additionally, Lau et al. posed some concerns respecting the models’
size and cost. Real-sized models are reported in only a few of the finally included
studies and the cost ranged from 55 to 810 USD per model. A fabrication cost of
55 USD per model was mentioned by Biglino et al. but with unspecified 3D-
printed model size. As the size is scaled down, the cost decreases, as does the quality
and appropriateness of these models as educational tools.

Gaining knowledge regarding spatial anatomy is the first step to managing
CHDs, while the next crucial step is to increase the surgeons’ experience on the tech-
nical aspects of congenital heart surgical procedures. Simulation models play a vital
role on practicing these procedures as Yoo et al. have reported [82]. They designed 3
hands-on training courses in which they used models of various CHDs such as tetral-
ogy of Fallot, hypoplastic left heart syndrome for Norwood operation, double outlet
right ventricle with subaortic ventricular septal defect. Fifty participants with
various levels of experience on cardiovascular surgery, ranging from 1 to 30 years,
assessed these models not only as helpful for augmenting their surgical skills, but
also, found sufficient level of precision in each case. Course participants assessed
the quality of the models as “acceptable,’* limitations for printing materials and dis-
advantages in structural elements such as cardiac valves were also reported. Overall,
these simulators are discussed as valuable and applicable tools for practicing on
congenital heart surgical techniques, thus giving the opportunity to less experienced
surgeons to acquire confidence in these rare cases.

Myocardiopathies are common cardiac problems which under certain indications
have to be managed interventionally by cardiothoracic surgeons or cardiologists. A
very common example is hypertrophic cardiomyopathy (HTCM) particularly when
it is complicated by obstructive phenomena as a result of the increase of cardiac
muscle volume. Left ventricular outflow tract (LVOT) obstruction in patients with
HTCM is a manageable condition which is handled by resecting part of the interven-
tricular septum when there are certain indications. It is a challenging procedure but
the variable anatomy of this region necessitates experienced surgeons or specialized
institutions. Hermsen et al. have developed two patient-specific real-scaled 3D car-
diac models from two patients with HTCM and LVOT mainly used for premyectomy
planning and thus allowing surgeons to better understand anatomic relationships and
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practice before the procedure [78]. Although they designed this research primarily to
examine its presurgical value, authors imply that this model could also offer positive
educational outcomes for less experienced surgeons by flattening the learning curve.
Therefore, after a couple of years they published a paper examining a curriculum
program for practicing the septal-myectomy procedure which was based on lectures
and 3D-printed cardiac models from the same material they had used for their pre-
vious research project. They reported promising results because the proposed plat-
form gained the resident’s acceptance in respect to the realistic models and the time
and effort needed for practicing. They also noticed that the subjective characteristics
of the resection procedure, such as the perception of depth, were additionally
improved, with the participants matching experienced surgeons. Authors identified
the cost as the dominant barrier for expanding their research to a higher numbers of
participants [83].

Other cardiac diseases (e.g., valvular) remain common problems particularly in
older patients. These surgical procedures need experienced surgeons. 3D printing of-
fers a viable solution for practicing for both open surgeries and minimally invasive
interventions. An aortic stenosis model has been prototyped by Shirakawa et al. us-
ing 3D printing technology [84]. They manufactured an aortic valve model using a
rubberlike material and a hard engineering plastic material in order to simulate the
soft normal tissue regions of the valve and the calcified deformities, respectively.
This prototyped model was put into a porcine heart and was used by less experienced
cardiovascular surgeons for training on valve resection and decalcification proced-
ures. Apart from this, they used this simulator for practicing transcatheter aortic
valve replacement (TAVR) procedures via endovascular balloon catheter. Authors
reported a positive value of their model as an additional educational tool for decal-
cification training not only for the aortic valve stenosis, they also implied that this
platform could be expanded on managing calcification diseases of the mitral
annulus. The small sample of participants and their low-level of expertise (three
novice cardiovascular trainees) were important limitations of this study. Especially,
in respect to the TAVR simulation they described some concerns about the cases of
more extended calcification damages, given that, the chosen patient presented low-
level of calcification. However, this study remains a pilot due to the gap existing in
the literature about the use of 3D printing technology as an educational tool.

Urology

In urology, 3D printing technology has been proven quite efficient as an educational
tool. A lot of medical centers and institutions have developed novel approaches
(models of the desirable part of urogenital system) in order to simulate major pro-
cedures which demand dexterity, such as the partial nephrectomy. These models
were constructed from a variety of materials and thus have different features aiming
to mimic the human kidney as realistically as possible.
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Hakmin Lee et al. have constructed personalized 3D-printed kidney model from
CT images aiming to assess the clinical usefulness and the educational outcome of
these models. They concluded that both the urologist and medical students groups
had a better understanding of correct renal tumor anatomy [85]. Other 3D-printed
models which have a positive impact on helping trainees be more anatomically
orientated regarding renal tumors are soft tissue models that were developed as
part of the Maddox et al. project [86]. In this pilot study, researchers have succeeded
in constructing patient-specific 3D-printed renal models with unique soft properties
which mimic renal tissue features and used this model for educating urology resi-
dents on performing robot-assisted resections of tumors and renorrhaphies. The re-
sults seemed promising because practicing on these models helped the trainees to
decrease blood loss during real-life surgery, shortening warm ischemia time,
achieving negative margins in tumor resections and limiting complications. Tissue
handling, cutting, and suturing accuracy assessed by experienced faculty members
and residents with experience of robotic surgery conclude that model practice had
comparative results to real-life surgery. This study also discusses limitations such
as absence of small arterial and venous branches, lack of active exsanguination,
and lack of perinephric fat which complicates recognition and protection of
vasculature.

Most studies which have developed novel 3D-printed renal models used silicone
materials both for its elasticity and its low cost [87]. For example, Monda et al. man-
ufactured a silicone-based renal tumor model for training on robot-assisted laparo-
scopic partial nephrectomy [88]. This tumor model emerged based on the MRI of a
patient and was judged satisfactory for training purposes. Participants of this study,
students, residents of all stages, endourology fellows, and experienced urologists,
deemed this model realistic and useful as an educational tool. Less experienced
trainees have been proven to have had the most benefit in acquiring new technical
skills, while it was judged of lower value for the improvement of existing skills.
In addition, this pioneering training model was deemed more realistic for needle
driving, cutting, and visual representation than for evaluation of kidney elasticity
and tumor differentiation. For this reason, this model could be more efficient in
the education of novice trainees regarding partial nephrectomy procedures. Silicone
renal models could also be implemented on educational laparoscopic partial ne-
phrectomy procedures, as they are useful for minimizing intraoperative ischemia
time. Both reports stress the low production cost of these synthetic models compared
to animal models, thus rendering it a more affordable educational tool [89].

A pioneering study with the contribution of additive manufacturing, fabricated a
3D kidney graft model and a replica of a pelvic cavity using CT images simulating
the living donor renal transplantation procedure [90]. Kusaka et al. evaluate this sys-
tem with respect to its value for preoperative simulation and intraoperative naviga-
tion and concluded that it could prove useful for better understanding of the
relationship among surrounding anatomic regions, thus maximizing the intraopera-
tive confidence of the surgeon and limiting potential complications.
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Kidney stones are common in clinical practice and vary in size, with the largest
being more challenging. Endourology is a field which offers dynamic solutions due
to its minimally invasive nature. Leroux et al. in 2008 designed a novel model for
training residents in percutaneous nephrolithotomies. This model was produced us-
ing rapid prototyping techniques and proved useful in teaching residents this proced-
ure as well as for experienced urologists in planning more complicated cases [91].
Almost 10 years later, Ghazi et al. progressed to the construction of a 3D-printed
model with the anatomic regions of the human pelvicalyceal system, kidney paren-
chyma, and neighboring regions aiming to simulate all the procedures of percuta-
neous nephrolithotomy with accuracy. Evaluations resulted in great scores
regarding the realistic aspect of the procedure and recognition as a beneficial educa-
tional guidance for enhancing percutaneous renal access, nephroscopy, and litho-
tripsy skills. It also proved useful in evaluating these skills prior the actual
intervention. Moreover, the superiority of this educational model is stressed over
other technologies such as virtual reality simulators and animal models, not only
due to its low cost but also because it has no ethical burdens [92].

There are many other applications of additive manufacturing technology in
endourology education. The adult ureteroscopy and renoscopy simulator is a novel
approach which simulates the procedure of catheterization of the upper urinary tract
[93]. This platform was deemed anatomically accurate and simple to use by partic-
ipants. It was also considered a quite useful educational tool by residents and sug-
gested to be introduced into the residency curriculum. This model was deemed to
have a low practice value for most experienced uteroscopists. Moreover, lack of
bladder and urethra from this model and absence of physiological motion from pa-
tients’ respiration are some disadvantages of this simulator, posing barriers to the
extent of simulation.

Other surgical fields

Beneficial and innovative impact of 3D printing in surgical education is not confined
among the margins of aforementioned regions, as the adoption of rapid prototyping
technology by other fields broadens the dynamics of surgical education and training.
In the field of obstetrics, fetal surgery through fetoscopic procedures permits the
repair of congenital deformities without the hazards of hysterotomy. Notwith-
standing, techniques required in fetoscopic surgery can be acquired only through
constant training due to anatomical complexity and multistep processes. Miller
et al., referring to the use of a patient-like 3D-printed model for fetoscopic repair
of myelomeningocele (MMC), propose the potential future utilization of this surgi-
cal simulation for technical skill rehearsal of MMC repair [94].

Furthermore, in the field of anesthesiology and critical care medicine, there is a
broad range of characteristic examples on incorporation of 3D printing technology
in teaching and hands-on training. Flexible bronchoscopy is a procedure of crucial
importance, and taking into consideration the high cost and the numerous resources
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needed for simulation of such multistep complex procedures, rapid prototyping is
increasingly tailored for contemporary and efficient training. Parotto et al. worked
on fabrication of a 3D-printed replica including the airway beginning from the tra-
chea up to primary bronchi for providing the essential theoretical and technical basis
to novice clinicians without previous experience on bronchoscopy, and especially by
using and getting familiarized with real bronchoscopic tools. Parameters such as
anatomy and technique understanding, accuracy, lack of local injury, time needed,
and overall satisfaction level were recorded, underlining high degree of feasibility
and performance and also an establishing low-cost bronchoscopy simulator [95].
Utility of 3D-printed tracheobronchial models is also apparent in newborn and infant
bronchoscopy, where due to lack of time, limited cardiorespiratory endurance, com-
plex anatomy and image restricted assistance encompass the risk of fatal complica-
tions. In order to meet the requirement for more intensive training on pediatric
bronchoscopy, Hornung et al. constructed a 3D patient-based anatomic pediatric
airway model suitable for repeated use, which offers extensive benefit both for
normal anatomy and dexterity skill mastery and visualization of pathological entities
[96]. Similarly, Fiorelli et al. report the potential use of a 3D-printed model already
used for presurgical rehearsal on complex upper airway stenosis as a future high-
promising educational tool [97].

Fueled by the emerging urge for continuous and efficient training of physicians
in emergency cases, such as airway management maneuvers, in low-income coun-
tries with low doctor to patient ratio, a Cricothryoidotomy Skills Maintenance Pro-
gram (CSMP) was established in St. Paul’s Hospital Medical Millennium College in
Ethiopia. The initiative included the use of a prototype laryngotracheal model pro-
duced by silicone, and its purpose was to supply unexperienced residents with skills
on needle cricothyroidotomy and scalpel-bougie approach, in terms of low-resource
environment and shortage of qualified manpower [98].

Another controversial point of residents’ training curriculum nowadays is the
numerous obstacles that hinder access to anatomy teaching and revising sources.
A characteristic example is the difficulty with which ophthalmology residents obtain
continuous contact with anatomy teaching methods, mainly cadaveric specimens, to
maintain their perception of orbital anatomy in the time-lag between undergraduate
studies and clinical practice. Reasons for this inconvenience mainly include prac-
tical factors (lack of time, no correspondence of possible study times, reduced dis-
sections due to lack of volunteers, ethical and cost issues). Adams et al. have met this
challenge by fabricating orbital models. More specifically, 3D cadaver-based orbital
replicas of superior, lateral, and medial prosection approaches were constructed,
containing significant anatomical landmarks marked with different colors and also
realistic adjacent details, such as muscles, eyelids, lacrimal glands and apparatus,
and cranial nerves. It is found that such anatomical models are a reliable, easily
accessible, and accurate foundation in undergraduate, postgraduate, and resident
anatomy teaching, broadening the limited potential of two-dimension imaging [99].

The aforementioned are at least some areas in which 3D printing technology
seems to bring a new realm in the educational and training applications.
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Conclusion

3D printing technology has proven its value as an additional educational method in
several surgical disciplines. Better anatomy understanding of different pathologies
and the enhancement of anatomical orientation among neighbor regions by novice
surgeons, but also the repeatability of particular techniques which leads to gain
knowledge, dexterity, and experience before the operating theater to the real pa-
tients, render this technology advantageous in terms of a better clinical outcome.
As discussed above, more advantages are obtained by less experienced surgeons.
For this reason, this technology seems as a beneficial option for educating the early
stages residents, thus helping them feel comfortable and confident with several basic
surgical skills and procedures. Cost and realism of the printed materials are deemed
two of the main limitations in some cases; however, research on the field of 3D print-
ing for medicine purposes seems to move rapidly bypassing these obstacles in the
near future.
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Introduction

The development of 3D printing applications represents a major advance in modern
Biomedicine. This technology includes both the production of medical devices (or-
gan models, instruments, implants, etc.)' and the replication of biological material
(cell lines), that is, the creation of human tissue or organs via nonreproductive pro-
cessing of original biological material (bioprinting).” The ethical aspects of these ap-
plications remain still largely unexplored.

There is no question that 3D printing, in general, may serve enormously persist-
ing needs in contemporary healthcare systems, since it is expected to facilitate sup-
ply with necessary devices and material, making the whole process of production
less costly in time and money.3 Therefore, in terms of its objective, the new technol-
ogy has an indubitable ethical value.

The future of bioprinting, especially, could drive to a real breakthrough in regen-
erative medicine and transplantations. Indeed, if we ensure that the production of bio-
logical material by this method guarantees, on the one hand, safety and, on the other,
functional suitability of the replicated tissues, and even organs, we will be in place to
effectively solve the problem of extremely limited biological resources for clinical
use that we currently face (from hemopoietic stem cells, to bone marrow, tissue,
and organs for transplantations, or even reproductive material).” This would be a
new era for Biomedicine, as bioprinting could make possible the creation of a poten-
tial pool of replicated biological material with the advantage of histocompatibility for
every individual. Ethically speaking, that perspective would serve by definition the
fundamental right to health and, more generally, the right to our corporal integrity.

Yet the ethical merit of the 3D printing aim is not excluded from the general prin-
ciple pertaining to any novelty in Biomedicine and, in fact, to any application in
advanced technologies. According to that principle, no objective, whatever ethical,
justifies the compromise of other fundamental values which constitute the suprem-
acy of human dignity, as expressed in every person. In other words, even if our pur-
pose is to serve the common good, by developing research projects that may be
useful for society as a whole, not any means to achieve that purpose is ethically
acceptable; only means complying with all fundamental values meet the necessary
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condition for confirming the ethical soundness of the research objective. In the law
of Biomedicine, this maxim is repeatedly mentioned in international instruments,
where the interests and rights of any individual are considered as prevailing over
the interests of research, serving society as a whole.’

Indeed, particularly in the context of 3D bioprinting research and development,
several important ethical questions regarding respect and protection of fundamental
values, usually related to concrete aspects of human rights, need to be addressed. In
the following, I will focus mostly on bioprinting to explore these questions, starting
from their basic ethical conceptualization (Ethical issues section). Furthermore, I
will argue about their legal understanding, with reference to binding instruments
of international and EU law (Regulation and law section).

Ethical issues
Safety

A major ethical issue occurring in any novel application of advanced technologies is
that of safety.” To make sure that 3D bioprinting applications do not create risks for
the individual health of patients (and possibly for public health and the environment
as well), we need to determine acceptable standards of safety for the use of repli-
cated biological material. This is not entirely a technical matter, in the sense that
the term “acceptable” presupposes an evaluation of available technical data, which
encompasses also a certain selection between risks; safety standards eventually
mean prevention of major detectable risks, even if we are aware of the possible
occurrence of risks considered as insignificant or other unforeseen risks. To make
that distinction, by suggesting a safety threshold, this inevitably presupposes ethical
judgments about the risk “quality,” which cannot be deduced simply by measuring
biomarkers or other relevant scientific data.

Indeed the achievement of “absolute” safety is never the case for any biomedical
novelty, as unforeseen natural effects may always emerge. In conventional clinical
trials, for instance, aiming for the development of new pharmaceuticals, strict safety
standards need to be confirmed in every step, during the research, until the successful
completion of the trial and the grant of licensing for marketing the new product.
Still, this is a short-term evaluation of safety issues, directly related to the reaction
of the volunteers’ organism during the trial phases. This does not cover potential
risks that may occur in the long term, after the product’s disposal in the market
and its normal administration to patients, according to the approved prescription
guidance. For addressing that problem, a standard procedure of pharmacovigilance
for detecting such risks usually ensures a higher degree of safety.” This example is
characteristic of the inevitable relative judgments on safety in biomedical applica-
tions, that is, the relative accuracy of risk assessment in relevance.

Following the above approach, in principle, safety management of bioprinted
products should be addressed under the same ethical terms as for other known
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biomedical products (drugs, transplants, implants, etc.) meant for interventional
medical acts. We know that, for such products, certainty of risks is crucial for deter-
mining standards of safety. The opposite approach, known as “precautionary princi-
ple,” characterizes currently the application of novel technologies in the
environment, particularly those involving genetic engineering, nanotechnology,
etc.” These technologies are associated with high degree of risk uncertainty, due
to the relatively limited level of our knowledge regarding fundamental biological
data, such as genes’ and genomes’ interactions and phenotyping, details on the func-
tion of food chain, etc. To prevent unforeseen risks that might create serious and
extensive harm to the environment, which could be irreversible, the “precautionary
principle” requires measures to be taken even in conditions of risk uncertainty
(including a complete ban of the concrete application), which is something more
strict than an effort to positively detect such risks. The justification of that stricter
approach of safety lies on the extent of possible environmental degradation, when
a novel application is deliberated in the Nature. This is not the case of medical in-
terventions in individual organisms, where the risks may occur to a rather limited
extent, even if theoretically we cannot exclude wider implications affecting public
health. Therefore, for guaranteeing safety in biomedical applications of all kinds,
it is sufficient to detect risks in a positive sense, and take appropriate measures
for addressing them, with no need to apply a “precautionary” approach.

Risks in 3D bioprinting are categorized in two main groups. First, it is necessary
to ensure safety of the replicated biological material itself, if used in the form of
transplants, that is, to avoid the possibility of contamination and emergence of path-
ogens that could compromise not only the individual health of the receiver of the
transplants, but public health as well. Second, safety is involved in the functioning
of the new transplants in the receivers’ organism, that is, their suitability with the
new biological environment. The first issue is already known from the field of xen-
otransplantations, where major problems related to pathogenic transplants (due to
deep differences in the animal/human biology) risking generating serious infectious
diseases obstruct such applications.” The second issue is already addressed in con-
ventional tissue and organ transplantations. The difference with 3 D bioprinting is
that there is no evidence that transplants produced are indeed functional, as they
have never have been part of a donor’s organism previously; their potential is to
be tested for the first time in the receivers’ organism, which might prove much
more dangerous, even if the quality of the graft as such has been tested successfully.

Consent

The development and use of 3D printed and bioprinted products need to refer to the
standard governing all medical acts, that is, the informed consent of patients.
Informed consent ensures respect of the patient’s autonomy, in other words it estab-
lishes personal control over the biological condition of our organism. The autonomy
maxim represents a fundamental shift in understanding the patient/physician rela-
tionships, as opposed to the approach of medical paternalism, dominant for centuries
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in Western medicine, according to which the physician needs to hold full control and
responsibility over the condition of health of a rather “passive” patient. Extensive
changes occurred not only due to notorious historical deviations from the basic med-
ical duty'” but also due to the complexity in practicing medicine (given the increased
degree of physicians’ specialization, the rapid introduction of technology, and the
availability of massive information difficult to be “digested” in everyday medical
performance), led eventually to the recognition of an active role for patients (or,
in general, for healthcare receivers) in their relationships with the attending
physicians.

According to their new role, patients need to consent prior to undergoing any
medical act proposed by the physician (regarding treatment, prevention, or diag-
nosis), with the necessary condition of appropriate information provided by the
latter."" That information may include more options, which means that the patient
needs to choose among these, orienting the physician’s therapeutic plan. On the
other hand, patients do not dictate that plan, as they do not have the option to ask
for specific medical acts. Being the expert, the physician is always the one who
has the responsibility to propose'” and the nonexpert patient needs only to accept,
choose or not, according to his/her preferences.

In that complex relationship, the physician may also disagree with the patient’s
stance, either for scientific or for conscious reasons, and abstain from the patient’s
care."” Such a disagreement usually emerges before starting the informed consent
process, in cases where the patient requires a medical intervention unacceptable
on scientific grounds or contrary to the physician’s moral beliefs. On the other
hand, after setting up the therapeutic relationship, the patient always has the option
to refuse treatment, within the informed consent framework, if does not consent to
the physician’s proposals.'*

Nevertheless, in emergency situations, where time is a crucial factor for the med-
ical act’s effectiveness, the informed consent process needs to be followed only in
compliance with that condition. Thus, if there is no time to inform the patient or
his/her proxies, to obtain genuine consent, the attending physician has a moral
duty to proceed immediately to the necessary medical act, based upon his/her scien-
tific knowledge and experience, with the sole purpose to perform effectively.'” Still,
even in cases of emergency, the physician needs to consider previous wishes of the
patient (advance directives), if existing, as those are evidence of personal autonomy
and deserve respect.'®

Genuine consent and the role of patient education

A major difficulty that we need to address regarding consent is to confirm its genuine
nature.'” Genuine consent means that the interested person expresses free decision
after having received appropriate information by the expert physician. Information
should be complete and nonbiased to ensure freedom in decision making by the
nonexpert patient. Even in conventional medical practice, that process presents
problems, since no objective evidence exists to confirm physicians’ good
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performance in information. Indeed, written documentation is not enough to check
this; patients need specific information,'® in oral form mostly, enabling them to pose
questions and have concrete answers by their attending physician. Therefore, the
quality of information depends on factors like the physician’s selection of its impor-
tant elements, according to his/her subjective assumptions, or the subjective level of
knowledge and ability of each patient to understand and process these elements.
Such factors are not measurable and are always suspect to facilitate manipulation
of the patients’ will, even nonintentional."”

Biased consent is often due to the information that nonexpert persons receive
from other than the attending physician sources, mostly from the media. That is
the case of novel biomedical applications, products of advanced technologies in
biomedicine, including 3D printing or 3D bioprinting. The world of media repre-
sents the most eager promoter of impressive novelties, promising breakthroughs
in Medicine, even if no reliable scientific evidence in relevance exists. The
announcement of such promising applications, mostly by popular media, shapes
the information that the general public absorbs, and forms a basic positive stance
to most people, patients or not.”’ That portion of unconfirmed or even false original
knowledge becomes problematic in patient—doctor relationships, when specific in-
formation on available treating options is required by the attending physician. A pa-
tient may object to conventional proposed options, if already convinced by a novel
application, just because a popular anchorman or website has said so. This is prob-
lematic for the informed consent process, since the patient’s prejudice in favor of the
novelty obstructs communication with the attending physician. An extra effort by
the latter is, thus, required to “clean” the patient’s understanding from the false in-
formation upon which he/she relies, enabling appropriate transmission of reliable
knowledge.”!

That form of transmitting reliable knowledge by the attending physician, based
upon a face-to-face approach, is essential, since a patient is more open to accept in-
formation by the expert he/she trusts mostly in the concrete therapeutic relationship.
Yet regarding novel technological applications, such as 3D printing or bioprinting,
there is no guarantee that the attending physician is always able to accomplish
this role, particularly when educated patients have already strong beliefs about
certain applications. Such strong beliefs are usually formed after personal elabora-
tion of relevant information that patients have received from various sources (media,
Internet, popular nonscientific articles, etc.). As the physician is not always familiar
with that volume and details of information accessible by the general public, a need
for developing strategies of patient education, with the aim to “filter” popular infor-
mation, ensuring transmission of basic knowledge, seems obvious. Education will
enable patients to prepare their general attitude regarding the use of novel applica-
tions with valid information, facilitating the role of attending physicians during the
informed consent process. The patient organizations are major players in developing
programs of education, along with medical associations, and official scientific media
open to patient access.
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Enhancement

The quality of patient information seems much more important, if perspectives of
3D bioprinting also include potential production and use of tissue and organs for
enhancement purposes.”” Indeed the method does not exclude that possibility,
even with the intention to create novel biological material, not existing in Nature,
with special characteristics.”> The fact that the aim of use will be not to repair a
certain pathological condition of the receiver, but to “improve” a healthy condition
of the organism, changes substantially the role of attending physicians in the
informed consent process.

In principle, anyone has a right to enhancement as an expression of self-
determination and on condition that this does not affect other persons’ rights.”*
Yet insofar enhancement presupposes an interventional medical act, physicians
should be fully aware of potential risks that may occur for the healthy organism
of the person interested. This does not only intensify their obligation to provide ac-
curate and detailed information to the latter, stressing in particular the possibility of
risks, but moreover it obliges them to check the general ability of the person
involved in understanding the seriousness of such an intervention. This additional
duty emerges from the fact that, generally speaking, rational reasoning is unfamiliar
with medical interventions that may destabilize a healthy human organism.

Cell donors’ data processing

The collection and use of cells for bioprinting purposes involves the issue of the do-
nors’ data protection.

The moral idea of data protection, in general, is that of the so-called “informa-
tional self-determination.””” That notion suggests the acceptance of an intimate
core in individual personality that needs to remain always under the direct control
of its subject. As a dimension of the individual privacy, this core is composed by per-
sonal information (personal data), permitting the detection of a person’s identity.

Most of personal data are “simple” in the sense that, if revealed, they do not have
any significant further potential impact for their subject, besides identification. But
there is also a category of the so-called “sensitive” data, which may have such sig-
nificant impact involving risks for the subject’s personal and social life. These are
data concerning, for example, race, national origin, religious, philosophical and po-
litical beliefs, sexual orientation, sexual life, etc. Par excellence, sensitive data are
those concerning the individual health or biological condition, including medical
and biological data (biometric data, genetic data). Medical and biological data
need, thus, specific protection, as their uncontrolled disclosure may affect substan-
tially their subject’s life, by triggering negative discriminations, in work, insurance,
education, or by creating serious troubles in private life, family and sexual relations,
etc.””

To avoid such implications, strict measures ensuring personal direct control
particularly in medical and biological data, need to be considered. This is a legal
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issue, which attracts attention worldwide, nowadays, due to the development of
informatics and the subsequent possibilities to collect, process, and transfer data.
Yet the major ethical problem that we are facing, regarding the handling of biolog-
ical data, springs from their importance for research purposes. The collection and
processing of biological and particularly of genetic data are necessary for running
research projects intending to the development of new diagnostic or therapeutic
means, either drugs or medical devices and tools or even products for clinical use,
including bioprinted transplant material.

In that perspective, the idea of data protection, involving a requirement for direct
personal control of the data by the individual concerned, gives the impression of an
obstacle. In other words, the necessity for data protection, serving their individual
subject, potentially contravenes their value for research purposes, which may be
beneficial for society as a whole. A generally accepted ethical maxim, according
to which the interests of an individual always prevail over the interests of society,
provides a rough normative framework for seeking a certain balance, but certainly
a more detailed elaboration in relevance is needed.

This problem is crucial for bioprinting insofar the development of future clinical
applications needs more research to achieve reliable results. To overcome risks for
unwanted leakage of sensitive data without undermining research strategies, the best
solution is that of the use of anonymous biological material, from nonidentifiable
donors, at least at the basic research stage. In clinical research, though, identifiable
material will be necessary, to check suitability in transplantations, therefore all strict
guarantees for the protection of the donors’ sensitive data need to be in place. Spe-
cific informed consent of the donor for reproducing the original material is the basic
requirement, here, along with measures ensuring confidentiality in relevant data
processing.

Reproductive material

A futuristic perspective for 3 D bioprinting includes the possibility to replicate
reproductive material, particularly embryonic cell lines or even early embryos.”’

The use of reproductive material, in general, presupposes also specific informed
consent by the donors. In the case of embryonic material, both donors need to pro-
vide consent. Donors’ data protection is also an issue, as gametes are biological ma-
terial with the donor’s genetic identity, and embryos share part of their genetic
identity with both genitors. Therefore, all the aforementioned guarantees for the sen-
sitive data protection need to be considered here, as well.

Bioprinting could be an option to overcome problems in availability of reproduc-
tive material, of ova in particular. Nowadays, limited availability of ova impedes
seriously the access of many couples in assisted reproduction. The rule of donor an-
onymity (to ensure protection of privacy) has been abandoned in several countries, in
an effort for encouraging personal donation of ova between relatives and friends.”®
On the other hand, the problem feeds a growing black market of ova (and, thus,
women) trafficking worldwide.”” A future perspective of using available ova in order
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to create early embryos with the purpose to extract totipotent stem cells as the orig-
inal material for bioprinting, possibly provides a solution there.

Still, from an ethical point of view, specific consent of early embryos’ genitors
for bioprinting purposes will remain an undeniable prerequisite, even if the method
could address such problems, because, any deliberate processing of original repro-
ductive material by the clinic, intending to the use of replicated embryos by third
persons, once again involves the issue of sensitive data protection, as this is identifi-
able material. That means that even surplus original reproductive material (surplus
embryos) remains under the direct control of the donors and is not considered as
“leftover” at the free disposal of the clinic.

Potential bioprinting of embryonic totipotent stem cell lines, in the future, could
raise more serious ethical problems, in the sense that these blastocyst cells can be
developed into complete human organism, following the full reproductive process.
The question, here, is similar to the one discussed extensively with regard to possible
future application of reproductive cloning in humans.

Indeed, bioprinted totipotent stem cell lines will have identical genetic profile
with the original ones, leading to identical organisms, just like the clones. A basic
objection to the creation of human clones suggests that the fact of creating intention-
ally identical twins undermines their human dignity, in the sense that these persons
would be obliged to bear a lifelong burden to demonstrate uniqueness of their per-
sonality unlike their “designing.””” Similar argumentation is valid for bioprinting
also, as only the method of reproducing identical human beings, and not the inten-
tion as such, changes. Yet this is the only reason to reject human stem cell line bio-
printing on ethical grounds. In contrast, as in the case of “therapeutic cloning,”
bioprinting stem cells just for developing transplant material does not present
such ethical concerns, as no intention of creating identical human beings is
involved.”’

Access

Access to natural biological material for therapeutic purposes is a major issue in the
context of transplantations. Due to the lack of reliable alternatives, systems ensuring
equal access of patients to the extremely limited resource of available organs, based
upon objective criteria of prioritization, are necessary even in advanced health
systems.

Assuming that bioprinting could provide eventually such an alternative, with the
use of original cells from the patient’s organism, it seems that we can overcome the
above problem of justice. Still access is not ensured if, in financial terms, 3D bio-
printing is not affordable by the national health systems.’” This is related to the
more general problem of public funds’ allocation in healthcare, but certainly the
eligibility of 3D bioprinting for public funding should take into account its cost-
efficiency in comparison with the current transplantation system’s needs for funding.

Two elements seem to be crucial for relevant decision making. First, the degree
in which we can confirm that the bioprinting alternative to conventional grafts is safe
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and functional for the patients, in order to determine comparative cost-efficiency.
Second, a system of prioritizing patients, according to their therapeutic needs, in
case where bioprinting is considered financially affordable by the public health sys-
tems, only for a partial coverage of potential receivers. That system will be similar to
the one we already accept in transplantations, with the establishment of priority lists
on conditions of fair access and transparency.

Regulation and law

Currently no specific legislation on 3D printing and bioprinting exists at the level of
international or national law. Nevertheless, during the last three decades, legislation
regulating in detail almost every major area of Biomedicine has been adopted world-
wide. In addition, case-law addressed by the courts at various levels of jurisdiction
(including constitutional and supreme national courts in most countries, as well as
international courts, such as the European Court on Human Rights) produced an
important part of regulation, covering difficult issues of the existing rules’ interpre-
tation. That corpus of legal regulation needs to be taken into consideration when dis-
cussing practical aspects regarding the application of novel biomedical methods and
products, including, of course, the development and use of 3D printing and
bioprinting.

The major reason justifying the role of legislation in Biomedicine is for ensuring
certainty when novel technologies are to be applied. This means that we need to bal-
ance in a fair way all legitimate interests that, potentially, may be in conflict, of the
persons involved (the patients, the doctors, the investigators, etc.). These interests
express a variety of legal rights that need to be regulated accordingly. Most of these
rights are fundamental, being established by constitutional or international rules;
they are known as “human rights,” and they prevail over other “common” rights. In-
ternational legal instruments, such as the UN’s Universal Declaration on Human
Rights and the European Convention on Human Rights, are the basic references
for the content of these rights. Relatively recent instruments, particularly the Council
of Europe Convention on Human Rights and Biomedicine (Oviedo Convention) and
the UNESCO’s Universal Declaration on Human Rights and Bioethics indicate the
relevance of human rights with topics of Medicine and Biomedicine, especially with
applications of advanced technologies in Medicine.

In Europe, more specific legislation of the EU establishes detailed rules with
binding force for the member states, including rules on data protection,” on clinical
trials,”* or on patenting in biotechnology.”” The corpus of binding law in Europe,
thus, contains, on the one hand, the Oviedo Convention’s system (the Convention
and its additional Protocols on Human Cloning, on Transplantations, on Biomedical
Research, and on Genetic Testing for Health Purposes) and the aforementioned EU
legislation. On the other hand, a significant piece of regulation springs from the rele-
vant to Biomedicine case-law of the European Court on Human Rights’® and of the
EU’s European Court of Justice.”’
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Although the issues emerging from biomedical innovations need to be addressed
ethically in a consistent way, under common universal principles, the respective
legal reflection should always refer to concrete binding rules and their determined
force within certain geographical area, with the exception of very few instruments
of international law, universally accepted. In the following, thus, we will investigate
the legal dimension of 3D printing and bioprinting in the framework of the European
law, as defined previously. This does not mean, of course, that a legal approach based
upon the US (or other western type) law cannot lead to similar legal conclusions.

Clinical trials

In European Biolaw, the standard legal framework for the regulation of clinical
research is that of the Oviedo Convention system. Inspired by the nonlegal codes
of ethics in relevance (particularly, that of the Helsinki Declarati0n38), the Conven-
tion itself encompasses a chapter regarding clinical research, declaring the funda-
mental legal principles for the protection of persons undergoing research.”” The
Additional Protocol on Biomedical Research of the Convention develops in detail
these principles. At the EU level, specific legislation exists only for interventional
clinical studies (clinical trials) on pharmaceutical products, which is actually the
most important part of applied clinical research.”’ For 3D printing and bioprinting,
thus, only the Oviedo Convention system is relevant, and only for the countries that
have already accepted (ratified) its instruments.*!

According to the principles of that system, printed devices, implants, or biolog-
ical material may be tested in patients, only when (1) no alternative with comparable
effectiveness exists, (2) potential risks for the person involved are not dispropor-
tionate if compared with the benefits expected, (3) previous appropriate approval
of the research protocol by competent scientific and ethics bodies has been obtained,
(4) patients involved have already been informed about their rights and guarantees,
provided by law, and (5) the necessary patient informed consent has been given pre-
viously, in explicit, specific and documented form, and can be withdrawn at any
time. In addition, when patients to be involved are persons unable to provide appro-
priate consent (minors, or adults with mental or cognitive disabilities), more strict
guarantees are applied, namely (1) expected benefits for health should be direct
and real, (2) no alternative to perform research with persons able to provide consent
exists, (3) a written and specific permission has been provided by the legal represen-
tative of the person involved (who is responsible, in general, to provide informed
consent), and (4) the patient involved does not object to the research.

Supposing that the safety issues for the use of printed material have been
addressed successfully in preclinical animal studies, we need to imagine the partic-
ular circumstances for its experimental use in humans under the abovementioned
legal prerequisites. Two relevant issues should be noticed in this respect.

First, alternatives to the use of bioprinted material in particular could be only
confirmed methods of natural biological material use (standard cell therapies, or
other methods of regenerative Medicine, approved by competent official bodies).
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Yet a certain method of cell therapy (with genuine cells) may also be at an experi-
mental stage. In that case, the same principles need to be considered for that method
as well. If no approved alternative exists, we need to make a choice between the two
experimental methods, that of the bioprinted material, and that of the genuine ma-
terial. The law does not provide an explicit answer, in such a case, so the attending
physician must judge according to the best interest of the patient, that is, according
to the risk/benefit comparing evaluation of both options. This evaluation is neces-
sary, even when the bioprinted option meets the second prerequisite on risk/benefit
evaluation (proportionate risks) if examined as a sole option.

The second issue is that of the implementation in practice of the patient’s right to
withdraw."” To reject the use of bioprinted material as a therapeutic strategy, after
entering the study, means that the patient wishes to restore his/her condition of
health before incorporating the printed material. The question, here, is whether
transplanted biological material produces reversible effects to the organism or not.

Withdrawal of patients in the setting of clinical trials for medicinal products
(drugs) means that the patient does not receive any more the substance to be tested.
Even if the previous administration of that substance has produced certain effects to
the patient’s organism, such effects will stop at some time after withdrawal, which
means that restoration is feasible. This is not the case with transplanted tissue or or-
gans, as any restoration presupposes new operation with the relevant risks. There-
fore, the right to withdraw means a certain burden for the patient; it cannot be
exercised without a risk/benefit appraisal. In any case, the physician’s responsibility
is more intense there, due to this weak status of a legitimate option that patients’ nor-
mally enjoy.

Transplantations

The clinical use of bioprinted tissue (or, possibly, solid organs) in the future involves
also the law for transplantations. In Europe, the additional Protocol on Transplanta-
tions of the Oviedo Convention (2002) provides the basic regulation in relevance.
Also, for the EU member states a Directive regarding the safe storage and handling
of biological material (but not of solid organs) purposing for clinical use should also
be considered.*

The aim of the Protocol is to provide standards of protection for the respective
rights of both the donors and receivers (patients), given the limited availability of
tissue and organs which is the major problem in transplantations worldwide. Since
the basis of that regulation is a need for the use of third persons’ biological material,
the option of 3D bioprinting seems to overcome drastically that problem. By repro-
ducing original tissue from the patient, self-transplantation operations will cover a
big part of the current graft demand. In that respect, no necessity for ensuring do-
nors’ and receivers’ rights, according to the current legal framework exists. Still,
as far as graft safety and functioning issues are persistent, in the sense that the qual-
ity of bioprinted grafts compared to the natural available grafts remains uncon-
firmed, the enforcement of rights in transplantations will be an issue. That means,
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also, that distribution of organs, according to the prioritization of patients following
legally established criteria, will not be affected, until the bioprinting alternative pro-
vides evidence of equal quality for replacing natural grafts.

On the other hand, on the assumption that the original biological material to be
printed is not part of the patient’s organism, but obtained by another person, a ques-
tion is whether the same guarantees for the protection of that person’s rights are in
place, as in the case of conventional tissue and organ donation from living donors.**
Even if with bioprinting we can overcome current limits in reproducing biological
material for clinical purposes, the fact that the original material has been removed
from a natural human organism raises all known problems regarding safety and pro-
tection of the donor autonomy. Again, these problems should be treated in accor-
dance with the Protocol, as in conventional transplantations.

Human reproduction

In Europe, assisted reproduction is governed currently by national legislations.*
Common European legal provisions are very few.’® Also the case-law of the Euro-
pean Court on Human Rights accepts a large margin of appreciation for the national
legislator to regulate fertility issues, abstaining from acknowledging common rules
in relevance."’

Nevertheless, the additional Protocol of the Oviedo Convention, prohibiting
cloning in humans, could also be applied in regard to future bioprinting applica-
tions with the use of human embryos. It is true that, in its preamble, the Protocol
is referred explicitly to cloning in its technical meaning,® but still the rational to
avoid reproduction of identical human beings stands, even when similar to cloning
techniques drive to the same result. The wording of the article 1 of the Protocol
supports also this interpretation, by making reference to the prohibition of “any
intervention” (“seeking to create a human being genetically identical to another
human being”).

Another issue related to the application of bioprinting methodology on early em-
bryos could be its compliance with the legal regulation of research in embryos
in vitro, according to the Oviedo Convention. The relevant article 18 poses two rules
on that matter: (1) research in embryos in vitro is allowed only if “adequate protec-
tion” of the embryo is ensured, and (2) the creation of embryos just for research pur-
poses is prohibited.

The hypothetical scenario of embryo bioprinting involves the application of both
rules. On the one hand, the original material would be embryos in vitro, created arti-
ficially for reproductive purposes in the first place. According to the first rule of
article 18, these embryos should be “protected” if used for bioprinting, that is, their
developmental potential needs to be maintained. On the other hand, the second rule
of article 18 seems to impede the creation of replicated embryos, if research is the
original purpose, allowing bioprinting only if there is scientific evidence that these
embryos could follow a normal developmental process, meaning that they may serve
reproductive purposes.
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It is obvious that, as far as lack of sufficient evidence exists, requiring more
research on replicated embryos (therefore no reproductive use is possible), that
normative impediment bans even basic research on 3D bioprinting with early em-
bryos, under the Oviedo Convention system.

Data protection

The new legislation in the EU on data protection (the General Data Protection
Regulation—GDPR), compared to the previous regulation of Directive 95/46, in-
troduces a substantial change regarding the use of personal data for research pur-
poses. According to the new Regulation, the previously required specific nature of
the subject’s consent has been replaced by a less strict concept of consent pertain-
ing not exclusively to the concrete research project but intending to cover also po-
tential use of data for future research activities in the broader area of scientific
interest."”

That change in regulation certainly facilitates research initiatives in Biomedi-
cine, by taking, however, risks concerning the protection of patient data, since
data collection and flow are allowed under easier conditions. Focusing on 3D bio-
printing and given the need for developing extensive research before reaching an
acceptable level of safety and functional suitability for the clinical use of bioprinted
tissues and organs, this new regulatory environment requires a careful approach. It is
worth noting that, generally speaking, facilitation of procedures does not necessarily
create legal certainty when rules are to be applied in concrete situations. For
instance, the fact that no previous license by the DP Authority is required reduces
legal certainty and increases the risk of exposure to legal sanctions,’” since the
burden of compliance with the relevant rules is transferred to the research team
with no previous official notification about the details of compliance. In the past,
compliance was ensured by the licensing system; it is now up to the research units’
legal advisors and data protection officers’' to play that role, but with no official
guarantee on data protection best practices.

In contrast, the change in the concept of the data subjects’ consent is not ex-
pected to create problems in legal certainty. There is no question that identifiable
medical data will be necessary for testing the research results in bioprinting, which
means that the consent requirement lies on the core of research procedures. At first
glance, even under the previous regime of specific consent, research would not be
impeded, since the original cells are intended to be processed for specific purpose
(the production of bioprinted tissue or organ), which could be explained in detail
to the donor (and subject of data) prior to provide consent. Under the current regime
of “broad” consent, the same material could also be used for similar research pro-
jects in bioprinting, not necessarily after being described in their details to the donor
during the information process. It is sufficient to inform the donor about that poten-
tial use by determining only the field of research in general terms, that is, “bio-
printing.” Legally, that practice would be in absolute compliance with the GDPR
framework.
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Commercialization

A further legal question concerns potential commercialization of bioprinted tissue
and organs. Commercialization is discussed as an incentive for promoting research
in bioprinting by attracting investments at an industrial scale, with the expectation of
profit. Of course, the option of autologous transplantations”™ with the use of bio-
printed grafts emanated from biological material of the patient/receiver does not
concern organ marketing. But the perspective of the embryonic stem cell use, as
original material for producing bioprinted tissue and organs, leaves the question
of commercial exploitation open.

According to the article 22 of the Oviedo Convention, and the articles 21, 22 of
its additional Protocol on Transplantations, commercialization of the human body
and its parts is explicitly prohibited. The question, thus, is whether we can consider
bioprinted organs as “parts of the human body,” firstly because they would be prod-
ucts of the processing of original human biological material, and, secondly,
because they are supposed to be perfectly functional in the human organism, if
transplanted.

Article 22 addresses the problem of potential organ trafficking for transplantation
use, in conditions of scarcity of that valuable resource worldwide, by adopting a
strict policy that rejects the commodification of human organs. Since no idea about
3D bioprinting and its potential to produce organs existed at the time of the Conven-
tion’s promulgation, one could argue that article 22 refers only to natural “parts of
the body” and not to artificial products of tissue engineering or bioprinting. Accord-
ing to this approach, commodification and commercialization of bioprinted organs
would be legally allowed. Yet a counterargument could raise an issue about
commodification as such, as violating the principle of human dignity (article 1 of
the Convention’”). Since bioprinted organs emanated from the processing of human
biological material, they can be considered as an “extension” of the latter, sharing a
common expression of human dignity which excludes commodification. In other
words, the prohibition stated by article 22 is not justified on the grounds of a certain
policy (combating organ trafficking), but on the grounds of human dignity, as a
fundamental ethical and legal principle; that principle denies any instrumentaliza-
tion of the human body™ and its parts, a characteristic example of which is
commodification.

The identification of bioprinted organs in terms of the ethical and legal status of
the original biological material is questionable. These organs would be rather “prod-
ucts” and not “parts” of the human body, as they are the result of an artificial process.
In that sense, they do not “contribute” to the status of dignity of any particular per-
son, as they did not even exist as parts of a certain human body. Therefore, in that
case, the notion of instrumentalization is meaningless; no person is affected by
the production and use of bioprinted organs, at least prior to their transplantation
for therapeutic purposes. In reality, this argumentation fits also all methods of human
tissue engineering, in general, leaving the option of commercial exploitation legally
acceptable.



Conclusions

Conclusions

Ethical considerations, regarding 3D printing of devices, implants, or other nonbio-
logical objects useful for medical purposes are mostly related to safety and informed
consent issues, both in experimental procedures (clinical trials) and in therapeutic
settings.

Safety is always relative, since certain vigilance is, not only scientifically but also
ethically, required even after the successful concluding of trials, in order to detect in
the long-run side effects to the patients’ organism from the use of these objects. Ac-
curate information of patients about the details of such a use is equally important, as
misunderstandings about the real expectations for their therapeutic advantages may
occur, due to the general information that patients receive from unreliable but pop-
ular sources. This problem is even more serious in the case of bioprinting.

There is no doubt that 3D bioprinting represents a new era in regenerative med-
icine, as it makes possible the production of human tissue and organs at a large scale,
already developed as a real industrial activity.”> Scarcity in biological material for
transplantations is currently the major obstacle in the development of regenerative
medicine, and 3D bioprinting seems to be a convincing option to address that prob-
lem. As a new method, thus, bioprinting is expected to open enormous possibilities
in medical treatment, which means that, in terms of its objective, its ethical value is
unquestionable.

Nevertheless, several ethical and legal issues associated mostly to the methodol-
ogy both in research and clinical use need thorough investigation. As for the first
time we are facing the possibility to create functional human material, elaborated
artificially, to provide a reliable alternative for natural grafts in transplantations, a
common perception is that our technology is now able to produce parts of the human
body without the need of the whole body! Should we acknowledge a certain ethical
status to these entities or, to be more precise, should we respect certain ethical lim-
itations in their use? This is a fundamental question, of a rather philosophical nature
though.

But there are also more practical questions, regarding the acceptable level of
safety for clinical use, the conditions of clinical research with regard to the patients’
rights and interests, the data protection issue even in basic research, the potential for
replicating early embryos, and the problem of fair access for all patients.

Such questions are also conceptualized in a legal framework, not yet specific for
bioprinting, but still highly relevant, as the progress of Biolaw during the last de-
cades tends to cover in detail similar issues emerged in transplantations, clinical tri-
als, patient/doctor relationships, embryo research, etc. The European law, in
particular, is characterized by legislative initiatives, intending to supranational bind-
ing regulation, working thus on the general legal framework rather than on specific
cases. This ensures certainty in regulation, on condition of a continuous monitoring
its efficacy and permanent updating. In general, one can conclude that legal solu-
tions regarding the questions that occurred in bioprinting are feasible even under
the current legal framework in Europe. These solutions are not necessarily in favor
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of relevant research and clinical use, but still they indicate issues needing a fresh
approach, possibly demanding legislative amendments.

After several decades of impressive technological progress, triggering intensive

ethical and legal reflection, we understand that the important in biomedical innova-
tions, is to demonstrate real benefits for individual patients specifically, and for the
healthcare system as a whole. The approach of ethics and law should promote this
process, by expressing a practical attitude. This is the case of 3D printing and bio-
printing as well, even if its products seem still alien (and perhaps scary) for the com-

mon people.
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Introduction

The AM/3DP (additive manufacturing/3D printing) is a type of manufacturing tech-
nique wherein the final object is formed by successive addition of layers of materials
such as plastics, metals, drugs, cell culture etc. using the 3D printer (see Fig. 5.1) [1].
According to United States Governmental Accountability Office (GAO), 3D print-
ing can create 3D structures from digital models by AM process [2]. It has a wide

3D printed tablet

FIGURE 5.1

3D printer with different components [6].

3D Printing: Applications in Medicine and Surgery. https:/doi.org/10.1016/B978-0-323-66164-5.00005-2
Copyright © 2020 Elsevier Inc. All rights reserved.
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FIGURE 5.2
Pie chart showing applications of 3D printing in various fields [6].

range of applications in various fields including healthcare, automobile, aerospace,
food, chemical, and toy industry (see Fig. 5.2). In the healthcare industry, 3D print-
ing has been used to produce various dosage forms of drugs, prosthetics, medical de-
vices, and artificial tissues and organs. 3D bioprinting is the fabrication of a
functional artificial tissues or organs via a 3D printer such as Regenova [2] by
layer-upon-layer addition of cells, biomaterials [3] using bioinks such as

(A)

Pressure
head

Piston
Cell and
biomaterial

FIGURE 5.3
Pictorial representation of bioprinter. (A) Bioprinter and (B) printer head [6].




Introduction

endotoxin-free low-acyl gellan gum [4](see Fig. 5.3). For example, Spritam,” the
first 3D-printed drug approved by FDA has encouraged tremendous research in
the development of various medication by the use of 3D printing technology [5].
This innovation comes with various challenges to be looked upon to combat the dis-
ruptions that can possibly occur ([6], p. 146).

Various disruptions in healthcare and manufacturing due to 3D printing are pre-
dicted to occur. For more than 20 years, applications of 3D printing were restricted
to prototyping. In the recent years, many of the 3D-printed objects have been intro-
duced in the market of healthcare and manufacturing such as medical devices (pros-
thetics), dental instruments (crowns, bridges), artificial organs (kidney, heart) for
research purposes, implants, and many others. By 2019, 3D-printed objects will
be a part of our daily life, “located” in or on the body of more than 10% people
in the developed world. 3D printing will play a crucial role in more than 35% of
the surgical procedures requiring prosthetics, implants, artificial organs, and other
3D-printed objects. Advancement in technology and innovations will lead to 10%
of spurious drugs and pharmaceuticals manufactured using 3D printer [7].

3D printing can increase the quality of deliverable healthcare services, as it is
capable of manufacturing personalized products suited for a particular individual.
It can print medicine in various shapes, sizes, doses, and dosage forms with desired
and prespecified characteristics, including drug release profile and fixed dose com-
bination (FDC). Formulations prepared in an individualized manner are likely to in-
crease drug safety and reduce toxicity and various other side effects caused by
inappropriate drug dose. Likewise, the ability of 3D printers to fabricate the medi-
cine at the point-of-care (PoC) avails a range of therapeutic options, which removes
the barrier for healthcare personnel in choosing the best-suited approach. Further, it
is capable of producing various medical devices, implants, anatomical models, arti-
ficial organs, among others, covering a large potential for overall betterment of
healthcare services and healthcare education. The first FDA-approved drug product
demonstrated the commercial applicability of 3D-printed products in August 2015
following which a large number of medical devices have been produced via 3D
printing. Therefore, the continuous innovation and developments in 3D printing
technique and its applications seem promising in terms of revolutionizing healthcare
and improving quality of life ([6], p. 151).

Since 1993, continuous assessment of the process on a detailed basis has been
carried out by disclosing some of the limitations in the new technology. Biomedical
3D printing nowadays not only has major applications in pharmaceutics, medicine,
and dentistry, but it also involves strict regulation and social challenges. Legislation
has to be adapted in order to characterize the new terminology of the new technol-
ogy. Furthermore, issues like 3D data ownership, privacy and the protection of intel-
lectual property rights must be faced. Quality and Safety standards also must be
addressed, to ensure the well-being of humans. On the other hand, the use of the

? Levetiracetam, an antiepileptic drug.
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new technology, the high offer of new materials and the technology itself is indisput-
ably extremely challenging for various reasons. For instance, transplantation of a
3D-printed organ would be most welcome, given the lack of suitable donors. Lastly,
there is always the prospect of new technology (high-end) new jobs ([6], pp.
147—152).

Quality assurance in medical 3D printing

In recent years the development of relatively cheap desktop 3D printers has led to a
booming 3D printing industry. Now, with the arrival of commercially available
biocompatible and sterilizable 3D prints, local medical 3D printing labs emerge
in hospitals worldwide [8]. Studies show that medical 3D printing can be in many
different ways of great added value for all kind of specializations. Three main appli-
cations are defined [9]:

¢ Anatomic models: The added value of 3D-printed anatomical models is
threefold:
* a valuable tool for physicians in patient—doctor communication [10,11];
* serve as a tool for resident education and surgical training [12]; and
* allow development for optimal surgical planning [13].

Furthermore, the quality of the preoperative plans based on 3D prints is shown to
be higher than that of digital 3D-rendered images [14].

e Surgical models: 3D-printed surgical guides are widely used in specialties such
as orthopedics, traumatology, oral and maxillofacial surgery, plastic surgery,
and several other invasive surgical fields. Patient-specific surgical navigation
guides offer a boost in surgical precision and reduction of surgical time, leading
to lesser chance for infection and a faster recovery [15,16].

¢ Implants and prostheses: Development of implants and personalized prostheses
is the most important and most valuable application of 3D printing in the field of
orthopedics, up to now. Several individual cases of 3D-printed cranial, dental,
and spinal implants have been reported [17].

With this rapidly growing new in-hospital technology, there’s an urge and neces-
sity for methods of quality control and quality assurance. Apart from a recent paper
from Ref. [ 18]; where a methodology is provided for quality control of the in-house
3D printing workflow for unsterilized anatomical models, no literature on the quality
control of the complete process, encompassing the various applications, is known.
During the different phases of 3D printing, there is the possibility of errors occur-
ring. These errors may be due to human factors such as miscommunication or failure
of other factors which are inherent to the workflow step. By optimizing the workflow
and a proper definition of the responsibilities, the human errors can be minimized or
completely taken away, whereas the inherent errors can only be minimized and
monitored. Specifically ([19], pp. 670—672),
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FIGURE 5.4
The 3D printing workflow [19].

1. Qualitatively induced errors: Without a well-defined 3D printing workflow
strategy, the quality of the 3D printing process cannot be assured. The process
definition contains a typical 3D printing workflow with six steps (Fig. 5.4):

a. the selection of 3D printing cases (based on the clinical value, cost-
effectiveness, and a risk assessment),

b. image acquisition (responsibility of the radiologist and medical physicist),

€. segmentation (reconstructing images is a collaboration between a technolo-
gist with anatomical knowledge, the requesting physician, and a medical

engineer),

Step 1. Selection 2. Scan 3.Segment 4. Engineer 5. Print 6. Prepare

Anatomy
Valug/cost Pathology o » . Anatomy
Competence Risk Technical Pathology Technical Technical Technical

analysis Sennca Technical oty

Dosimetry
e Radiologist : Engineer
Responsibility ?,T‘yss'g;? Physicist Technologist s:g'?gg; Engineer Physician

Y Technologist s CSSD
FIGURE 5.5

3D printing process definition with a definition of steps and distribution of responsibilities
[19].
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engineering (development of molds or guides, the smoothing and the sup-
porting of the printable),

3D printing (a task for the medical engineer), and

preparation for use (supports by a medical engineer, checked and validated by
the requesting physician and if necessary sterilized at the central sterile
service department (CSSD)).

An overview of the process see the next figure (Fig. 5.5):

Quantitatively induced errors: these concern the following:

Image acquisition and segmentation: A critical step in each patient specific
3D print is the image acquisition. As the commonly used imaging modalities
already own a QC program the quality control of the image acquisition is left
out of the scope of this report. However, it is evident that from patient to
digital scan, this is the first inherently error-inducing step in the process. Slice
thickness and reconstruction kernels are the most important parameters at this
stage. The segmentation is called the process of restricting the reconstructed
volumetric images into the region of interest only. Within each of these
packages segmentation can be achieved through various methods (Hounsfield
units to slice per slice contouring). For a successful quality assurance program
these induced errors should be insightful and easily monitored over time.

3D printing: It is evident that from CAD drawing to 3D print, the 3D printer
induces errors due to the discrete layers that build up the model. The
printer’s resolution and accuracy are the parameters that could lead to un-
expected dimensional errors.

Sterilization: For several 3D printing purposes, sterilization of the finished
product is necessary. Possibilities are surgical instruments, surgical guides,
and implants. In high-temperature steam sterilization, the 3D print is
exposed for 3 minutes to temperatures of 134 °C.” Today, it is unclear if
significant shrinkage, expansion, or deterioration of the print occurs at these
temperatures.

For example, a case study in 2009 by Sampat et al., suggested that the rapid release
and absorption of a baclofen compounded formulation may lead to toxicities in the tar-
geted populations and that a reduced frequency of dosing is a suitable alternative for
improved therapeutic outcomes [20]. Therefore, a modified release pediatric formula-
tion, enabling individualization of dosage, could be the most suitable strategy to
improve the therapeutic outcome of baclofen, with minimal side effects in the targeted
population. Scoutaris et al. [21]; reported the development of chewable indomethacin
3D printed tablets (“Starmix”) for the pediatric population using HPMCAS [21]. How-
ever, there are limited/no reports on the use of PVA for the development of pediatric

> WIPrichtlijn, http:/www.rivm.nl/dsresource?objectid=330dd0f8-e6b8-4621-86b17a039ac83d42
&type=pdf&disposition=inline.
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FIGURE 5.6

Diagram for the development of pediatric baclofen minicaplets; Point A: Hot melt
extrusion of neat polymer and neat polymer with different concentrations of plasticizer;
Point B: Three-point bend test was performed to characterize the polymeric blend with
suitable elasticity; Point C: Hot melt extrusion of selected polymer-plasticizer matrix with
drug was done; Point D: Minicaplets were designed and printed using a benchtop single
nozzle FDM 3D printer; Point E: A quality of design approach was selected to optimize the
formulation [22].

population-specific 3D-printed baclofen formulation. Thus, the purpose of the present
work was to develop and characterize a modified release baclofen minicaplet using
FDM 3D printing technique and systematically investigate the effect of different print-
ing parameters on drug release using a 32 full factorial design. The overall process of
hot melt extrusion to 3D printing of minicaplet and potential advantages of 3D-printed
minicaplets in pediatric population have been schematically represented in the next
figure ([22], pp. 107—108) (Fig. 5.6).

Safety in medical 3D printing

Safety constitutes a major regulatory challenge in the field of 3D printing. 3D print-
ing is under constant influence from the development of new techniques and mate-
rials. This poses risks to safety in relation to the 3D printers, as well as the
manufactured goods. In the domain of bioprinting, safety refers primarily to the risks
associated with undertaking medical procedures outside professional medical envi-
ronments. Safety issues include sources of biomaterials, unhealthy donors, implant
efficacy, and posttransplant infections. 3D bioprinting remains an untested clinical
paradigm and is based on the use of living cells placed into a human body; risks
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include teratoma and cancer, dislodgement and migration of implanted material
([23], p. 11).

Several bio-AM applications are entering the clinical trial phase, thereby also
creating issues regarding safety testing in humans for disease modeling or testing
of pharmaceuticals (e.g., 3D-printed ovaries and life-size printing of cartilage,
bone, ear, muscle tissues, and biocompatible polymers) ([23], p. 11, [24]).

Other important safety issues concern the printing materials themselves, and the
actual printing process. For instance, the use of novel polymers, sometimes mixed
with nanoparticles, poses long-term risks for implants and requires postmarketing
surveillance and registries. In addition, the increased level of customization and po-
tential for more decentralization infrastructure may make it more difficult for con-
sumers and authorities to verify the safety of products. Furthermore, higher safety
standards apply for medical products other than consumer goods, and rules also
govern the use of living tissues in laboratories. Such standards present barriers to
personalized 3D-printed medical devices reaching the market. While these standards
could change to support the development of “mass customization” for all kinds of
medical devices, the changes will continue to prioritize patient safety and affect
how a 3D printing infrastructure could emerge within the medical sector ([23], p.
12, [22]).

The location of manufacture matters in terms of establishing the compatibility of
a 3D printing material with biological materials and the printing process. Specif-
ically, a laboratory with controlled conditions and safety standards or a production
plant with quality assurance practices in place Good Manufacturing Processes
(GMP) differs from development and production at home. Cells and living tissues
should be handled under strict safety procedures as in laboratories, to prevent distri-
bution of, e.g., blood-borne diseases when patient material is used in manufacturing.
Furthermore, 3D printing will make it possible to manufacture devices and products
in a decentralized way ([23], p. 12, [22]).

For example, 3D bioprinting is a tool within the broader fields of tissue engineer-
ing and stem cell therapy. Many of the risks inherent in these fields will carry over to
bioprinting (Vacanti and Langer 1999 [25—27]; see Table 5.1). As the complexity of
the bioprinted tissues increases, the associated risks are multiplied ([28,29] see Ta-
ble 5.2). This is especially apparent with the future possibility of bioprinting artifi-
cial organs (Murphy and Atala 2014, [26,30]; see Table 5.3).

Legal considerations for medical 3D printing

The use of AM (or 3D printing) in medicine, dentistry, and pharmaceutical sectors
has created numerous legal considerations. Kritikos [23]. groups them into:

» Legal classification of 3D printing;
e Intellectual property rights;
» Data protection aspects;
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Table 5.1 Risk of harms associated with tissue engineering [31].

Technology

Tissue
engineering

Goal

The aim of tissue engineering is to
isolate living cells from small tissue
samples, multiply them in the
laboratory, and seed them onto
biomaterial “scaffolds” that direct
cell development toward
functioning tissues for implantation

Risks of harm to human

The implantation of any material in
the body carries with it some risk
that the body will recognize it as a
foreign invader and engulf it with
macrophages, resulting in
inflammation. After implantation,
possible defective tissues,
teratoma, or the dislodgement and
migration of implant materials and
cells, are compounded by the fact
that the implantation may be an
irreversible process.

Increases risk of harm to recipient
because the degradation produces
by-products which can then move
through the bloodstream. The
materials must be designed to pass
through the renal system without
harming the body. Risks
associated with biodegradation by-
products include cytotoxicity,
clotting, inefficient excretion
resulting in a build up of toxins in
the body, and migration of by-
products resulting in the disruption
of another organ.

Biomaterials derived from
nonhuman organisms may carry
their own risks, such as
immunological responses and the
risk of introducing pathogen.

The use of living stem cells in any
bioprinting therapy, even cells
derived from the patient, carries
risks, including tumor formation,
immunological reactions, the
unpredictable behavior of the cells,
and long-term health effects yet
unknown.

* Liability;

» Safety issues;
* Security; and
* Socioethical considerations.

In terms of the intellectual property, there are the morality clauses, that is 3D
products/processes must pass the “morality acceptability test” in order to become
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Table 5.2 Risk of harms associated with 3D bioprinting [31].

Technology

3D
bioprinting

Goal

Bioprinting process often involves
extrusion of cells, encapsulated in
a synthetic scaffold medium,
through a narrow nozzle,
subjecting them to high shear
forces.

The bioprinting process requires a
“bioink” medium that serves to
carry the cells during printing and
to encapsulate them in a 3D matrix
after deposition.

Risks of harm to human

The transient forces may act to
direct stem cells toward an
undesired lineage.

3D bioprinting process often
requires a curing step whereby the
printed (liquid) bioink is
transformed into a more solid form.
This curing step often involves
exposure to UV light and cross-
linking initiation chemicals. Again,
though the toxicity of curing is
screened in the short term, the
ultimate effects of such exposure
may include DNA damage and may
not be apparent until after
implantation.

The bioink materials are more likely
to be synthetic (e.g., polyethylene
glycol) or to be chemically modified
natural materials.

Also unique to bioprinting, the
layer-by-layer printing process
creates an inherent heterogeneity
in the printed structure. This may
generate “weak spots” more likely
to fail under stress—which will be
especially concerning for load-
bearing implants such as for bone
or cartilage regeneration.

patentable [23]. As far as Kritikos [23]; is concerned, in his research, the European
Legislation will have to face the following questions:

* sufficiency of the law

* the number of involved individuals
* who would be coauthors of a work
* patentable new biological matter

¢ line between the living and the nonliving in biotechnology
* legal method of bioprinting

Many of the metal materials that are generally used for permanent implants have
a high elastic modulus, which often leads to an elastic mismatch between the implant
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Table 5.3 New risks inherent to bioprinting organ? [311.
Technology | Risk linked to purpose of printing parts of body

3D Unlike most structures implanted in the body (stents, pacemakers,
bioprinting cochlear implants, artificial hips, or knees), bioprinted engineered tissue
initiates an ongoing interaction with the recipient’s body, and variations
may not be controllable. This has consequences for accurate risk—benefit
analysis and for the results of clinical trials.

Quiality control limitations may give rise to additional risks for bioprinting
due to the variability of the tissues and products that are printed.

The problem of quality control for printed organs: It may be possible to test
the function of some organs, such as the heart, prior to implantation.
However, other organs, such as a kidney, play such complex roles within
the body that their function cannot be fully assessed in the lab.

Even if efficacy of a transplanted artificial organ is demonstrated for one
human, the results may not be generalizable to others in the population.
Each individual organ is a stand-alone, personalized treatment, a complex
machine with thousands of working parts.

An organ, e.g., kidney, generated from a patient’s own cells may replicate
the genetic disposition of that individual which caused the original organ to
fail—resulting in a recurring problem. These consequences may not
become apparent for several years and so may not be determinable in a
short-term safety trial.

Even biologically inert materials can have unexpected, possibly
unforeseeable, consequences.

and the bone. Printed biodegradable scaffolds are generally fabricated from natural
polymers with good biocompatibility but poor mechanical properties, such as
collagen, sodium alginate, and other hydrogels. In addition, international standards
for choosing medical materials for 3D printing have not been developed; thus, only
synthetic evaluations can be made based on structure, function, clinical effects, and
other aspects, rather than evaluations based on reliable indicators and sufficient
experimental evidence [32].

Computer-aided 3D printing approaches to the industrial production of custom-
ized 3D functional living constructs for restoration of tissue and organ function face
significant regulatory challenges. Existing EU and US regulatory frameworks do not
account for the differences between 3D printing and conventional manufacturing
methods or the ability to create individual customized products using mechanized
rather than craft approaches. Already subject to extensive regulatory control, issues
related to control of the computer-aided design to manufacture process and the asso-
ciated software system chain, present additional scientific and regulatory challenges
for manufacturers of these complex 3D-bioprinted advanced combination products
[33].

The rules governing the placement of human medicines on the market in the EU
and the United States are broadly divided under public health and core
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pharmaceutical and medical device legislation. Pharmaceuticals, biologics, and
medical devices are subject to different regulatory requirements that govern
premarket applications, manufacturing practices, and postmarket reporting of
adverse events. In the United States, the Code of Federal Regulations (Title 21
CFR), based on the Federal Food, Drug, and Cosmetic Act (FD&C Act) and the Pub-
lic Health Service Act (PHS Act), establishes the legal framework within which the
US FDA regulates the distribution and sale of medical products. These legal instru-
ments provide the precise product definition and legal basis for classification of
products as drugs, biologics, medical devices, or combination products. Each of
the product types is regulated by a different office within the FDA, either the Center
for Drug Evaluation and Research (CDER), the Center for Biologics Evaluation and
Research (CBER), or the Center for Devices and Radiological Health (CDRH). In
the EU, a relevant product can only be regulated as either a medicinal product
(whether drug or biologic) or a medical device, as classified by the applicable and
legally separate sector-specific legislation that differ markedly in terms of proced-
ures to be followed to place the product on the EU market [33].

Lastly, regarding data protection of the patient, the basic question has to do with
patient privacy consent for the 3D printing of their organs, the principles of the pro-
cedure, what happens after the surgery, etc.

EU regulations for medical 3D printing products

The new Medical Devices Regulation (2017/745/European Union (EU)) (MDR) and
the In Vitro Diagnostic Medical Devices Regulation (2017/746/EU) (IVDR) bring
EU legislation into line with technical advances, changes in medical science, and
progress in law making. The new Regulations create a robust, transparent, and sus-
tainable regulatory framework, recognized internationally, that improves clinical
safety and creates fair market access for manufacturers. In contrast to Directives,
Regulations do not need to be transposed into national law. The MDR and the
IVDR will therefore reduce the risks of discrepancies in interpretation across the
EU market.© The new legislation contains

¢ C(linical evaluation;

¢ Risk management;

e Quality Management System (QMS);

¢ Postmarket surveillance;

¢ Technical documentation and other reports; and
» Liability for defective devices.

Specifically, the Regulation (EU) 2017/745 of the European Parliament and of
the Council of 5 April 2017 on medical devices, amending Directive 2001/83/EC,

¢ https://ec.europa.eu/growth/sectors/medical-devices_en.
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Regulation (EC) No 178/2002 and Regulation (EC) No 1223/2009 and repealing
Council Directives 90/385/EEC and 93/42/EEC and more specifically paragraphs
2,10,20,21 [23]:

e Paragraph 2: "This Regulation aims to ensure the smooth functioning of the
internal market as regards medical devices, taking as a base a high level of
protection of health for patients and users, and taking into account the small-
and medium-sized enterprises that are active in this sector. At the same time, this
Regulation sets high standards of quality and safety for medical devices in order
to meet common safety concerns as regards such products. Both objectives are
being pursued simultaneously and are inseparably linked whilst one not being
secondary to the other. As regards Article 114 of the Treaty on the Functioning
of the European Union (TFEU), this Regulation harmonises the rules for the
placing on the market and putting into service of medical devices and their
accessories on the Union market thus allowing them to benefit from the prin-
ciple of free movement of goods."

e Paragraph 10: "Products which combine a medicinal product or substance and
a medical device are regulated either under this Regulation or under Directive
2001/83/EC of the European Parliament and of the Council. (3) The two leg-
islative acts should ensure appropriate interaction in terms of consultations
during pre-market assessment, and of exchange of information in the context of
vigilance activities involving such combination products. For medicinal prod-
ucts that integrate a medical device part, compliance with the general safety and
performance requirements laid down in this Regulation for the device part
should be adequately assessed in the context of the marketing authorisation for
such medicinal products. Directive 2001/83/EC should therefore be amended".

e Paragraph 20: "The definitions in this Regulation, regarding devices themselves,
the making available of devices, economic operators, users and specific pro-
cesses, the conformity assessment, clinical investigations and clinical evalua-
tions, post-market surveillance, vigilance and market surveillance, standards
and other technical specifications, should be aligned with well-established
practice in the field at Union and international level in order to enhance legal
certainty. (21) It should be made clear that it is essential that devices offered to
persons in the Union by means of information society services within the
meaning of Directive (EU) 2015/1535 of the European Parliament and of the
Council (1) and devices used in the context of a commercial activity to provide a
diagnostic or therapeutic service to persons within the Union comply with the
requirements of this Regulation, where the product in question is placed on the
market or the service is provided in the Union".

e Paragraph 21: "It should be made clear that it is essential that devices offered to
persons in the Union by means of information society services within the
meaning of Directive (EU) 2015/1535 of the European Parliament and of the
Council (1) and devices used in the context of a commercial activity to provide a
diagnostic or therapeutic service to persons within the Union comply with the
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requirements of this Regulation, where the product in question is placed on the
market or the service is provided in the Union."

Conclusions

The Regulation (EU) 2017/745 assures improvement of the quality, safety and reli-
ability of medical devices, transparency of information for consumers, and enhance-
ment of vigilance and market surveillance. 3D bioprinting has proven to be a great
success in major applications in pharmaceutics, medicine, and dentistry. More spe-
cifically, great progress has been made in the field of in dental and orthodontic treat-
ments, tissue engineering, drug development, and orthopedic implants, just to name
a few of the multiple applications of 3D printing.

Medical biomaterials used in 3D printing consist of metals, polymers, and ce-
ramics, with multiple materials usually being integrated in order to achieve complex
functions in the printed components. Although 3D printing has already been
involved in clinical applications, 3D printing technology is still limited in terms
of materials and in the construction of Extracellular matrix (ECM) in vitro [32].
Regarding these limitations, [23] argues that they primarily have to do with: law suf-
ficient IP, the number of involved individuals, who would be coauthors of a work,
patentable new biological matter line between the living and the nonliving in
biotechnology and legal method of bioprinting.

Overall, we can see that we are clearly at a stage where we are starting to realize
the full potential of 3D printing, as well as the challenges involved in realizing that
potential. Chief among them are the issues of quality and safety, as no matter what
the potential advantage of 3D printing is, these are principles that cannot be sacri-
ficed [34].
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Introduction

Additive manufacturing (AM), or 3D printing, as it is more commonly known, is
already been augmented in various industries like automotive, aircraft, medical in-
dustry, just to name a few. The American Society for Testing and Materials (ASTM)
groups them in seven different categories.

As far as Grand View Research is concerned the 3D printing market is divided
into three categories: raw materials, application, and region. The 3D printing indus-
try has one of the highest projections for economic growth. McKinsey estimates that
3D printing market could reach $180—490 billion by 2025. The health market indus-
try which includes the medical sector and the dental laboratories has a great impact
on the 3D printing market growth.

Additive manufacturing (3D printing) technology

AM, although it has been around for more than 30 years, is commonly known to the
general public as 3D printing. It is based upon the principle of the construction in
layers by adding material, differentiating the process from molding, or removing
material, for example, in the lathe. It has been already implemented in various sec-
tors (industrial products, consumer products, automotive, aerospace, medicine, etc.).

Synonyms are additive fabrication, additive processes, additive techniques, addi-
tive layer manufacturing, layer manufacturing, and freeform fabrication.

AM is the official industry standard term (ASTM F2792) for all applications of
the technology. It is defined as the process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies.

3D Printing: Applications in Medicine and Surgery. https:/doi.org/10.1016/B978-0-323-66164-5.00006-4 85
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FIGURE 6.1
From the 3D model to the actual printed part.[1].

Source: Kostidi and Nikitakos (2018).

The start of process is a digital file of the item that can be created using a CAD
tool, or digitized if already existing (by a scanner or tomography). Having the design
of a product is the first step for printing it (making it additively), that can be made
anywhere in the world (providing a suitable machine and the raw material). Fig. 6.1
shows the process of building the part from the 3D digital model.

Under the umbrella of AM there are many processes. ASTM groups them in
seven types (Fig. 6.2):

1) Binder jetting—AM process where a liquid bonding agent is deposited to join
powdered materials together.

2) Direct energy deposition (direct manufacturing)—AM process where thermal
energy fuses or melts materials together as they are added.

3) Material extrusion (fused deposition modeling)—AM process that allows for
depositing material via a nozzle.

4) Material jetting—AM process where droplets of material are deposited.

5) Powder bed fusion (laser sintering)—AM process where thermal energy fuses
or melts material from a powder bed.

6) Sheet welding (e-beam welding, laminated object manufacturing)—AM
process where sheets of materials are bonded together.

Sheet welding (e-beam
welding, laminated
object manufacturing)
Source:https://www.add
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e Ning
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FIGURE 6.2

The seven processes of additive manufacturing by ASTM.
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7) Vat photo-polymerization (digital light processing)—AM process where
liquid photopolymer in vat is cured by light.

In some processes the material is squirted, squeezed, or sprayed and in others
fused, bound, or glued. The power source is thermal, high-powered laser beam, elec-
tron beam, ultraviolet laser, or photo curing.

The raw materials for the process are polymers, metals, ceramics, composites,
and biological materials. The starting materials could be liquid, filament/paste, pow-
der, or solid sheet. Currently, the most common metallic materials are steels (tool
steel and stainless), pure titanium and titanium alloys, aluminum casting alloys,
nickel-based super alloys, cobalt-chromium alloys, gold, and silver [2].

It is possible to realize high shape complexity without increasing the production
costs (contrary to traditional technology). Freedom of design impacts the weight of
the object that can be made lighter. Reduction of weight has an impact on lifecycle
cost, material cost, and energy consumption in the production phase.

Additive technology has various advantages and disadvantages. Some of these
have been identified by Lindemann et al. (2012) and are listed below.

Advantages:

* More flexible development

* Freedom of design and construction

* Less assembly

* No production tool necessary

* Less spare parts in stock

* Less complexity in business because less parts to manage
* Less time to market for products

* Faster deployment of changes

Disadvantages:

* High machine and material costs

* Quality of parts is in need of improvement

* Rework is often necessary (support structures)

* Building time depends on the height of the part in the building chamber

The market structure of additive manufacturing (3D printing)
industry

Markets for AM could hence be characterized by four patterns [3]:

* Small production output, as typical for prototyping applications but also many
industrial components or especially spare parts for older product families still in
use.

* High product complexity, as typical for lightweight constructions in the aero-
space or performance car industries (AM allows the manufacture of mash
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structures that provide the same performance effect by largely reduced material
usage), but also for product designs where current production technologies like
molding or milling cannot provide complicated internal structures such as
cooling chambers.

High demand for product customization tailored to individual customers’ needs,
as typical for many medical or dental applications (implants, prostheses) but
also consumer markets like jewelry or sport performance products.

Spatially remote demand for products, for example, the decentralized production
of replacement parts in the mining industry or on exploitation platforms of the
oil industry.

As far as Grand View Research (Grand View Research, 2014), the 3D printing

market is divided into three categories (Fig. 6.3):

Raw materials
Application
Region

To begin with raw materials, Grand View Research (Grand View Research, 2014)

shows 36.9% use of polymers, 33.9% ceramic goods, and 22.6% metals (Fig. 6.4).

As for industries, the highest percentage of growth is shown by the automotive

industry with 40.5%, then the aerospace with 23.3%. The medical sector and the
dental laboratories gather 18.2% (Grand View Research, 2014) (Fig. 6.5).

Examining regions, North America comes first with 42.2%, then Europe with

36.5% and Asia Pacific with 11.5%. The economy ministry of Japan, which is the

* Polymars
+ Motalg
« Coramics
+ Others

Raw Material Application Region

+ Automotive
* North America

+ Europe
- Asia Pacific
* RoW

+ Aerospace

+ Consumer Products
» Medical

« Others

FIGURE 6.3

3D printing market segmentation.

Source: Grand View Research (2014).
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FIGURE 6.4
3D printing market raw materials segmentation.

Source: Grand View Research (2014).
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FIGURE 6.5
3D printing market by application segmentation.

Source: Grand View Research (2014).
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FIGURE 6.6
3D printing market by region segmentation.

Source: Grand View Research (2014).

largest market of Asia, is aiming to include USD 44 million in the budget by the use
of the new technology (Grand View Research, 2014) (Fig. 6.6).

The economic growth of additive manufacturing (3D
printing) industry

Market surveys predict that the introduction of AM will have a major impact on in-
dustries and manufacturing [3]. The new technology eliminated stages of production
(e.g., assembly) and thus simplified production line. The place of production moves
closer to demand. The sale is made before the production of the product, upsetting
the known production process.

The production facilities can now be located closer to the customer in Europe or
North America, resulting in a more direct response to market needs [4]. The concept
of constructing products in large complex facilities could become obsolete as com-
panies adopt the more flexible model of AM [5].

3D printing is expected to have a significant impact on domestic and interna-
tional freight operators, in particular regarding the reduction of the importance of
some transport paths, and possibly lead to the opening of new ones. A recent analysis
[6] for Strategy&, about two dozen industry sectors, found that up to 41% of the air
cargo business and 37% of businesses container ocean carriers are at risk because of
3D printing.
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FIGURE 6.7

Global 3D Printing market revenue (USD Million), 2012—2020.
Source: Grand View Research (2014).

Ye et al. [7], based on a model, conclude that in the next 2 decades, 3D printing is
not likely to pose a threat, on the concept of significant production capacity, or
reduce the transport flow, in terms of global container traffic. As the GDP of the
world’s population is not likely to decline over the next 50 years, world trade will
probably continue to cause high demand for transport.

“The global market for 3D printing was estimated to be USD 2183 million in
2012, and is expected to reach USD 8675.7 million by 2020, growing at a CAGR
of 18.9% from 2013 to 2020 (Grand View Research, 2014) (Fig. 6.7).

According to Wohlers Report 2018: “In 2017, the AM industry, consisting of all
AM products and services worldwide, grew 21% to $7.336 billion. The growth in
2017 compares to 17.4% growth in 2016 when the industry reached $6.063 billion
and 25.9% growth in 2015 (Wohlers Report, 2018).

The ARK Invest (2016) summarizes in a chart the growth projections from repu-
table firms. As it can be seen in Fig. 6.8, McKinsey estimates that 3D printing market
could reach $180—490 billion by 2025. The 3D printing industry has one of the high-
est projections for economic growth.

3D printing in health market

As already shown in the previous paragraphs, the health market industry which in-
cludes the medical sector and the dental laboratories has a great impact on the 3D
printing market growth.

The healthcare 3D printing market, that will be more thoroughly examined in the
following chapters by specialty applications, is divided into three categories
(Fig. 6.9):

e Medical

91



92

CHAPTER 6 Economics in 3D printing

Global Estimates for 3D Printing Market 2020-2025
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FIGURE 6.8
Global estimates for 3D printing market, 2020—25.

Source: ARK Invest (2016).

¢ Dental
¢ Biosensors

Medical applications are mainly grouped into three categories:

e Pharmaceutical
e Prosthetics and Implants
» Tissue and Organ Generation

“The global healthcare 3D printing market size was valued at USD 578.0 million
in 2017 and is anticipated to grow at a significant CAGR over the forecast period.
Growing demand for customized 3D printed devices and implants should drive
healthcare 3D printing market size over the forecast period.” As depicted from
Global Market Insights, the highest percentage of 3D printing in health industry
by region comes from Europe and North America (Fig. 6.10) [8].

Conclusion—further research

Among the benefits of AM is the flexible production of customized products, in
small batches. The direct transformation of the three-dimensional data stored in a
file, simply by supplying the raw materials to the machine and the production of nat-
ural objects, obviating the need for the assembly step can be applied to the manufac-
ture of products near the place where they are needed.

It has already an increased presence in various industries like automotive,
aircraft, medical industry, among others. The ASTM groups them in seven different
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Industry segmentation in Global healthcare 3D printing.
Source: Healthcare 3D printing market global market Insights 2018.

categories. Grand View Research divides the 3D printing market into three cate-
gories: raw materials, application, and region. The 3D printing industry has one
of the highest projections for economic growth. The health market industry which
includes the medical sector and the dental laboratories has a great impact on the
3D printing market growth.

The main skepticism for the products made by AM is the quality of the part, and
the cost of the printing machines/material and consequently the price of the so made
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FIGURE 6.10

Global healthcare 3D printing market size, 2013—2024 (USD Million).

Source: Healthcare 3D printing market global market Insights 2018.

items. Forthcoming standards will assure that there will be methods to ensure pro-
cesses and test parts produced by AM. Finding the balance between quality and
safety on one hand and cost on the other will be one of the key future challenges
for the market in general and for the healthcare sector specifically.
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Introduction

Anatomical knowledge is a cornerstone and an essential part for the performance of
successful surgical and invasive procedures. A number of studies suggested a relation
between the volume of surgeries performed and the rate of complications, including
mortality. This association has been attributed, at least in part, to the incomplete char-
acterization of anatomical structures in a way to account for individual variations
[1,2]. Even from the medical-legal perspective, a substantial number of claims
have directly attributed to anatomical errors leading to an unintended “damage” of
nearby structures [3]. In an effort to optimize outcomes, the surgeon used a wide
range of preoperative planning techniques in order to improve efficiency, diminish
operative time, and ultimately reduce the incidence of surgical complications. The
widespread use of imaging for preoperative planning of high-risk surgical procedures
provided accuracy and improved knowledge of anatomical variations [4—6]. Addi-
tional approaches beyond standard imaging were more recently introduced to assist
in surgical planning and for risk analysis of individual cases, including computer-
assisted three-dimensional (3D) imaging and the use of surgical models. These tech-
niques provided enhanced intraoperative orientation. 3D printing has recently been
applied as an advanced tool with properties and potential advantages of both 3D

3D Printing: Applications in Medicine and Surgery. https:/doi.org/10.1016/B978-0-323-66164-5.00007-6
Copyright © 2020 Elsevier Inc. All rights reserved.
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imaging and physical surgical models where individual patient’s imaging is used to
replicate the authentic anatomy of the person to undergo surgery.

3D printing, also known as rapid prototyping or additive manufacturing, involves
the implementation of various techniques in order to “translate” a computer-
generated image into a 3D solid object by printing consecutive thin layers of a specific
type of material [7]. 3D printing became widely available after the expiration of patents
in 2009 and the subsequent drop in printer prices [8]. Converting the two-dimensional
(2D) image into 3D is of paramount importance in medicine and particularly in surgical
specialties, and consequently, the medical industry could not help but embrace this op-
portunity. Besides, the evolution of surgery over the past century has been closely asso-
ciated with various technological advancements. Now, 3D printed anatomic models
have already started to make valuable inroads into surgical planning and execution.

It is accepted that 3D imaging tools are superior to 2D in terms of orienting
anatomical structures that help the surgeon create a solid preoperative plan. However,
studying 3D images on a 2D screen imposes its limitations. The 2D screen entails the
difficulty of accurately estimating the depth of the image, and hence the 3D printed
object allows for the precise resemblance of the cutting planes and the intraoperative
setting with a significant increase in spatial perception. In addition, surgeons can
manipulate the organ and orient themselves, which makes it easier to identify critical
anatomical landmarks and the most comfortable physical position in the operating
room (OR), as well as understand how to achieve optimal exposure intraoperatively.

So far, the surgical fields witnessing most of the applications of 3D printing are
oral and maxillofacial surgery and orthopedic surgery [9], neurosurgery [10], and car-
diac surgery [11]. Transplantation surgery, and liver transplantation, in particular, is a
novel field of medicine that rapidly evolved technically after overcoming the many
immunological hurdles inherent in transplantation. Arguably, solid organ transplanta-
tion, including liver transplantation, is a complex, multistep process that requires
impeccable surgery from start to finish. Accordingly, greater preoperative preparation,
including an anatomical understanding of the individual patient, will likely improve
outcomes and decreases the likelihood for surgical complications.

Today, liver transplantation has become an everyday practice, primarily due to the
reduction in contraindications and the expansion of transplantation criteria. Neverthe-
less, it is apparent that the largest challenge today in liver transplantation is the exist-
ing discrepancy between the shortage of donor organs and the ever-growing number of
patients awaiting a graft. The new era of partial liver grafting, especially with living
donor segments and lobes, has become a fertile ground for the development and appli-
cation of 3D printing. Using 3D printed models has a special benefit for preoperative
planning, intraoperative execution, and medical education.

3D printing technologies

3D printing is a term used to describe a series of technologies that are used to build
functional parts for many different uses. The common feature among all of these
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technologies is that the part is built by adding horizontal layers of material sequen-
tially in the vertical direction. It is similar in principle to building a part out of Lego
blocks—typically the base layer is built, and additional blocks are added piece by
piece in order to achieve the final shape. In both the example of the Lego block
as well as every 3D printing technology, the build method is additive in nature.
This may be contrasted with more traditional methods of manufacturing, such as
machining (material is sequentially removed from a starting shape) or molding (a
liquid material is forced into a mold and then cooled into a solid), in order to achieve
the desired geometry.

Historically, 3D printing referred to one of several specific technologies. General
terms to describe these technologies include solid freeform fabrication, rapid proto-
typing, and additive manufacturing. Of these, additive manufacturing best describes
the term 3D printing as it is readily understood by the public.

3D printing got its start with Charles Hull, who invented the Stereolithography
Apparatus, or “SLA.” He patented this technology in 1986 (Patent #US4575330);
this patent was the technological basis for the company 3D Systems, which released
the first commercially available SLA machine in 1988. In the following years, addi-
tional technologies were introduced, including Fused Deposition Modeling
(“FDM”) in 1991 (Stratasys, Edina, Minnesota, United States), Selective Laser
Sintering (“SLS”) in 1992 (3D Systems, Rock Hill, South Carolina, United States),
and PBP (3D Systems) in 1996. In more recent years, the Polyjet (Stratasys) ma-
chines and several variations of metal laser sintering, including Direct Metal Laser
Sintering (“DMLS”) (3D Systems; EOS, EOS GmbH, Krailling, Germany) were
introduced. Each of these technologies has unique characteristics, and therefore
potentially unique applications in medicine.

There are several advantages inherent in 3D printing technologies in comparison
with traditional manufacturing methods. Perhaps the most important advantage of
3D printing is that virtually any shape, no matter the complexity, can be built.
This feature is highly advantageous for medical applications given the complexity
of anatomical structures of individual organs such as the human liver. Other key ad-
vantages of 3D printing technologies are the speed of fabrication and simplicity of
the process. All 3D printing technologies rely on the operator supplying a digital file
called an STL file (derived from the word “stereolithography’). The STL file con-
tains coordinates that define triangles that, in turn, represent the geometry of the
part to be built. Design engineers would typically use the Computer-Aided Design
(CAD) software package they are using to design the prototype to generate an STL
file for 3D printing of that prototype.

Medical education and training

Interpretation of 3D anatomical information has always been an integral part of
medical education and is the backbone of understanding disease processes and inva-
sive interventions such as surgery. 3D printing has the potential to be highly
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innovative and effective new modality in a number of disciplines associated with ed-
ucations and training (Fig. 7.1).

With the rapid advancement of medical imaging, knowledge of human anatomy,
and the 3D relationship of its components has become an even more important
element of training. Classical anatomical education utilized a combination of teach-
ing modalities including cadaveric dissection (considered the benchmark of anat-
omy classes in most medical schools), which has several advantages not offered
by alternative methods such as 2D visual representation [12]. Cadaveric dissection
offers the means for learning anatomical 3D spatial relationship, allows understand-
ing of anatomical variability among individuals, and involves tactile manipulation of
structures. However, the availability of cadavers is increasingly more limited, while
ethical justification surrounding their use has been questioned [13].

Besides cadaveric-based training, medical institutions have relied heavily on the
2D visual representation of complex 3D human anatomy, a method that has been an
association with a detrimental increase in cognitive load and subsequently less reten-
tion of information [14]. The recognition of these shortcomings led to the

Anatomy
Teaching

Ex-Vivo

Practice of Education Interpretation

Surgical A

Procedures &Training Studies

Patient
Education

FIGURE 7.1

The four distinct areas of Education and Medical Training, where patient-specific 3D
printing is likely beneficial.
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development of computer-assisted 3D anatomical models, which is considered more
enjoyable and stimulating to students than tradition 2D visual illustrations [15,16].
These newer computer-assisted techniques were intended to overcome some of the
difficulties of understanding the 3D nature of human anatomy but have also been
associated with similarly high and detrimental cognitive overload in students with
limited innate spatial capabilities [17].

3D printing of human anatomical components, while untested broadly in class-
rooms, may provide an alternative teaching tool with combined advantages of
computer-assisted 3D representation (understand 3D spatial relationships) even
for students with limited innate spatial capacities and of cadaveric-based learning
including tactile manipulation and appreciation of individual anatomical variability
among persons. 3D printed anatomical models are derived from individual patient
imaging studies and are identical copies to the actual anatomical part of the patient
used for the creation of these models. 3D printing allows for creativity in the selec-
tion of the materials used for printing including the use of transparent materials for
solid organ, allowing for an understanding of the complex vascular and nonvascular
structures within the specific organ studied. The use of colored materials where
newer 3D printers can simultaneously incorporate multiple colors will likely
enhance learning above and beyond cadaveric-based lessons where structures are
distorted and of uniform color. Finally, a medical school may potentially have a
collection of 3D printed model derived from patients with anatomical variations,
a task that is impossible to achieve with cadavers.

Another aspect of medical education in which 3D printing may enrich is the
interpretation of imaging studies often incorporated in the training of Radiology,
Surgical, and Medical residents. The integration of interactive 3D imaging into un-
dergraduate radiology education have shown to effectively improve radiological
reasoning, visual-spatial ability, diagnostic skills, and confidence [18]. We propose
that the availability of a 3D printed physical model derived from a patient-specific
imaging study can significantly enhance visual/spatial appreciation of anatomy with
complex spatial relationship and improve the ability of interpretation. This possibil-
ity was tested in students of veterinary medicine using 3D printed physical models as
a novel teaching tool compared to 2D and 3D imaging of equine foot [19]. Investi-
gators demonstrated that the physical models hold a significant advantage over alter-
native learning methods (2D and 3D imaging) in understanding complex anatomical
architecture [19]. Incorporating imaging with 3D physical models may well provide
a great and novel teaching tool to augment the talent of students in visually convert-
ing 2D/3D image findings into a realistic 3D structure consistent with human
anatomy.

The Cleveland Clinic group assessed the feasibility and utility of patient-specific
physical models corresponding to individual CT scan of patients with liver cirrhosis
(Fig. 7.2). They generated multiple cuts of liver physical models corresponding to
specific CT cross-sectional slices. They demonstrated that by doing so, identification
and spatial relationship of important vascular and biliary structures on imaging
studies were made easier (Zein NN, personal communications).

101



102

CHAPTER 7 Three-dimensional (3D) printing and liver transplantation

FIGURE 7.2

A cross-sectional cut in a patient-specific 3D printed liver model corresponding to the
same slice of CT scan image used as a teaching file for image interpretation.

Liver anatomy and hepatic segments, in particular, represent highly complex
anatomical structures with four different types of vascular and biliary conduits
that are distributed in an interchanging and staggered manner that commonly thwarts
medical students’ and young surgeons’ efforts to understand surgical anatomy
[20,21]. Anatomical corrosion casts have been widely used for such teaching pur-
poses [22—24]. However, the ethical issues associated with their production, the
inability of identical reproducibility, the use of original livers in the casting process,
and the inability to clearly identify the origin of vessels for each segment by the
corrosion method render this technique suboptimal [25]. Although cadaveric models
are optimal for training purposes, consistent with our previous discussion, the high
costs of preparation in addition to the sociocultural burden make 3D printed organs a
very attractive alternative tool to teach gross anatomy. There are now techniques to
allow low-cost 3D generated liver models that facilitate medical education, thereby
overcoming the shortage of funding that smaller or community institutions may face
[26].

A randomized controlled study attempted to assess medical student knowledge
acquisition and retention via 3D reconstructed and printed hepatic models [27].
Ninety-two medical students were assigned randomly in each one of the following
study arms: (1) traditional anatomic atlas, (2) liver segments without parenchyma,
(3) liver segments with transparent parenchyma, and (4) liver ducts with segmental
partitions. The study concluded that the 3D printed models improve the teaching ef-
fects significantly, while the fourth model seemed to be the most effective one.
Another study showed that when 3D printed synthetic models were utilized for
simulation in medical education, all of the medical students showed a statistically
significant improvement in acquiring and reporting knowledge, as well as their abil-
ity to conceptualize critical structures [28].

A cross-sectional study evaluated the use of various 3D printed anatomic models,
including one that included a hepatic tumor, in both surgical education and clinical
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practice [29]. The authors report that 84% of the students and residents believe that
such liver cancer models can be particularly important in explaining basic hepatic
anatomy, while 90% of the study participants believe that understanding abnormal
pathologic anatomy was simplified. Understanding hepatic anatomy in liver tumor
models will also facilitate conceptualizing the indications of liver transplantation
and liver resection. Additionally, it has been shown that student scores on anatomy
tests improved notably after the utilization of 3D printed models [19]. These tech-
nological advancements need to be integrated into the medical school curriculum
on a much larger and standardized scale.

3D printed models are also useful in patient education (Fig. 7.3). CT- or MRI-
derived images are not the easiest or best way to communicate the disease process
to patients accurately. 3D printed representations of the patient’s liver or other or-
gans can be much more easily understandable for the patient. Patients can easily
visualize and understand a malignant entity in their liver through tactile sensation
and model manipulation. Additionally, the surgeon can provide a more accurate and
detailed explanation about what must be removed by resection or explanted and
implanted via transplantation. This becomes a very desirable part of patient and fam-
ily education as this complex anatomy and surgery becomes much more tangible,
touchable, and readily understandable and facilitate the informed consent process.
3D printed organs are especially helpful in the preoperative education of liver do-
nors, who will be able to visualize both the part of their liver that is going to be
donated and the remnant tissue. This particular implication is important for expand-
ing the liver graft pool, as more and more people may be eager to donate part of their
liver once they obtain a better understanding of the anatomy and operation. It is un-
debatable that by implementing 3D printing in the everyday clinical practice, the
general population will find it easier to entrust their lives in liver transplant surgeons

FIGURE 7.3

3D printed liver model of a patient with hepatocellular carcinoma undergoing assessment
for surgical resection. The model shows the intended surgical resection line and was used
for patient education prior to surgery.
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and to gain a better appreciation in the miracle of donating part of their organ. There
are data suggesting that via this method, the understanding of hepatic anatomy and
physiology increases by 26.4% and 23.6%, respectively, while the understanding of
the operation and surgical risks improved by 31.4% and 27.9%, respectively [30].
Last but not least, recent evidence suggests that 1%—2% of Medicare and Medicaid
reimbursements may depend on patient satisfaction, which is greatly improved by
the increased understanding that 3D printed organs offer [8].

Another aspect of medical teaching is the possibility of training for specific sur-
gical procedures using a patient-specific 3D printed model, especially in complex
cases (Fig. 7.3). In this case, physician-in-training can use 3D models for anatomical
studies and practice surgical procedures without causing discomfort to an actual pa-
tient. 3D simulators could provide a model of the ribs and sternum for proper loca-
tion of heart sound or placement of ECG leads. Models of the trachea and esophagus
could be used in a teaching simulator for the placement of tubes, catheters, or
placing a vent. These simulators could be used in the training of nurses and doctors
or any other medical-related field. By incorporating 3D technology in training sim-
ulators, more accurate representation of the actual procedure task can be obtained.
This concept has been tested in a few individual cases including training Urology
residents on percutaneous nephrolithotomy [31], a procedure that is associated
with significant morbidity during the process to establish access to the renal calyx.
In this particular case, a 3D printed training model was created based on CT images
of a 65-year-old man presented to the emergency room with renal colic and a 12 mm
radio-opaque stone in the lower pole of the left kidney [31]. Investigators used
different silicon substances in the process of printing to match the opacity of tissue
found in vivo. Trainees involved in this case practiced on the model before perform-
ing the actual procedure, which allowed for the anticipation of difficulties inherent to
the patient’s anatomy [31]. Several additional studies demonstrated the value of
physical models in training residents for complex articular fractures [32] and in
neurosurgical training [33]. The use of physical models for training in these studies
improved surgical proficiency and clinical outcomes, although the models were
manufactured and were not based on actual patient anatomy as in the case of 3D
printing. 3D printing of more realistic models will likely be associated with an
even greater training benefit. Further research is needed in order to assess if the uti-
lization of 3D printed simulation models in education of medical students and sur-
gical residents in transplantation surgery may lead to better quantifiable outcomes
and surgical expertise, such as decreased intraoperative complication rates and
improved graft survival.

Preoperative surgical planning

There has been an increasing public, governmental, and professional interest in sur-
gical outcomes and means to improve it. A number of studies suggested a relation
between the volume of surgeries performed and the rate of complications including
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mortality, which has been attributed at least in part to the incomplete characteriza-
tion of anatomical structures in a way to account for individual variations especially
in complex surgeries [1,2]. In an effort to optimize outcomes, surgeons used a wide
range of preoperative planning techniques in order to improve efficiency, diminish
operative time, and ultimately reduce the incidence of surgical complications. Imag-
ing for preoperative planning of high-risk surgical procedures is already widely
used, and it provided improved knowledge of anatomical variations [4—6]. Addi-
tional approaches beyond standard imaging were more recently introduced to assist
in surgical planning and for risk analysis of individual cases, including computer-
assisted 3D imaging and the use of surgical models where these techniques provided
improved intraoperative orientation. 3D printing has been applied in a limited way
as an advanced tool with properties and potential advantages of both 3D imaging and
physical surgical models where individual patient’s imaging is used to replicate the
authentic anatomy of the person to undergo surgery.

Some of earlier use of 3D printing technology in surgical planning happened in
the field of Neurosurgery as physicians in these cases encounter some of the most
complicated and delicate anatomic structures [34—36]. It is very difficult to fully
appreciate complex spinal deformities and obscure structural relationships between
cerebral vessels, cranial nerves, and skull base architecture based solely on two-
dimensional radiographic images. Any error in navigating this complicated anatomy
has potentially devastating consequences. Additionally, the small surgical access
field for most neurosurgical surgeries, especially skull base procedures, allows
only one surgeon to operate at one time. For these reasons, it would be highly advan-
tageous to create anatomically tailored 3D printed models. These early experiences
suggested improved outcome using 3D printed surgical models for preoperative
planning in these complex surgeries.

Even though 3D printing technology has many applications and advantages, it
cannot be utilized in the emergency setting, at least up to this point in time. The pro-
duction of a solitary model may take up to 25—40 h, and as such, its use in liver
transplantation from donors after cardiac death may exhibit technical issues. On
the other hand, in the era of the continually rising need for liver grafts and the
tremendous lack of cadaveric livers, living donor liver transplantation (LDLT) con-
stitutes an effective solution to the problem. Western countries are slower to adopt
this LDLT in contrast with Asian countries, mostly due to the large supply of
deceased donors and the reports of donor morbidity and mortality. These outcomes
can, to some degree, be attributed to inadequate preoperative planning regarding the
volume of the remnant liver and the anatomical identification of essential structures
of the biliary and vascular systems. Therefore, in an attempt to improve donor safety
3D, printed liver models have been evaluated in studies about their application in
pre- or even intraoperative planning and simulation.

The first such study was performed at the Cleveland Clinic and validated the use
of these models in three liver donors and their three respective recipients (Fig. 7.4)
[37]. This was also the first study to assess the accuracy of 3D printed models against
the actual human specimens, while the average errors in dimension were less than
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FIGURE 7.4

Patient-specific 3D printed liver model of a healthy liver donor in the setting of a live-donor
liver transplant surgery.

1.3 mm for the diameter of vessels and less than 4 mm for the entire graft. The au-
thors highlight the usefulness of this initiative as surgeons appreciated a better un-
derstanding of anatomical depth in contrast to the 3D visualization from a 2D
screen, while intraoperative navigation was also made possible via real-time manip-
ulation of the models in the operating room (Fig. 7.5). By including data from intra-
operative ultrasonography and cholangiography with the use of these models,
operative precision may be increased, and operative times may be reduced, hence
improving both donor and recipient outcomes [37].

Evidence from another study further solidifies the usefulness of 3D printed he-
patic models for preoperative simulation in LDLT [38]. In that case, a 53-year-old
man with hepatitis C virus (HCV)-induced cirrhosis, and hepatocellular carcinoma
was scheduled to receive his wife’s left liver lobe. However, data from 3D images
before surgery identified a small-for-size extended left lobe graft, while at the
same time, the functional remnant hepatic portion was around one-fifth of her cur-
rent liver volume. This crested safety concerns. Therefore, a solid 3D printed hepatic
model was constructed so that surgeons could improve their spatial perception and
decide the appropriate surgical plan. Ultimately, an extended right lobe graft was
transplanted from the donor with the hepatic veins being reconstructed ex vivo.
Both the donor and the recipient had uncomplicated postoperative courses with
decent hepatic function 8 months after transplantation.

Apart from adult patients, LDLT is also a widely accepted therapeutic option for
children with end-stage liver disease. Large size is the main issue with LDLT in pedi-
atric patients, especially in small infants as opposed to the concern for small graft size
in adults. Hemodynamic imbalance in a large-for-size graft can lead to numerous
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FIGURE 7.5

The use of patient-specific 3D printed liver model for intraoperative navigation in the
setting of a live-donor liver transplant surgery.

vessel-related complications, including inadequate perfusion and oxygenation, or even
thrombosis of the anastomosed vessels. A large-for-size graft may also be compressed
if the abdominal wall is closed in a primary fashion, which is another factor for graft
dysfunction. Hence, multiple technical modalities have been utilized from time to time
in order to fit part of a large liver into a small abdominal cavity, such as reduced [39],
hyperreduced [40], monosegmental [41], and reduced monosegmental liver grafts [42].
The introduction of 3D printing technology can lead to a paradigm shift so that graft
size reduction will transition from the subjective “surgeon’s experience” into a more
objective preplanned method. That way, surgeons will be able to identify vital biliary
and vascular structures preoperatively and plan the upcoming procedure with more
confidence, fewer complications, and better outcomes. Experience from Japan showed
that such a technique was made feasible in an 11-month old female infant, who was
about to receive a large-for-size left lateral segment from her father [43]. Graft reduc-
tion was performed in situ as planned preoperatively and a 45 g portion was resected,
while the remnant portion of the graft was 245 g, and there was no graft- or liver-related
complications appreciated in the postoperative course.

Preoperative planning was also made possible via a low-cost, transparent, full-
sized 3D printed hepatic model before laparoscopic liver hemihepatectomy for colo-
rectal metastases [44]. The authors of this study report that the overall model costs
were less than $150.00, while they used free and open-source software for its fabrica-
tion. Therefore, surgeons were able to visualize vascular and biliary structures before
taking the patient to the operating room in an inexpensive yet efficient and safe way.
Taking into consideration that the era of minimally invasive hepatectomy is here to
stay, the donor operation in LDLT is more and more often performed laparoscopically,
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especially in Asian countries. As a result, fabricating a 3D printed liver model to devise
the most appropriate surgical strategy for the laparoscopic graft donation part of LDLT
will be of great use and will further improve donor safety and efficiency. Similarly, a
group from Poland validated the use of low-cost (100 Euros) 3D printed silicone kidney
models for laparoscopic partial nephrectomy simulation and concluded that this
method could improve overall surgical outcomes, with a particular decrease in renal
ischemia time, while this method can be used in other procedures as well [45].

Multiple studies have evaluated the use of 3D printed hepatic models in the preop-
erative planning of surgical resection of liver tumors [46,47], including hepatocellular
carcinoma [48,49], intrahepatic cholangiocarcinoma [50], hepatoblastoma [51], and
liver metastases [52—54]. By involving 3D printed hepatic models in the preoperative
strategy of liver surgery, surgeons are able to familiarize and gain experience in per-
forming all types of liver resections, thus improving their technique and skills, and
hence achieve lower operative times and lower complication rates. A cross-sectional
study showed that 70% and 60% of the surgeons believe that such a model will be use-
ful for both preoperative planning and intraoperative guidance, respectively [29].

A research group from Japan validated the usage of 3D printed organs in surgical
navigation and simulation in transplantation surgery. The investigators fabricated
two 3D printed kidney and pelvis models from transparent materials based on CT
data from patients about to undergo living kidney transplantation [55]. This study
showed that surgeons could accurately discuss the operative steps in both the pre-
and the intraoperative setting, which facilitates improved understanding of the anat-
omy and represents a reproducible method of evaluating the surgical operation.

Biliary strictures and cysts form another challenging problem for hepatobiliary
surgeons. There is evidence from an Australian group that suggests that 3D printed
models of the biliary tree and biliary cysts can be fabricated with high fidelity, while
the authors highlight the need for further research in order to decrease the discrep-
ancies between computer-generated images and models [56]. No doubt constructing
models for such hepatobiliary pathology will help clarify anatomical associated
vascular structures.

3D printing technology can be utilized not only before the liver transplant oper-
ation itself but also to deal with its complications, such as portal vein thrombosis.
Interventions commonly implemented to resolve this issue include placement of a
stent, balloon angioplasty, or surgery as a last resort [57]. A study evaluated the
use of 3D printed hollow models of stenosed portal veins to preoperatively simulate
endovascular management in a 58-year-old male patient with portal vein stenosis af-
ter LDLT [58]. The authors concluded that their model was accurate and precise both
in shape and in size, and thus, it should be adopted in clinical practice.

Tissue engineering and bioprinting
The most challenging and potentially complicated use of 3D printing technology
today is perhaps in the field of tissue engineering with the intention of regenerating
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function tissue or ultimately, the fabrication of organs for transplantation. A number
of steps to be accomplished and hurdles overcome in order to fabricate a functional
3D tissue resembling human organs including the fact that we are dealing with living
cell creating a number of limitations to the use of standard engineering techniques.
An integrated system allowing for cell differentiation and for sorting cells based on
function locations within a 3D structure is essential. The emergence over the past
few years of bioprinters capable of dispensing living cells in a precise position
within a 3D structure represents a major advancement in the field although achieving
the desired concentration of cells, and a more sustainable growth remain challenges
[59]. A wide range of biomaterials (in liquid form or solid-state) has been utilized
directly in 3D printers supporting its values in tissue engineering. Another important
step to achieve is to be able to create multifunctional scaffolds to meet the structural,
mechanical, and nutritional needs of living cells and guide its proliferation and dif-
ferentiation and adhesion in a way resembling the extracellular matrix seen in native
organs [60]. Future advances in fabrication technologies coupled with advances in
3D printing will likely provide the sought after outcome of 3D scaffolds with an in-
ternal network of nutrients and materials to satisfy the biological requirement of
living cells.

Multiple types of mature differentiated cells have been printed over the past 20
years, while the sources were various organs, including heart, nerves, liver, pancreas,
kidney, muscle, bone, or retina. Moreover, the first human amniotic fluid stem cells
were 3D printed in 2007 and were subsequently differentiated into functional bone
tissue [61]. Many attempts have been made so far to bioprint various types of tissues,
including heart valves [62,63], skin [64], cartilage [65], and liver [66]. The Ott lab-
oratory from Massachusetts General Hospital published that decellularized organs,
and heart, in particular, can maintain their inherent extracellular matrix and architec-
ture, and function as scaffolds [67]. The subsequent implantation of new myocardial
and arterial endothelial cells, while securing the original vascular structures of the
organ, led to myocardial contractions and production of heartbeats secondary to
cultivation. Optimally, the aim is to fabricate 3D bioprinted tissues and organs
from the patient’s stem cells, so that they are patient-specific and can be implanted
without the need for immunosuppression, thus solving the organ shortage problem.
A significant step toward this goal was recently achieved by researchers at Tel Aviv
University, who constructed and 3D printed the first human vascularized heart [68].

Bioprinting the liver is an equally challenging process, as its architecture under
the microscope is hugely complicated with hepatocytes and the intercalated support-
ing cells being organized into lobule units in a 3D hexagonal fashion [69]. Bio-
printing an artificial liver is difficult, because of the decrease in hepatocyte
variability in vitro. When attempting to create a 2D liver model, some of the liver
functions cannot be preserved; thus, the 3D printed model is preferred as it can
maintain gene expression patterns, metabolic and detoxification functions. Advance-
ments in microtechnology led to a new concept, the “liver-on-a-chip” or “mini-
liver,” which consists of a microfluidic culture chip embedded with hepatocytes
and assists in mimicking the complex in vivo hepatic microenvironment in an
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in vitro model [70]. The “liver-on-a-chip” model can serve as a tool for drug
screening purposes in order to avoid in vivo experiments, which are not optimal
for measuring drug-induced hepatotoxicity [71]. Data from a Korean study suggest
that human 3D bioprinted liver models in vitro with zonation are even more useful in
detecting zonal drug-induced hepatotoxicity by resembling the spatial characteris-
tics of the hexagonal lobular units [72].

The initial step in bioprinting a “mini-liver” was made with the generation of
human-induced pluripotent stem cells (hiPSCs) and human embryonic stems cells
(hESCs) into alginate hydrogels, which were then differentiated into hepatocyte-
like cells (HLCs) with appropriate hepatic morphology and liver marker expression
for 21 days [73]. This was followed by the conception of a structure embedded with
hepatocytes, human umbilical vein endothelial cells (HUVECs), human lung fibro-
blasts, and collagen bioink, which could secrete albumin and synthesize urea [74].
The heparin-hydrogel-sandwich method introduced by Foster et al. allowed the
in vitro culturing of primary rat hepatocytes, which then had the capability of
expressing albumin and cytochrome P450 in high levels for more than 3 weeks
[75]. A research team from the University of California, San Diego, produced a
3D bioprinted liver model comprised of hiPSC-derived hepatic progenitor cells
(HPCs), human endothelial cells from the umbilical vein, and adipose-derived
stem cells organized into the native hexagonal liver lobules [76]. This model showed
a betterment in the liver-specific expression of genes, secretion of metabolic prod-
ucts, and induction of cytochrome P450 enzyme system when compared not only
to 2D monolayer culture but also the 3D culture of HPCs alone, which can lead
to its utilization in early drug screening and disease modeling. The use of alginate
[77] or decellularized extracellular matrix [78] as bioinks for the construction of
3D printed HepG2 cell lines highlights that utilizing biocompatible bioinks laden
with various cell types in the same culture is of paramount importance due to its abil-
ity to increase hepatocyte variability in vitro. Besides, the decellularized hepatic
extracellular matrix has been used to re-engineer recellularized hepatic grafts that
can mimic in vitro models at a comparable level [79]. Those grafts were able to
maintain metabolic enzyme expression, urea synthesis, and albumin secretion at
an appropriate level and could be transplanted into rats with insignificant ischemic
injury to the hepatocytes. Overall, the generation of biocompatible scaffolds
embedded with stem cells seems to be particularly promising and may pave the
way for the production of artificial livers that can be transplanted in humans with
end-stage liver disease and that will solve the organ shortage issue.

Conclusion

3D printing technology has gained considerable attention over the past years, while
more and more research teams worldwide are incorporating it into basic science and
clinical research studies. Its implications involve but are not limited to medical and
patient education, surgical planning, and bioprinting; the field of hepatobiliary



References

surgery, liver transplantation in general, and LDLT, in particular, is going to be revo-
lutionized by the introduction of 3D printed liver models in everyday clinical prac-
tice. The experience we will gain from future studies will lead to a decrease in the
cost of these models with their fabrication process being carried out in a timelier
manner. Data show that 3D models are becoming more accurate and precise in
size and shape and their incorporation in hepatobiliary and transplant surgery will
play a vital role in student, resident, and patient education, will improve the out-
comes of LDLT, and the upcoming regeneration of whole organs from scaffold laden
with stem cells may assist in overcoming the problem of organ shortage. Overall, the
constant development in the fabrication of 3D printed models and their incorpora-
tion in transplantation will pose a harbinger for the advancement of personalized
medicine.
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The technology of three-dimensional printing was invented in 1983 by Chuck Hull,
an American physicist and engineer [1,2]. He was the first to conceive the idea that
the induction of light over multiple thin plastic layers positioned over each other
would be able to lead to the construction of three-dimensional objects. Hull came
up with the idea while working with ultraviolet light to harden tabletop coatings.
In his original concept, a computer-guided beam of ultraviolet light is directed
over liquid photopolymer transforming it into plastic. The idea is not just restricted
to liquids but can be applied to all substances that have the capacity to alter their
condition or become solidified. His invention is usually described by the terms
3D printing, stereolithography, or additive manufacturing. In a few words, 3D print-
ing is a new technology aimed at transforming digital images to physical objects. In
1986, Hull founded in California the enterprise 3D Systems, which has since then
become the pioneer for the developments in 3D printing worldwide.

As far as the procedure of 3D printing is concerned, this includes various stages
[3]. At first, a computer model design for the specific production is created, based on
the application of specialized software. Afterward, the 3D printer is loaded with the
production material. This is usually plastic, but can include a variety of other mate-
rials, such as metal, glass, sand, clay, and biomaterials. Finally, the process of ejec-
tion takes place, ending to the extraction of the requested product from the printer.
Quite often, some extra final steps of processing are necessary in order to freeze the
produced object and clean it as well as detach it from the printer or from supporting
structures.

The 3D printers can vary substantially in size and shape depending on their appli-
cation. Generally, the progress in related technology constantly produces faster,
cheaper, and more sizable models. Lately, stereolithography which is a laser-
based 3D printing technology that uses UV-sensitive liquid resins is one of the
most widely used rapid prototyping technologies. The current application of 3D
printing technology in science and human activity encompasses various fields: aero-
space engineering, mechanical engineering, cosmetology, medicine, dentistry, etc.
The main advantage of this form of production is the ability to construct objects
based on individualized needs, at low cost and beyond the standard industrialized
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lines of production. Since this technique opens the possibility of manufacturing
highly specialized products to a broad spectrum of customers, it is already consid-
ered as a revolution in science and technology as well as in industry and commerce.

Cardiac surgery
Evolution of cardiac surgery

Cardiac Surgery is the medical discipline dealing with the surgical treatment of
congenital and acquired diseases of the heart and great vessels. Among the most
common procedures within the specialty are coronary artery bypass grafting; aortic,
mitral, and tricuspid valve surgery (replacement and repair); and surgery on the
thoracic aorta as well as various procedures for heart anomalies. Furthermore, the
full spectrum of the specialty comprises minimally invasive, endoscopic, endovas-
cular, and robotic procedures.

Francisco Romero [4], a Catalonian physician, became the first heart surgeon
when he performed an open pericardiostomy to treat a pericardial effusion in
1801. He presented his work at the Society of the School of Medicine in Paris in
1815, but the procedure was considered too aggressive and his work was silenced
for many years. Almost a 100 years later, in 1896, Ludwig Rehn [5], a German sur-
geon, repaired a stab wound to the heart by direct suture, thus starting the era of heart
surgery. The first half cycle was the period of closed heart surgery when mainly
congenital diseases of the heart were treated surgically. It was John Gibbon in
1953 [6], an American heart surgeon, who managed to perform the first successful
open heart operation with the use of a heart-lung machine. Introduction and wide use
of this machine, called thereafter extracorporeal circulation, enabled cardiac surgery
to expand its potential into the heart (open heart surgery) and hence deal thoroughly
with the congenital as well as all acquired heart diseases, i.e., coronary artery dis-
ease, valve diseases, transplantation, aortic surgery, etc. Thus, cardiac surgery
became a routine surgery. Nowadays, it is estimated that over 1 million heart oper-
ations are performed worldwide annually. This number clearly shows both the prog-
ress of the specialty, as well as its impact on the current health status of the general
population internationally.

There are not many specialties so tightly linked to technology as cardiac surgery.
The extracorporeal circulation machine, one of the highest technologies used, sub-
stitutes the pumping action of the heart and the respiratory function of the lungs dur-
ing the surgical procedure. Hi-tech monitoring devices are employed in order to
control perfusion intraoperatively. Furthermore, high-resolution cardiac computed
tomography and cardiac magnetic resonance are often used for the preoperative
planning of cardiac procedures. Pacemakers, prosthetic valves, mechanical assist de-
vices, and artificial hearts are all products of advanced technology related to heart
surgery. This reality, along with the fact that the cardiovascular system has a lot
of variations, comprises the rationale for the necessity of preoperative study of
three-dimensional models and subsequent design of the surgical procedure in such
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a wide range pathology. Thus, cardiac surgery represents one of the fields where 3D
printing is expected to contribute to the progress of the specialty.

Applications of 3D printing in cardiac surgery

Teaching aid

A primary application of 3D printing is to produce models for anatomic teaching or
demonstration [1,7]. Thus, similarly to the plastic heart models familiar to most
health care professionals, a 3D-printed model can rapidly convey a complex
anatomic arrangement, but has the added value of also depicting patient-specific
anatomic pathology. Such models can be instructional for the teaching of medical
professionals about normal and abnormal structural relationships and can also be
used to explain to the public or the patients the anatomy and physiology of cardio-
vascular disorders. Patient-specific models of congenital heart are used for training
of younger physicians and nurses. Examples include instructional models depicting
congenital heart defects, valve stenosis, and catheter-based valve implantation or
repair procedures. Increasingly, these 3D models can be constructed with particular
colors, variable material hardness, and even layered texturing, if needed, to depict
sophisticated or unusual cardiovascular pathology.

Procedure planning

Complex procedures related to congenital heart defects, or to the reconstruction of
valves or the aorta, require meticulous preoperative study and planning [8]. Patient-
specific 3D printing models created based on the information provided by computed
tomography or magnetic resonance imaging can be an invaluable tool in the hands of
the heart surgical team planning their corrective intervention of the congenital or ac-
quired cardiovascular anomalies. As a consequence, the procedure may be much
easier understood, discussed, thoroughly studied, and finally accurately planned
on a three-dimensional model closely resembling the anatomical conditions of the
affected area. The possible therapeutic alternatives and the outcome of the proposed
corrections can also be visualized and reproduced based on a 3D model.

It seems that the reconstruction of a patient’s coronary anatomy through 3D
printing is another field of application of this new technology. In a recent publica-
tion, Javan et al. [9] demonstrated that a variety of 3D print models were ideal for
coronary visualization. The coronary artery tree can be depicted in detail by gated
CT methods, so that all stenotic or occlusive areas can be clearly visualized, aiding
to the better planning of the procedure. If the coronary tree is 3D printed based on
the diastolic phase, useful information about the epicardial coronary perfusion can
be gained. In addition, such models can provide a reference standard for testing
of novel diagnostic measurements (e.g., CT-derived fractional flow reserve, FFR)
against a controlled in vitro forward flow gold standard. Kolli et al. [10] published
a related article presenting their experience on the 3D modeling of coronary arteries
with stenotic lesions ranging from 30% to 70%. The stenotic lesions were correlated
with absolute decreases in FFR ranging from 0.03 to 0.2, respectively. Their work
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demonstrates how 3D printing can provide useful information in the study of coro-
nary flow in a quantitative as well as systematic manner.

Maragiannis et al. [11,12] reported their work on 3D-based models created to
study the characteristics of patients suffering from severe aortic valve stenosis.
They demonstrated that 3D-printed models can replicate both the anatomic and
functional properties of severe degenerative aortic valve stenosis. These full-scale
models of specific patient anatomy and valve function can be created by combining
the technologies of high spatial resolution ECG-gated CT, computer-aided design
software, and fused dual-material 3D printing. The development of patient-
specific models that accurately replicate both anatomic and functional characteris-
tics may have multiple near-future applications. Recently, Ong et al. [13] presented
a case report of a disease with a very complex anatomy comprising a right-sided
aortic arch, a Kommerell’s diverticulum and an aberrant left subclavian artery.
This patient, with an otherwise difficult to interpret intraoperatively anatomic pa-
thology, underwent successful surgical repair with the aid of a printed patient-
specific 3D model before surgery, which served as a surgical guide to select the
size of graft and to decide on the section to resect; hence, 3D printing can reduce
operative time and enhance the optimum result of the correction. Scanlan et al.
[14] presented their work on pediatric valve models created based on 3D printing
technology: leaflets of a pediatric mitral valve, a tricuspid valve in a hypoplastic
left heart syndrome, and complete atrioventricular canal valve were segmented
from ultrasound images; a custom software was developed to automatically generate
molds for each valve based on the segmentation; these molds were 3D printed and
used to make silicone valve models, which were designed with cylindrical rims of
different sizes surrounding the leaflets, to show the outline of the valve and add ri-
gidity. Pediatric cardiac surgeons practiced suturing on the models and evaluated
them for use as surgical planning and training tools. As a result, five out of six sur-
geons reported that the valve models would be very useful as planning or training
tools for cardiac surgery. In this first iteration of valve models, leaflets were felt
to be unrealistically thick or stiff compared to real patient leaflets. A thin tube
rim was preferred for valve flexibility. The investigators concluded that further im-
provements should be made based on the surgeons’ feedback. With this perfect
example, it is obviously highlighted that due to the difficulty in fully understanding
the complex, three-dimensional anatomy of the congenital heart disorders, pediatric
cardiac surgery is one of the main fields where stereolithography has already and is
expected to obtain even more applications.

Sodian et al. [15,16] published their work on stereolithographic creation of 3D
models of patients referred for redo operation of aortic valve replacement due to se-
vere valve stenosis with coronary artery bypass grafting in their past medical history.
With the produced models, both the coronary anatomy as well as the structure of ad-
hesive precardiac tissues could be depicted in detail. The models were sterilized and
brought into the operating theater where they proved to be of great assistance for the
surgeons during the procedure, helping them to avoid the injury of the native heart
structures, as well as the patent bypass grafts. In another application of



Conclusions

stereolithography, the authors used 3D-replicas in an HIV positive patient who had
been operated for a type A dissection, and who had an aortic arch pseudoaneurysm
with a slit-shaped entrance hole located anteriorly to the implanted supra-aortic ves-
sels. Computed tomography data were obtained and a lifelike replica of the complex
pathology of the aorta using a rapid prototyping machine was fabricated. After care-
ful examination of the model, a custom-made occluder device for interventional
closure of the leakage was constructed. Al Jabbari et al. [17] reported their experi-
ence with stereolithography to create models depicting the anatomy of patients
suffering from complex cardiac tumors, with detailed reconstruction of the main tu-
mor characteristics: size, location, and extension. This information also proved to be
very helpful in the preoperative planning of the surgical procedures.

Device innovation and testing

Applications of 3D printing technology in the field of device innovation and testing
are already in clinical practice. Such an example is the case of transcatheter mitral
valve replacement devices. The development of these devices has been slower and
more challenging than the development of other similar technologies, like Mitral-
Clip or transaortic valve replacement technologies [18—20]. Although highly
specialized software programs like 3Dimensio offer important data in regard to
the anatomical properties of the diseased region, a 3D-based physical model may
additively offer further useful information. Thus, it may show the impact of the
application of the device on the diseased mitral valve area as well as the impact
of the diseased area, especially in cases of highly calcified lesions to the device it-
self. Related models have already been created aiming at the testing and improve-
ment of novel devices.

Production of implantable devices, conduits, and prosthesis

Initially, the variety of products resulting from the procedure of 3D printing was
really limited, deriving mostly from rigid raw materials. Meanwhile, the develop-
ment of technology has created a wider margin of materials favorable for 3D-use,
some of them cheap and more flexible [21,22]. In order to simulate the properties
of myocardial or vascular tissue, further advances have to be made, in such a way
that the production of anatomical heart or vascular parts could be implantable. How-
ever, based on the aforementioned continuous improvement of materials and tech-
nology progress, favorable results are expected soon.

Conclusions

The complexity of anatomic disorders in heart surgery, as well as the dynamic
pathophysiology related to them, poses many problems in understanding, plan-
ning, and performing surgical procedures. In addition, many devices applied in
heart surgery, and especially in hybrid or endovascular procedures, need to be
individually prepared for the patient. Such issues may be facilitated by 3D print-
ing. This chapter presents contemporary advancements in bioengineering, along
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these lines, that are already applied in heart surgery. Improvements on the field
and the related technology will further lower the cost and increase the efficiency
of the production. In any case, 3D printing is undoubtedly one of the most prom-
ising fields in modern technology, while cardiac surgery is expected to benefit a
lot from this progress.
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3D printing for preoperative planning

3D printing has a major role in preoperative assessment and simulation of surgical
and endovascular procedures. 3D models are constructed to aid clinical doctors and
scientists understand the anatomy and disorders of the thoracic and abdominal aorta
[1-6].

Ho et al. indicated that vessel diameters acquired from pre-3D printing computed
tomography (CT) images and images obtained from model’s CT scan presented only
minor differences within 1 mm error, ensuring the highest anatomical accuracy of
the rapid prototype [7]. Furthermore, the 3D printed models used in the preoperative
planning over the last 5 years have decreased the procedural time and complication
rates with regard to surgical management of abdominal aortic aneurysms (AAA) and
aortic dissections. The use of 3D printing has been also described in preoperative
planning of portosystemic shunt closure devices [8].

3D printing has been used for preoperational planning of endovascular treatment
for various aortic stenosis pathologies, such as hypoplasia [9], aortic valve stenosis
[10,11], pulmonary valve stenosis [12], and internal carotid artery stenosis [13], but
also for portal vein stenosis [14]. Aortic dissection has been shown to be an aortic
pathology that 3D printed models could enable direct visualization and assessment
of anatomical features, regarding the size and shape of true and false lumens, some-
thing which should lead in the best clinical decision making and medical treatment
[7]. Notably, the greatest part of the vascular 3D printing literature refers to the pre-
operative simulation of AAA. Tangible 3D models allow vascular surgeons to study
the unique anatomical structure or abnormalities of the aorta, in order to have a bet-
ter insight of the best endovascular treatment modality (appropriate endografts,
custom-made modification, chimney- or fenestrated endovascular repair) and the
assessment of technical and clinical success [6].

Meess et al. applied 3D printing for preoperative guidance and surgical planning
in an AAA treated with fenestrated endovascular aneurysm repair (FEVAR). The pa-
tient’s specific 3D model served as a diagnostic tool and training “device” in a risk-
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free environment. Also, the phantom proved to be a useful tool in detecting possible
periprocedural complications. Therefore, the model guided the authors to modify
their surgical plan in order to avoid any complication, decrease the procedural
time, and avoid unnecessary challenges during surgery. Moreover, the team had
time to practice with the implanting device, leading to a reduction in radiation expo-
sure of both patient and surgical staff, anesthesia, and contrast agent to the patient.
3D printing model has been shown to be more effective with respect to preopera-
tional planning compared to the standard planning based on CTA diagnostic imaging
alone [15]. Takao et al. reported on applied rapid prototyping in order to produce a
model of hollow splenic artery aneurysm. The 3D model served as a simulation aid
to endovascular treatment. An FDM-type desktop 3D printer and computed-
tomography angiography data were used. While the thickness of the layer was
0.2 mm, thinner layers could be further produced using other 3D printing tech-
niques, such as STL and inkjet printing. Nonetheless, the mean cross-sectional areas
were slightly smaller than those of the original mask images, with a maximum dif-
ference of 0.33 cm?, rendering a precise and accurate model [16].

Rapid prototyping can clearly help endograft planning when facing issues such
as dealing with complex anatomical issues and CT imaging that hinder proper and
thorough reconstructions and measurements. Likewise, Tam et al. reported on a pa-
tient who had an infrarenal aortic aneurysm of 6.6 cm with severe neck angulation of
approximately 90°. Because of the hostile neck anatomy, the most suitable endograft
choice and the proper mode of intraoperative deployment of the device was obscure.
Consequently, the CT data were segmented, processed, and converted into a stereo-
lithographic format representing the lumen as a 3D volume, from which a full-sized
replica was printed within 24 h. Careful inspection of the 3D aneurysm model
revealed an adequate infrarenal sealing zone and led to the optimal choice of an
endograft. Accordingly, the authors suggested that the rapid prototype can assist
the surgical team not only in AAA cases of angulated neck anatomy, but also in cases
of short or conical neck [17].

Another complex neck anatomy of infrarenal AAA was successfully managed
with the use of 3D printed models. In this case, the infrarenal AAA had a severely
angled (approximately 90°) and short neck. The greatest difficulty in such cases is to
predict the possible changes in neck shape, after the deployment of a stent, since this
could lead to deployment outside or improper deployment of the endograft leading
to inadvertent coverage of renal ostia or improper sealing. Hence, it is crucial to find
a way to predict any potential outcome after the stent deployment. Since this cannot
be easily done with the available conservative imaging methods, surgeons can draw
useful information by means of creating a 3D printed model. The model helped the
team in surgical planning and the selection of the appropriate approach, thus mini-
mizing the intervention time [18].

3D printing has been also implicated in decision making and treatment of chal-
lenging thoracic aortic aneurysms (TAA) and dissections. In such cases, the main
problem focuses on prediction of the change of the aortic arch angle after stent
deployment, which could possibly result in the formation of a new lesion or even
cause reverse extension. Thus, production of 3D models aids in better decision
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making and facilitates the optimal choice of endograft. In addition, surgical simula-
tion enables vascular surgeons to avoid any difficulties in the use of guidewires and
changes their approach in order to ensure the technical success of surgery [18].

Knox et al. reported on three patients with arterial abnormalities, those being
high-grade stenosis of the right common artery bifurcation, basilar tip aneurysm,
and abdominal aortic aneurysm. The created 3D models were accurate enough to
reproduce flow dynamics of the altered anatomy. Obviously, the unique advantage
of 3D printing is that the surgeon can have a preoperative hands-on experience
with the pathology he plans to interfere with. As one rotates the reconstructed 3D
model in every direction and experiments with it, one develops a haptic intuition
concerning the best surgical approach [19]. Hence, as noted by Petzold et al., the
3D model introduces a new kind of interaction called “touch to comprehend.”

A traverse arch hypoplasia model has also been presented. The model was very
accurate with respect to magnetic resonance- and X-ray angiographic images with
only a minor deviation of 0.36 &+ 0.45 mm. One can easily appreciate this accuracy
since catheter interventions, especially in children, rely strongly on the proper sizing
of stents and balloons, with quite narrow variations. Hence, 3D models have been
shown to be useful in terms of determining the size of the balloon, the stent length,
and optimal position. Furthermore, modification and advances allow mimicking
expansion of the vessel wall during balloon inflation [9]. More specifically, 3D
models are not only used for preoperative simulation, but also during the operation
as a guide for the specialists, even more in combination with robotic surgery [20].
The models play a major role in testing catheters and wires in a full-scale anatom-
ically accurate vascular model, as the equipment performance can be evaluated in a
controlled environment in the patient’s unique anatomy [21].

Bioprinting

The use of 3D printing in medicine is being developed through the last years. In
vascular surgery, rapid prototyping is getting involved in creating vascular tissue
customized for each patient, created with the use of a 3D printer. Bioprinting efforts
have enabled the fabrication of biologically functional blood vessels [22,23].

Lee et al. (2014) suggested a method for constructing endothelialized fluidic
channels (lumen size of ~1 mm), the formation of adjacent capillary network
with consequent generation of multiscale vascular network by connecting 1-mm-
scale vessels with microvasculatures [24]. 3D bioprinting technique is combined
either with the biological self-assembling of endothelial cells in scaffolds, gelatin
methacrylate (GelMA), hydrogel using UV photocrosslinking [25], or a combination
of electrospinning and 3D bioprinting system [26]. According to in vitro experi-
ments, a 3D printed network can provide adequate levels of oxygen and support
the viability of differentiating human mesenchymal stem cells under specific cir-
cumstances and perfusion bioreactors [27]. There has also been description of tech-
niques for constructed triple-layer 3D vascular grafts [28].
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Future use of such 3D printed vascular networks in humans is promising, as Mel-
chiorri et al. have shown that noncellular 3D printed propylene fumarate vessels had
a 6-month patency and functionality in mice after transplantation in their venous
system [29]. Latest in vivo experiments presented implantation of 3D printed
vascular networks for angiogenesis. The experimental products were implanted in
mice with limb ischemia. The perfusion distally at the feet progressively increased,
with a nonischemic limb at 5 days postoperatively [30].

Training and education

One of the most promising aspects of 3D printing is teaching anatomy to medical
students. O’Reilly et al. produced a 3D model of lower limp, in order to assist med-
ical students learn lower limp anatomy, as well as a femoral artery/vein model to
train them in femoral vessel access. Even though, cadaveric dissection is the main
way to learn anatomy for centuries, the efficiency of 3D printing in producing accu-
rate anatomical models is drawing attention concerning the teaching progress. It is
worth mentioning that the 3D model of the leg was considered as useful as the
cadaveric-based teaching. Moreover, the printed reconstruction of femoral vessels
has proven beneficial in training students to surgically access these vessels [31].

Medical prototypes are used through the training of junior doctors and interns of
vascular surgery. It is recognized that endovascular procedures demand high level of
accuracy and abilities that have always been taught entirely through a training-
model involving patients exclusively. Not long-ago, virtual simulation (VR) gained
importance and managed to be validated for educational reasons [32]. An alternative
method for training in endovascular surgery is practicing on cadaveric specimens,
despite the fact that this practice requires financial resources and is, in many situa-
tions, nonpractical [33].

The traditional mantra of “see one, do one, teach one” is now being replaced by
“see one, sim many, do one.” Considering that both methods, VR and cadaveric
simulation, are highly expensive and require an ongoing technical support, a
different approach should be followed which should be simple, inexpensive, and
technically nondemanding in order to achieve improvement in endovascular training
and pave the way to an extensive use of simulation in surgical training [34]. In the
study of Mafeld et al., a 3D printed endovascular simulation was put into the test by
96 physicians. They answered 12 questions evaluating the use and feasibility of 3D
printed anatomically accurate aortic model for training purposes. According to the
study, most of the physicians agreed that 3D models were realistic compared to
live patients and VR, in the fields of vascular access, guidewire- and catheter manip-
ulation, and vessel catheterization. Moreover, most physicians agreed that 3D
printed model was a useful tool for basic training and improved their handing skills.
There was also wide agreement regarding the importance of its future use. 3D
printed modeling is considered a valuable learning tool, accompanied by strong rec-
ommendations for further involvement by teaching hospitals [35].



Conclusion

Postoperative studies and academic purposes

Medical rapid prototyping offers a great opportunity for studies concerning compu-
tational fluid dynamics and mechanisms of vascular pathologies.

Studying flow dynamics in vascular prototypes starts with the examination of
geometric parameters, including the branching angle, maximum curvature at the
apex, and volume of the branch. Han et al. have already shown that large joining an-
gles make no difference to the hemodynamic behavior, as most capillary junctions
have large joining angles [36]. There have been several methods described in order
to manage the distal arterial flow resistance and pressure, thus creating physiologi-
cally and geometrically accurate models that can be also used for simulations of
image-guided interventional procedures with new devices, but also for physiological
simulations [37]. Canstein et al. since 2008 have shown that in vitro model systems,
such as 3D printed vascular prototypes, could successfully be used to analyze local
and global flow dynamics in a realistic one-to-one replica of normal in vivo thoracic
aortic anatomy [38]. Moreover, Ahmadian et al. demonstrate the feasibility of
combining in vivo MRI and 3D printing for the comprehensive evaluation of aortic
abnormalities like dissection, but also enables in vitro simulation of interventions
like graft repair on aortic flow characteristics, opening new horizons in procedural
planning [39].

At an experimental level, a method called “Ring Stacking Method” by Pinnock
et al. was described as a way to create artificial arteries of various dimensions and
lengths, using 3D printed guides. With this method, variable size rings of vascular
smooth muscle cells can be created using guides of center posts to control lumen
diameter and outer shells to dictate vessel wall thickness. These tissue rings are
then stacked to create a tubular construct, mimicking the natural form of a blood
vessel [40].

Costa et al. in 2017 demonstrated methods for manufacturing microfluidic cell
culture models in vitro, by combining CTA data and 3D printing, developing a
new approach which precisely mimics the architectures found in both healthy and
stenotic arteries. With this approach, thrombosis can be recapitulated in 3D vessel
geometries in a way that is not possible in microfluidic chips fabricated with typical
2D wafer-based soft lithography, or even in microfluidic chips produced with acrylic
fibers or by advanced biofabrication methods [41].

Conclusion

As it can be clearly seen in this chapter, 3D printing is a technology with multiple
applications in both vascular and endovascular surgery, in terms of educating med-
ical students, residents, and fellows, as well as testing the potential graft preopera-
tively and being able to plan the operation. The bottom line is that it can help
vascular surgeons increase the safety and quality of their work, something which
will directly benefit our patients.

129



130 CHAPTER 9 3D printing in vascular surgery

References

(1]
(2]
(3]

(4]

(5]
(6]
(7]

(8]

(9]

[10]

[11]

(12]

[13]
[14]

[15]

[16]

(17]

(18]

Shi D, Liu K, Zhang X, et al. Applications of three-dimensional printing technology in
the cardiovascular field. Intern Emerg Med 2015;10(7):769—80.

Singare S, Liu Y, Li D, et al. Individually prefabricated prosthesis for maxilla
reconstuction. J Prosthodont 2008;17(2):135—40.

Jacobs S, Grunert R, Mohr FW, et al. 3D-Imaging of cardiac structures using 3D heart
models for planning in heart surgery: a preliminary study. Interact Cardiovasc Thorac
Surg 2008;7(1):6—9.

Subburaj K, Nair C, Rajesh S, et al. Rapid development of auricular prosthesis using
CAD and rapid prototyping technologies. Int J Oral Maxillofac Surg 2007;36(10):
938—43.

Youssef RF, Spradling K, Yoon R, et al. Applications of three-dimensional printing
technology in urological practice. BJU Int 2015;116(5):697—702.

Bangeas P, Voulalas G, Ktenidis K. Rapid prototyping in aortic surgery. Interact Cardi-
ovasc Thorac Surg 2016;22(4):513—4.

Ho D, Squelch A, Sun Z. Modelling of aortic aneurysm and aortic dissection through 3D
printing. ] Med Radiat Sci 2017;64(1):10—7.

Chick JFB, Reddy SN, Yu AC, et al. Three-dimensional printing facilitates successful
endovascular closure of a type II abernethy malformation using an amplatzer atrial
septal occluder device. Ann Vasc Surg 2017;43. 311 e315—311 e323.

Valverde I, Gomez G, Coserria JF, et al. 3D printed models for planning endovascular
stenting in transverse aortic arch hypoplasia. Cathet Cardiovasc Interv 2015;85(6):
1006—12.

Maragiannis D, Jackson MS, Igo SR, et al. Replicating patient-specific severe aortic
valve stenosis with functional 3D modeling. Circ Cardiovasc Imag 2015;8(10):
€003626.

Maragiannis D, Jackson MS, Igo SR, et al. Functional 3D printed patient-specific
modeling of severe aortic stenosis. J Am Coll Cardiol 2014;64(10):1066—8.
Schievano S, Migliavacca F, Coats L, et al. Percutaneous pulmonary valve implantation
based on rapid prototyping of right ventricular outflow tract and pulmonary trunk from
MR data. Radiology 2007;242(2):490—7.

Milosavljevic S, Milburn PD, Knox BW. The influence of occupation on lumbar sagittal
motion and posture. Ergonomics 2005;48(6):657—67.

Takao H, Amemiya S, Shibata E, et al. Three-dimensional printing of hollow portal vein
stenosis models: a feasibility study. J Vasc Interv Radiol 2016;27(11):1755—S8.

Meess KM, Izzo RL, Dryjski ML, et al. 3D printed abdominal aortic aneurysm phantom
for image guided surgical planning with a patient specific fenestrated endovascular graft
system. Proc SPIE-Int Soc Opt Eng 2017:10138.

Takao H, Amemiya S, Shibata E, et al. 3D printing of preoperative simulation models of
a splenic artery aneurysm: precision and accuracy. Acad Radiol 2017;24(5):650—3.
Tam MD, Laycock SD, Brown JR, et al. 3D printing of an aortic aneurysm to facilitate
decision making and device selection for endovascular aneurysm repair in complex
neck anatomy. J Endovasc Ther 2013;20(6):863—7.

Yuan D, Luo H, Yang H, et al. Precise treatment of aortic aneurysm by three-
dimensional printing and simulation before endovascular intervention. Sci Rep 2017;
7(1):795.



[19]

[20]

(21]
(22]

(23]

[24]

[25]

[26]

(27]
(28]
[29]
(30]

(31]

(32]

(33]

[34]
(35]
(36]

(37]

References

Knox K, Kerber CW, Singel SA, et al. Stereolithographic vascular replicas from CT
scans: choosing treatment strategies, teaching, and research from live patient scan
data. AJNR Am J Neuroradiol 2005;26(6):1428—31.

Salloum C, Lim C, Fuentes L, et al. Fusion of information from 3D printing and surgical
robot: an innovative minimally technique illustrated by the resection of a large celiac
trunk aneurysm. World J Surg 2016;40(1):245—7.

Itagaki MW. Using 3D printed models for planning and guidance during endovascular
intervention: a technical advance. Diagn Interv Radiol 2015;21(4):338—41.

Yu Y, Zhang Y, Martin JA, et al. Evaluation of cell viability and functionality in vessel-
like bioprintable cell-laden tubular channels. J Biomech Eng 2013;135(9):91011.
Skardal A, Zhang J, Prestwich GD. Bioprinting vessel-like constructs using hyaluronan
hydrogels crosslinked with tetrahedral polyethylene glycol tetracrylates. Biomaterials
2010;31(24):6173—81.

Lee VK, Lanzi AM, Haygan N, et al. Generation of multi-scale vascular network system
within 3D hydrogel using 3D bio-printing technology. Cell Mol Bioeng 2014;7(3):
460—72.

Yang L, Shridhar SV, Gerwitz M, et al. An in vitro vascular chip using 3D printing-
enabled hydrogel casting. Biofabrication 2016;8(3):035015.

Lee SJ, Heo DN, Park JS, et al. Characterization and preparation of bio-tubular scaf-
folds for fabricating artificial vascular grafts by combining electrospinning and a 3D
printing system. Phys Chem Chem Phys 2015;17(5):2996—9.

Ball O, Nguyen BB, Placone JK, et al. 3D printed vascular networks enhance viability in
high-volume perfusion bioreactor. Ann Biomed Eng 2016;44(12):3435—45.

Huang R, Gao X, Wang J, et al. Triple-layer vascular grafts fabricated by combined E-
Jet 3D printing and electrospinning. Ann Biomed Eng 2018;46(9):1254—66.
Melchiorri AJ, Hibino N, Best CA, et al. 3D-Printed biodegradable polymeric vascular
grafts. Adv Healthc Mater 2016;5(3):319—25.

Mirabella T, MacArthur JW, Cheng D, et al. 3D-printed vascular networks direct ther-
apeutic angiogenesis in ischaemia. Nat Biomed Eng 2017;1.

O’Reilly MK, Reese S, Herlihy T, et al. Fabrication and assessment of 3D printed
anatomical models of the lower limb for anatomical teaching and femoral vessel access
training in medicine. Anat Sci Educ 2016;9(1):71-9.

Rudarakanchana N, Van Herzeele I, Desender L, et al. Virtual reality simulation for the
optimization of endovascular procedures: current perspectives. Vasc Health Risk Manag
2015;11:195-202.

Chevallier C, Willaert W, Kawa E, et al. Postmortem circulation: a new model for
testing endovascular devices and training clinicians in their use. Clin Anat 2014;
27(4):556—62.

Nelson K, Bagnall A, Nesbitt C, et al. Developing cross-specialty endovascular simu-
lation training. Clin Teach 2014;11(6):411-5.

Mafeld S, Nesbitt C, McCaslin J, et al. Three-dimensional (3D) printed endovascular
simulation models: a feasibility study. Ann Transl Med 2017;5(3):42.

Han X, Bibb R, Harris R. Engineering design of artificial vascular junctions for 3D
printing. Biofabrication 2016;8(2):025018.

Sommer K, Izzo RL, Shepard L, et al. Design optimization for accurate flow simulations
in 3D printed vascular phantoms derived from computed tomography angiography. Proc
SPIE-Int Soc Opt Eng 2017:10138.

131



132

CHAPTER 9 3D printing in vascular surgery

[38] Canstein C, Cachot P, Faust A, et al. 3D MR flow analysis in realistic rapid-prototyping
model systems of the thoracic aorta: comparison with in vivo data and computational
fluid dynamics in identical vessel geometries. Magn Reson Med 2008;59(3):535—46.

[39] Rouzbeh RA, A PB, Alessandro MS, Jeremy DC, James CC, Patrick MMC,
Malaisrie SC, Barker AJ, Markl M. Comprehensive evaluation of aortic disease by
in-vivo 4D flow MRI and 3D printing of patient-specific models: a feasibility study.
J Cardiovasc Magn Reson 2016;18(Suppl. 1):365.

[40] Pinnock CB, Xu Z, Lam MT. Scaling of engineered vascular grafts using 3D printed
guides and the ring stacking method. J Vis Exp 2017;121.

[41] Costa PF, Albers HJ, Linssen JEA, et al. Mimicking arterial thrombosis in a 3D-printed
microfluidic in vitro vascular model based on computed tomography angiography data.
Lab Chip 2017;17(16):2785—92.



CHAPTER

3D printing in orthopedic
surgery

Anastasios-Nektarios Tzavellas, MD, MSc '+%'3,

Eustathios Kenanidis, MD, PhD, MSc "%, Michael Potoupnis, MD, PhD "2,
Eleftherios Tsiridis, MD, MSc, PhD, FACS, FRCS "*

'Academic Orthopaedic Department, Papageorgiou General Hospital, Aristotle University
Medical School, Thessaloniki, Greece; 2Center of Orthopaedic and Regenerative Medicine (C.O.
RE.) - Center for Interdisciplinary Research and Innovation — Aristotle University Thessaloniki (C.
LR.1.-AU.Th), Balkan Center, Buildings A & B, Thessaloniki, Greece; 3Orthopaedic Surgeon, 2nd
Department of Orthopaedic and Trauma Surgery, 424 Military General Hospital, Thessaloniki,
Greece

Introduction

The advancements in medical imaging, including improvements on hardware and soft-
ware of computed tomography (CT) and magnetic resonance imaging (MRI), have
provided an easier, more reliable, and more accurate diagnosis and treatment planning.
Although three-dimensional (3D) reconstruction images offer good visualization of
the anatomic structures, they do not produce the prehension of a physical model.

3D printing is an emerging technology that uses an appropriate computer
software in order to build objects by data. Since its first application in medicine,
the usage of 3D printing has firmly gained attention and subscribers, especially
among surgical specialties [1]. During the last 5 years, an increasing trend in
research and publications over applications of 3D printing in Orthopedic
Surgery has been noticed [2]. This trend was supported by technological develop-
ments of 3D printers, the lowering of their cost, and the handling of new materials.
Various powder-like or gel-like materials are described to have been utilized, such as
plastics, metals, polymers, ceramics, as well as biological materials (Table 10.1).

Anatomic models

Operative planning

Traditional preoperative planning relies on plain X-rays and 2D or 3D CT images.
There have been significant advances in image processing technologies; however,
3D anatomy is still viewed as a flat image. 3D printers process these data and build
a full-scale physical 3D model. These models provide a tactile impression and a bet-
ter understanding of the patients’ normal and pathological anatomy and

3D Printing: Applications in Medicine and Surgery. https:/doi.org/10.1016/B978-0-323-66164-5.00010-6
Copyright © 2020 Elsevier Inc. All rights reserved.
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Table 10.1 Materials used commonly for 3D printing applications in
Orthopedics.

Sintered powder metal Thermoplastic polymers (polypropylene,
polyether ether ketone, polyether ketone)
Metals (stainless steel, nitinol, titanium) | Polycaprolactone (PCL)

Bone-like (CT-bone) Bioceramics (hydroxyapatite, tricalcium
phosphate [TCP], calcium phosphate, silica,
bioglass, zinc oxide)

Plastics (polyethylene acetate) Gelatin and collagen
Polyurethane Poly-L-lactic acid (PLLA)
Styrene Bioinks

pathophysiology. Patient-specific anatomical characteristics and variations are
easily visualized. Review of 3D-printed models preoperatively can help surgeons
to select the appropriate approach and to forerun potential difficulties or the need
for special equipment [3—6].

Orthopedic trauma is a suitable field for application of 3D-printed models,
especially when regions with complex anatomy are involved (i.e., acetabular or
intra-articular fractures). Hurson et al. and Bagaria et al. proved that these
models assisted surgeons to meliorate the understanding of individual anatomy
and complex acetabular fracture patterns [7,8]. Since the first utilization of 3D
printing in trauma patients, it has proliferated to almost all anatomic areas [5]
(Table 10.2).

Providing a multiangle and multidirectional view, it increases reliability and
accuracy of diagnosis and classification of the fractures. Surgeons can plan the
maneuvers of reduction and fixation. Using the mirror imaging technique and
the normal, uninjured side as a template, they can choose the positioning of the
reduction clumps, select the appropriate plate and its optimal placement, measure
its length, and pre-bend it in order to fit the anatomic region where it will be
placed. The number of screws needed, their location and entry points, length,
and trajectories can be determined a priori [5,9—11].In particular, 3D printing
assistance is considerable when inexperienced surgeons face a complex fracture,
while experienced ones find it less useful or even unnecessary when dealing
with a simple fracture pattern [12]. 3D models can also be sterilized and brought
into the operation room and used as references. Operations can be performed on
the printed models at the doctor’s desk, transforming virtual stimulation into
realistic stimulation, and this “hands-on” approach is appreciated by many sur-
geons [5,11].

As a result, operation time, intraoperative blood loss, and overall fluoroscopies
are reduced. Minimally invasive techniques can be used even at complex fractures
as the accuracy of reduction and fixation is increased. Complications, such as iatro-
genic nerve injuries, are decreased [5,6,9,10,12].



Anatomic models

Table 10.2 Summary of 3D printing applications per area in Orthopedic
trauma.

Anatomic region Application

Upper limb

Acromion Model for plate precontouring, patient—surgeon communication
Clavicle Model for preoperative planning, reduction techniques, MIPO, plate

Proximal humerus

Distal humerus,
elbow

precontouring
Model for preoperative planning, simulating operation

3D-printed plates, model for preoperative planning,
patient—surgeon communication, patient-specific instruments

Distal radius Model for preoperative planning, patient-specific instruments

Hand Model for preoperative planning (thumb reconstruction,
vascularized skin flaps and bone grafts)

Lower limb

Acetabulum Model for preoperative planning, plate precontouring, resident
training, patient—surgeon communication, simulating operation,
intraoperative reference, patient-specific instruments

Pelvis Model for preoperative planning, simulating operation, 3D-printed
drill guides

Distal femur Model for preoperative planning, patient-specific instruments

Proximal tibia

ACL reconstruction
Pilon and malleoli
fractures

Talus, calcaneus,
foot

Model for preoperative planning, patient—surgeon communication
3D-printed tunnel guides for anatomical reconstruction

Model for preoperative planning, templating, plate precontouring,
patient—surgeon communication,

Model for preoperative planning, templating, plate precontouring,
patient—surgeon communication, 3D-printed plates

Spine

Fracture-
dislocations

Model for preoperative planning, templates for pedicles screws

Spine surgery is another field of Orthopedics where 3D printing has potentially a

wide range of applications. 3D models are used in cases with spinal deformities (i.e.,
idiopathic scoliosis, kyphosis, meningomyelocele) and help the study of joint incli-
nation, false articulations, and pedicle size. These models were utilized in the pre-
operative setting for the planning of curve correction and pedicle screw
placement, resulting in a safer and more accurate operation [6,13,14].

Pediatric Orthopedic surgeons have used 3D models to manage foot deformities,
Perthes or Blount disease. Osteotomies in either pediatric or adult patients can also
be planned with the aid of such models. The surgeon can study the deformity, choose
the ideal site for the osteotomy, and prepare the angle of correction in all planes
providing him with confidence during operation [6].
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Educational applications

The potential applications for the education of residents and junior surgeons have
not been evaluated as thoroughly. There are numerous theoretical benefits. Surgical
training in Orthopedics is mostly done in the operation theater or on cadavers. On the
other hand, practicing on 3D-printed models offers to trainees a tangible, reproduc-
ible, and easy-to-understand format. It also provides trainers and seniors with a more
accessible and safer way to communicate their knowledge and experience. Files can
be saved, stored, or even shared among institutions. Patient-specific 3D models can
be printed again and again on demand providing a collection of even rare and com-
plex cases that can be used without any limitations for surgical practicing, equipping
residents with familiarity and confidence before entering the operation theater
[3.6,15—18].

Doctor—patient communication

3D-printed models can be critical during a discussion between an Orthopedic sur-
geon and a patient and can assist in the consent process. Patient education is a sig-
nificant part of modern patient-centered healthcare systems. Showing the anatomic
3D model to the patients and their familiars will help them to better understand their
pathology, as well as the operation that will take place and the risks that have to over-
come, especially in complex trauma patients or with spine deformities
[1,3,6,13,16,17].

Patient-specific implants and instruments

Advances in 3D printing technology have highlighted the fabrication of patient-
specific implants. Joint arthroplasty and orthopedic oncology are mostly the fields
of interest. Although custom-made, patient-specific knee implants are available
for primary, noncomplex knee arthroplasty, such customized implants are better suit-
able for patients whose bone anatomy is outside the range of standard implants
regarding implant size or disease-specific requirements. Patients with dwarfism,
hip dysplasia, revision arthroplasty, and bone tumor resection are examples of
such cases [3.4,6,11,17] (Table 10.3).

3D-printed implants can be provided with a porous surface similar to the
conventional implants in order to facilitate osteointegration, minimize stress
shielding and ensure long-term survival. They also can be manufactured by
trabecular metals. Custom-made implants are accompanied with a set of individ-
ualized tools for replicating the planned bone cuts, custom-made trial implants,
and drill guides to facilitate accurate placement of the prosthesis. Full-scale
models for preoperative planning and intraoperative reference and guidance are
provided too.
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Table 10.3 Applications of 3D-printed, custom-made implants.

Medical

condition Problems solved—advantages

Dwarfism Patients too small for conventional implants

Hip dysplasia Acetabular dysplasia, proximal femur deformities due to past
operations

Revision hip Implant fits the defect site accurately, especially for significant

arthroplasty defects as Paprosky type 3, improve osteointegration, trabecular
implants

Spine deformities | Anterior and posterior intervertebral fusion cage implants, lowered
rate of implant dislocation and subsidence, improved correction of
deformity primary stabilization

Oncology Implants fit the defect site, the existence of preplanned soft tissue
attachment sites, used at osteosarcomas, pelvic chondrosarcomas,
spine tumors, tumors of clavicle, scapula, calcaneus

Despite the patient-specific aid and instrumentation, malpositioning of such im-
plants is not rare. On the contrary, accurate placement is still considered challenging,
as intraoperative flexibility is absent. Custom-made implants require time to be
designed and manufactured, while the cost is significantly higher than the traditional
ones. If long-term survival and excellent outcomes were granted, 3D printing would
be cost-effective as revision arthroplasty due to conventional implant earlier loos-
ening would be costly. Unfortunately, this benefit has yet to be proven. There
were not even significantly favorable short-term outcomes that could justify 3D-
printed, custom-made implants for primary arthroplasty.

Patient-specific instruments (PSIs) are used trying to efficiently and accurately
repeat the operative plan. In Orthopedics, this mainly involves a saw and drill guide
for working in a preplanned direction. 3D printing is utilized in creating PSIs by
either printing directly the instrument or printing a real-size anatomic model that
will be the template for conventionally fabricating the final instrument. Such
3D-printed PSIs have been reported in pedicle screw insertion for spinal surgery,
internal fixation of acetabular fractures, templates for osteotomies to correct
bone deformities or malunion of fractures, and saw guides used in arthroplasty
[17]. The most important limitation of PSIs is their potential incorrect positioning
and the inability to realize it intraoperatively. Improvements in imaging technology
and the accuracy of printed models will motivate PSI technology.

Casts and orthotics

Plaster or fiberglass casts and splints are applied for the treatment of most fracture
patients. They can be used either after closed reduction as a permanent, conservative
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treatment or after an operation. These casts are generated by the surface anatomy of
the injured limbs. Patients suffer mechanical pressure during molding and applica-
tion procedure while lack of reproducibility is an additional disadvantage. Tradi-
tional casts create discomfort due to weight, poor ventilation, and skin problems
[19—21]. A cast that is not well-set leads to abnormally applied forces on the injured
limb. As a result, the reduction can be lost; the fracture can be malunited, and local
pressure sores can develop.

These features led to an interest in 3D printing, and the need for the development
of applications for rehabilitation tools was created. Techniques of 3D printing
patient-specific casts for the treatment of distal radius fractures both in adults and
children are well described [19,20]. Initial research on simple fractures shows the
noninferiority of such casts compared to the traditional ones. Fracture healing,
complication rates, and functionality after the removal of the cast were comparable
between two groups in all studies [19—23]. Nevertheless, patients expressed a pref-
erence for the 3D-printed casts, as the pressure-related complications were dimin-
ished and the super-lightweight and well-ventilated design abridged intervention
in patients’ daily activities increasing their satisfaction. On the other hand, the
need for the initial application of a plaster cast cannot still be eliminated. After
closed reduction, primary stabilization with a traditional cast is necessary in order
to proceed to the scanning technique for the manufacturing of the 3D-printed
cast. Increased cost and time required to print a patient-specific cast are issues
that should be solved [19—23].

Orthotics are externally worn medical devices used to modify the structural
and functional characteristics of the neuromuscular and skeletal system. Ankle-
foot orthotics (AFO) are used to support the lower leg, to manage deformities
and imbalance. They are traditionally applied to patients with cerebral palsy,
stroke, head injuries, multiple sclerosis, and clubfoot. AFOs are made using
thermoplastic vacuum forming over a positive model. This is a labor-
assuming and time-consuming technique with several design constraints. 3D
printing technology offers design freedom and manufacture of patient-specific
AFOs with theoretically optimized biomechanics, improved functionality, better
fit, and aesthetics [24,25]. However, 3D-printed AFOs seem to be still under
research and experimental perusal, and their clinical application lacks firm verifi-
cation [25].

Great enthusiasm has been generated over the last years for the development and
manufacture of 3D-printed upper limb prosthesis. A fast quest on the web will
emerge several products, such as Robohand, Andrianesis’ hand, Cyborg beast, IVI-
ANA. 3D-printed prosthesis offers a cheaper alternative to those who cannot afford
the commercial ones. As mentioned above, 3D printing offers design freedom. The
prosthesis can be personalized, rapidly constructed, while improvements can fit each
patient’s needs. On the other hand, there are significant limitations in complexity,
size, and materials that can be used [26].



Future perspectives

Tissue engineering

Bone tissue engineering is a multidisciplinary field of science aiming to create a
structure to regenerate new bone or cartilage. A structural scaffold is provided for
cell attachment and proliferation, which lead to bone or cartilage formation. 3D
printing has recently attracted attention for the research on the development of
such scaffolds.

CT or MRI depicts a patient’s defect, and its parameters are digitized and used in
order to print a scaffold that exactly matches the initial defect. 3D printing technol-
ogy has the advantage of fabricating patient-specific scaffolds with even complex
shape and anatomy, which is quite hard to achieve with conventional scaffold fabri-
cation techniques [17,27—29]. 3D-printed scaffolds are also manufactured faster and
more cost-effectively than traditional methods.

Mechanical properties and structural parameters, such as porosity, pore size, and
interconnectivity, can be precisely defined. Biomaterials used to offer that advantage
of biocompatibility, nontoxicity, and biodegradability [30,31]. New bioceramics can
be utilized, while the combination of natural and ceramic materials or different ce-
ramics is now possible (Table 10.1) [28—30]. Loading scaffold with cells, drugs, and
bioactive molecules can offer the advantage of guiding the cell microenvironment
and multipotency to differentiation to specific tissue regeneration [27,32].

Future perspectives

3D printing technologies have the potential of causing a revolution in Orthopedic
Surgery. The so enviable individualized medicine seems closer to becoming a real-
ity. The consolidation, though, in everyday clinical and academic practice depends
on whether future advances will be able to outflank the stated disadvantages. The
lowering of their cost makes 3D printers more accessible. Printing speed and accu-
racy have been increased, and printers are easier to handle.

Mechanical properties of 3D-printed objects should be ameliorated. Materials
used in 3D printing applications in Orthopedics are metals, ceramics, and polymers.
Objects fabricated by them using 3D printing technology are still inferior to the
traditional ones. Safety of such technology, guidelines, and regulations controlling
applications are more than necessary.

Biological 3D printing remains a significant challenge. Restoring and emulating
the bone complex microenvironment and the macroscopic functionality and proper-
ties are still an illusion. Current applications consist of printing scaffold and loading
it with cells and growth factors. Bioink technology is nowadays evolving.

Educational applications and modeling for preoperative planning are
possible implementations. Long-term follow-up and high-quality clinical studies
are necessary to reveal the pragmatic impact of this technology in Orthopedic
Surgery.
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CHAPTER

The role of 3D printing in
ENT surgery

Marios Stavrakas, Petros D. Karkos, Jannis Constantinidis
ENT Department, Aristotle University of Thessaloniki, AHEPA Hospital, Thessaloniki, Greece

Introduction

Three-dimensional (3D) printing is a rapidly growing technology, with numerous
applications in Otolaryngology and Head and Neck Surgery. Since its conception
in the 1980s, 3D printing—also known as rapid prototyping, solid-freeform technol-
ogy or additive manufacturing—technology and 3D printing equipment have
improved and are less expensive; the expertise is more widespread, and therefore,
it has been available in many parts of the world for medical use in several fields [1,2].

The concept of three-dimensional printing was introduced by C. Hull in 1986,
and it was initially defined as an “apparatus for production of three-dimensional ob-
jects by stereolithography” [3,4]. As it is known, rapid prototyping involved the con-
struction of three-dimensional models by gradually layering material [5]. The exact
technology of 3D printing is still evolving and nowadays the ASTM International
Committee F42 has described seven subcategories of 3D printing methodology, as
shown in Table 11.1 [6]. All of them have their basis on the original principle of
the .STL format (Standard Triangulation Language) which was developed by C.
Hull in the 1980s and practically makes it possible to convert the surface of a
three-dimensional object to triangles. There are several ways to obtain a .STL file
format, such as DICOM data (digital imaging and communication in medicine)
from CT or MRI scans, CAD (computer-aided design) software, or by scanning
the actual object with an appropriate scanning device [3].

Apart from the subcategory classification in Table 11.1, it is worth mentioning
the available technologies and the materials used, aiming to give an impression of
the potential medical applications (Table 11.2). More detailed technical specifica-
tions and advantages/disadvantages are outside the scope of this chapter and there-
fore not analyzed in depth.

Applications in otolaryngology

Several articles can be found in the literature on the applications of 3D printing in
Otolaryngology. These can be categorized according to the relevant subspecialty
(Otology, Rhinology, Pediatric Otolaryngology, Head and Neck Surgery/Laryn-
gology) but also according to the proposed application. Thus, the 3D-printed models
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Table 11.1 ASTM classification of 3D printing technologies [3,6].

Method

l. Vat
photopolymerization
Il. Material jetting

ll. Binder jetting

IV. Material
extrusion

V. Power bed fusion

VI. Sheet lamination

VII. Direct energy
deposition

Brief description

A container gets filled with photopolymeric resin, which eventually
gets hardened by a UV light source.

Material (photopolymeric resin) is dropped through small diameter
nozzles and hardened by UV lamp.

Powder base material spread in even layers and binder is used to
“glue” the particles together to form the programmed 3D shape.
Thermoplastic filament that gets printed through a heating
chamber, then moulded and solidified.

A high-power laser source fuses small particle of the selected
material by scanning the cross- sections generated by the 3D
modeling program on the surface of a power bed.

Sheets of material are bound together through external force.
Creates 3D parts by melting material (usually metal) as it is being
deposited.

Table 11.2 Examples of materials used in different 3D printing methods

[1,39].
Method

1. Stereolithography
2. Fused deposition
modeling

3. Selective laser
sintering

4. 3D plotting

5. Laser-assisted
bioprinting

6. Robotic-assisted
deposition

Materials

Photo-curable polymers, liquid resin

Structural and biopolymers, ceramic polymers or metal-polymer
composites, solid thermoplastic filaments

Powder materials (polymers, metals, ceramics)

Polymers and ceramics (including polycaprolactone,
hydroxyapatite, polylactic acid/polyethylene glycol)
Hydroxyapatite, zirconia, HA/MGB63, human osteoprogenitor
cells, and human umbilical vein endothelial cells
Polycaprolactone, hydroxyapatite, bioactive glass, ceramics,

ceramic-polymer composites

can be used in perioperative planning, patient education, surgical training, grafting,
prosthetics, and reconstruction. A recent systematic review by Canzi et al. (2018)
looked at 121 studies, with the majority of them focusing on perioperative planning
and surgical training. It is also worth mentioning that this study demonstrated that
most of the Head and Neck studies were relevant to preoperative planning, while
ontological studies focused mainly on surgical training in terms of temporal bone
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FIGURE 11.1

Number of relevant publications in the literature, showing that the majority is in the last
decade [3].
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Variation of methodologies and materials used throughout the years [3].

dissection. Rhinology-related studies were fewer, and most of them had to do with
surgical training. The same review article also demonstrated the chronological dis-
tribution of the relevant publications and also the different printing methodologies
(Figs. 11.1 and 11.2) [3].

Education and training

Several studies have explored the use of 3D printing technologies in medical educa-
tion and more specifically in surgical training. Significant advantages are patient
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safety, favorable supervision in a less stressful environment, no need for cadaveric
dissection equipment most of the times, cadaveric specimens can be saved, and
the surgical procedures can be standardized and reproduced. An additional advan-
tage is the haptic feedback that is more realistic compared to virtual reality applica-
tions. The availability of 3D printing equipment has increased over the past several
years, and the cost is getting more affordable.

According to Canzi et al. (2018), there are 23 studies in the literature focusing on
otologic applications in training, mainly having to do with temporal bone surgery
simulation [3]. In 2015, a temporal bone model based on CT scan data of two selected
patients was developed, with well-pneumatized and disease-free mastoids. The final
evaluation of the models showed satisfactory reproducibility of most structures and
anatomical landmarks but also raised two major issues: the accuracy of the ossicular
chain (mainly the stapes) and also the retained resin within the mastoid air cells. The
latter impacts on the drilling experience and can be overcome by adding a small drain
hole in the region of the sigmoid sinus. The authors concluded that the model pro-
duced is useful for training, without depleting a limited supply of cadavers and by us-
ing conventional (nonsurgical) tools, such as Dremel drill [7]. On the other hand, it is
still difficult to approach the “natural” structure of the cadaveric specimen, mainly due
to the “stair stepping” artifact and the lack of anatomical elements such as the dura,
nerves, blood vessels, tympanic membrane, and oval and round windows [8].

Another study by Rose et al. (2015) demonstrated satisfactory reproducibility of
pediatric temporal bone models. This was confirmed by the measurements of three
basic distances on the printed model, CT scan and patient during surgery: 1) sigmoid
to posterior canal wall, 2) sigmoid to anterior canal wall, and 3) height of bony
external auditory canal. The results demonstrated significant anatomic detail and ac-
curacy [9].

Other groups also confirmed the similarity to the cadaveric specimens and the
positive feedback from the trainees [10—12]. More specifically, Hochman et al.
(2014) showed that the tactile feedback is satisfactory by analyzing subjective and
objective methods. The improvement of materials has provided a better simulation
of bone consistency, resulting in a more realistic experience [13]. A useful adjunct in
training is the coupling with electronic simulators which offers the possibility of
real-time alert in case of vital structural injury. An example is the ElePhant model
(Electronic Phantom), where the facial nerve is replaced with a conductive alloy
or fiberoptic material, allowing immediate feedback [14].

There are fewer publications on the applications of 3D printing in the field of
Rhinology. The main topic addressed in these publications is medium- to high-
fidelity simulators of the paranasal sinuses and anterior skull base anatomy, giving
the opportunity to trainees to practice drilling via an endonasal approach. It is impor-
tant to highlight that complex sinonasal and anterior skull procedures are carried out
at tertiary, dedicated centers; thus, some trainees may rarely have the opportunity to
attend or participate [15—17]. Another useful application was introduced by Chiesa.
Estomba et al. (2016) who printed a 3D model for epistaxis management training,
combined with a hydraulic system. This permitted residents to practice on the
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management of anterior and posterior epistaxis, as the model simulated the anterior
and posterior ethmoidal arteries, sphenopalatine artery, and Little’s area [18].

Finally, interesting applications have been introduced in order to simulate trans-
cervical injection of vocal cords [19], bronchoscopy on a 3D printed tracheobron-
chial tree [20], various pediatric laryngeal abnormalities such as subglottic cysts,
laryngomalacia, subglottic stenosis, and laryngeal clefts [21], and balloon dilatation
on 3D-printed cricoid cartilage models [22].

The role of 3D printing in training is very promising in the near future, as new
materials and technologically advanced printers will provide greater precision and
significant similarity to real anatomy. Moreover, models can be printed with specific
pathologies, which can help in preparation prior to surgery or training on more com-
plex and rare pathologies, which the average trainee may never encounter.

Surgical planning and patient education

3D printing has significantly contributed to better doctor-patient communication, un-
derstanding of the anatomy and comprehension of the disease state and proposed
treatment. Sander et al. (2017) introduced a multimaterial sinus model based on clin-
ical imaging data, which helped patients understand their treatment plan and improve
medical outcomes [23]. The challenging design of osteoplastic flaps can be facilitated
by 3D-printed cutting guides [24], and complex sinonasal pathologies can be printed
in order to allow preoperative practice, ensuring safer surgery and reduced surgical
time. Several publications describe the benefits of 3D-printed models in preoperative
planning in otology, cochlear implantation, rhinoplasty, facial plastics, laryngeal
framework/tracheal cases, and reconstruction surgery [1,3,25].

Tissue engineering and prosthetics

Several publications have demonstrated the valuable contribution of 3D printing in
clinical situations and the progress that has been made so far is promising for future
applications.

3D-printed biocompatible scaffolds can work as a framework for chondrocyte
aggregation with promising applications in tracheal reconstruction. Such studies
have been carried out in vitro and in rabbits, with encouraging results [26—29].

Esophageal patches have been printed and assessed on rabbits, promising easier
reconstruction techniques compared to gastric pull-up [30]. In the same direction,
Javia et al. (2012) demonstrated that external 3D-printed splint can be used in treat-
ing tracheomalacia during upper airway reconstruction [31]. The use of 3D-printed
external splint was also studied by Gorostidi et al. (2016) [32].

In the field of Rhinology and facial plastics, there have been efforts to fabricate
artificial alar cartilage made of gum resin [33], customized septal buttons for the
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treatment of septal perforations which provide superior compliance and effectiveness
[34]. Also, 3D printing methods have contributed to auricular reconstruction [35].

Studies on tympanic membrane printing, with superior resistance compared to
temporalis fascia [36] and superior semicircular canal dehiscence repair with
customized prostheses [37] have been published.

Finally, some applications of 3D printing have been explored in the field of Head
and Neck surgery, mainly having to do with reconstruction. More specifically,
several studies have presented the benefits of 3D printing in mandibular reconstruc-
tion, plates, meshes, and mandibular implants. They report good aesthetic and func-
tional outcomes [3].

Future perspectives

At present, the progress in technology and materials has lowered the cost of 3D
printing significantly. In addition, collaboration between scientists has given the op-
portunity for free exchange of models in .STL form (National Institutes of Health’s
3D Print Exchange) (3dprint.nih.gov) [38].

Based on the existing literature (which is growing exponentially), there is still
room for improvement when it comes to model accuracy and material tactile feed-
back. Materials which resemble the bone and soft tissues more closely will allow
better simulation and consequently achieve one of the basic aims of 3D printing
in education, which is surgical training, and hopefully replace cadaveric specimens
in the surgical training laboratory. Moreover, there has been progress in bioprinting,
and this is a key area in the future of 3D printing in Otolaryngology. Osseous and
cartilaginous grafts can replace missing or diseased tissues with low rejection
risk; plates and meshes can be designed to fit exactly the recipient areas, leading
to accuracy and decreased surgical times. Tracheal bioprinted grafts and stents
will revolutionize tracheal reconstruction surgery. It may be possible in the near
future to use functional 3D-printed grafts for reconstruction, to the patient’s benefit.
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Computer-aided design—cost production

More specifically, the pre- and postprinting cost amount to a significant proportion
of total cost per printed part. So, even when the cost for printer materials decreases,
the labor-cost penalty will remain. A “simple” rule says that if no computer-aided
design (CAD) exists, then no 3D print could be done. Getting a CAD is challenging
and may require several man-hours in order to produce basic results. It requires
persistence and discipline to develop the necessary skill. Therefore, there are
many 3D model libraries on the internet for e.g., GrabCAD, Pinshape, Thingiverse,
and several others. But here (until today), you can only 3D print what you can find on
the sites and with many more limitations existing regarding medical applications.

Types of materials—strength-printing techniques

There is a limited set of materials to print. Most of them are thermoplastics. The abil-
ity to print in only a few materials is a major setback in the FDM 3D printing indus-
try. However, plastic may vary in strength capacity and may not be the best for some
components. Popular and low-cost 3D printers use a plastic filament. The “first” se-
lection is the biodegradable polylactic acid (PLA), but the ABS (acrylonitrile buta-
diene styrene) filament is still the most commonly used type of plastic. Some
companies offer metal as a material, but final product parts are often not fully dense.
Other materials like glass, carbon fiber, and nylon are being used, but have yet to
enter commercial production.

Summarizing the current printing technologies, these are found to FDM, SLA,
SLS and Polyjet. A fifth CLIP is still currently not as widespread as these four.

Stereolithography or SLA is one of the older and more widely used 3D printing
technologies. SLA has a smooth surface finish and allows for fine detail. SLA is
limited in terms of materials though, and despite increasing progress on this front,
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the ones available are still pretty far from production materials. The parts are gener-
ally quite brittle and will discolor over time. They are also susceptible to damage by
moisture, heat, and chemicals. These specifications, limit the potential applications
of parts made by SLA, which means that for the most part it is only useful for pro-
totypes and models.

Selective laser sintering or SLS is a great choice for functional models and even
production parts. Their materials are tough and durable. That said, you are again
confronted with a lack of choice with SLS; the nylon PA materials are essentially
all you have. The powder sintering process also means fine details are difficult to
realize via SLS. The parts are porous and have a rough surface which is difficult
to polish and paint (though not impossible).

Polyjet is a Stratasys technology (https://www.stratasys.com/) that shoots very
thin layers of liquid photopolymer to build complex, detailed parts with smooth sur-
faces. Polyjet also allows you to combine multiple colors and materials in one print
so you can create overmolded parts or detailed display models. Despite the multiple
material choices available, they all remain of the same ilk and as such are limited in
terms of the properties, and like SLA materials not very durable. The build accuracy
is different in different directions, and due to the layered build process, there is also a
stepping effect on some surfaces.

We have presented above the basics of the technology specific limitations and there
is also one major limitation facing all current 3D printing processes—the build size.
This is also a critical factor in medical surgery. All of these technologies are limited
by the size of the machines, and the larger they get, the more issues you have with ac-
curacy across the whole build table. It is possible to split and glue parts produced from
FDM or SLA, for example, but again you are losing strength and accuracy. Compact
printing objects may more easily produced by the metal 3D printing. This will probably
only pay off as a substitute for casting at the earliest by 2020, metal printers are already
profitable for small batch sizes. This is because molding is still much cheaper.

Customer satisfaction—after market services

The 3D-printed part when taken out of the 3D printer usually has a bad-to-mediocre
surface finish. Postprocessing techniques like sanding, acetone treatment, or putty
treatment are necessary for a smooth surface finish on the part.

In all the major 3D printers, you cannot 3D print in more than one color. To make
a colored item using a 3D printer, you will first have to 3D print it in white and then
paint it, and painting is not easy, unless done by a professional of course.

Challenges in 3D printing

3D printing, also known as additive manufacturing, is based on the principle of
layered manufacturing, in which materials are overlapped layer by layer using
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fast and reasonably priced equipment. Current challenges of research on 3D printing
technology for medical applications in general can be classified into the following
areas.

Organ models

The use of 3D models within the medical profession has been around since the
dissection of human cadavers in ancient Greece. With the help of 3D printing, syn-
thetic modeling of organs and human anatomy has made a significant step forward.
Human cadavers from ancient days have given way to synthetic models with the
look and feel of human tissue. Eventual reproduction and regeneration of tissue
are now much closer to reality. Recent advancements in 3D printing technologies
have facilitated the creation of patient-specific organ models with the purpose of
providing an effective solution for preoperative planning, rehearsal, and spatiotem-
poral mapping.

Prosthetic parts—personalized plaster (proplasma)

Because of the complexity of making a prosthetic part, the SLA desktop 3D printing
has been found as the most accurate, durable, and cost-effective parts for this job.
Using a combination of plastics, 3D printers fabricate modular prosthetics tailored
to a patient’s anatomy and needs. Prosthetics should be designed to fit individuals’
unique needs and preferences, just like in contraception. There is also the time and
financial cost to patients, who (in many cases) have to travel long distances for treat-
ment that can take several days in order to assess their need, produce a prosthesis,
and fit it to the residual limb. The result is that braces and artificial limbs are among
the most desperately needed medical devices. The first person to test out a 3D-
printed mobility device was a four-year-old girl. For the case of artificial fingers,
the prosthetic procedure begins by creating a CAD template, as is always the case
with the 3D technology. The printed parts are primarily made from PLA or ABS ma-
terial and are used to create the major structure, such as the palms and fingers.

3D printing biomaterials

Bioprinting is a term that has been referring to 3D printing actual living organs and
tissues. In this process, the first step is to take a biopsy of the organ or tissue to be
replaced. Among different types of 3D printing techniques, extrusion-based and
inkjet-based 3D printing methods are commonly used for bioprinting. Due to the na-
ture of 3D printing methods, most of the ceramics materials are combined with poly-
mers to enhance their printability. Polymer-based biomaterials are 3D printed mostly
using extrusion-based printing and have a wide range of applications in regenerative
medicine. Naturally occurring biomaterials, such as collagen, chitosan, hyaluronic
acid, alginate, etc., are widely used because of their biodegradability, biocompati-
bility, and abundant availability. Important factors to make biomaterials suitable
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for 3D printing processes are rheological properties and the method of cross-linking.
Various mixtures for producing bio-based material products are possible. For
example, scientists proposed that it is possible to blend bio-based plastics with other
bio-base plastics, such as TPS with PLA. But it is also common to blend bio-based
plastics with fossil-based plastics, for example, PLA with PBAT. This blend still has
its biodegradable functionality, as both the bio-based PLA and the fossil-based
PBAT are compostable. Blending is another way and is applied tailor-made for a
wide range of applications.

Generally, speaking bioprinting can be defined as additive three-dimensional
fabrication of tissues or organs using cells, biomaterials, and biological molecules.
Until today, three main categories could be found in bioprinting.

e Jet-based bioprinting, which is a noncontact technique in which 2D and 3D
structures are generated using picoliter bioink droplets layered onto a substrate.

» Extrusion-based bioprinting, which dispenses continuous filaments of a material
consisting of cells mixed with hydrogel through a micronozzle to fabricate 2D
or 3D structures.

* Integrated bioprinting, which is the well-known bioprinting technology and re-
lies on cell-laden hydrogels and cell aggregates to fabricate structures.

Opportunities in 3D printing

General speaking, the flexibility of 3D printing allows designers to make changes
easily without the need to set up additional equipment or tools. These capabilities
have sparked huge interest in 3D printing of medical devices. More specific, major
attractions in the growth of the global market of 3D printing are the dental
applications.

Printable dental products are classified as medical devices, and they can have the
following uses: replace or repair a damaged tooth, create an orthodontic model, pro-
duce crowns, bridges, caps, and dentures, and construct surgical tools.

3D printing technology is going to transform medicine, whether it is patient-
specific surgical models, custom-made prosthetics, personalized on-demand
medicines, or even 3D-printed human tissue. As its core 3D printing is the use of
computer guidance technology to create 3D objects, medicine is just another frontier
and challenge. Based on the available literature, 3D printing is on the way to making
this possible, opening up a whole new world of customized medicines. As a conse-
quence, maybe that in the near future instead of a prescription, your doctor will be
giving you a digital file of printing instructions.

By utilizing the cloud-based technology, there will be a delivery concept of CAD
and modeling software from teaching hospitals and specialty centers into the broader
hospital system. Right now, only a small number of hospitals and research institu-
tions have 3D printing capabilities on site, according to the report. But as more
3D printing capabilities come online, increased demand for 3D printing from the
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medical staff can be expected. In the future, in-house 3D printers could possibly be
used in hospitals to rapidly churn out body parts not only for practice, but also to
meet the needs of emergency trauma patients.

According to international conference proceedings on 3D printing in Medicine,
printing technology has a significant role in regenerative medicine. Using the 3D
printing process, veins, nerves, breast tissue, bone replacement material, or corneas
can already be artificially produced today. Bioprinting technology, which supports
the reproduction of organic tissue, enables the precise arrangement of living, human
cells in three-dimensional structures. It is seen as a key technology for producing
functional tissue or whole organs in future. This synergy is also intended to combine
synergies among participants from different areas, to work out and support any na-
tional and international cooperation projects.

Nevertheless, it seems the applications for 3D printing are endless. Scientists
have churned out everything from houses to rocket parts, blood vessels to artificial
limbs. Now, to add to the ever-growing collection of awesome 3D-printed goodies,
medics have used the famous additive manufacturing technology to produce replicas
of infants’ brains in order to practice life-saving but risky surgical procedures. Hav-
ing a detailed model of the brain to work with means that surgeons are no longer
reliant on MRI scans and instinct to perform highly complex and precise operations.

Further reading

[1] Kalaskar DM. 3D printing in medicine. Woodhead publishing; 2017.
[2] Noorani R. 3D printing.technology, applications, and selection. CRC Press; 2018.
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Rapid prototyping
cardiovascular surgery, 38—40
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endograft planning, 126
ENT surgery
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palatoplasties, 35—36
paralyzed vocal cords, 36
silicone-based cleft palate model, 35—36
temporal bone dissection simulators, 35
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fabricated models, 22
fetal surgery, 42
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colorectal cancer metastases, 27
Couinaud classification, 24—26
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EUS-guided biliary drainage (EUS-BD), 27
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29-30
fistula assessment test, 29
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living donor liver transplantations (LDLTs),
26—27
silicone-based 3D-printed stomach simulator,
28—29
thoracoscopic esophageal atresia (EA) and
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transabdominal preperitoneal (TAPP) inguinal
laparoscopic hernia repair, 28
UCI Trainer (UCiT) laparoscopic simulator, 28
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infrarenal aortic aneurysm, 126
maxillofacial surgery, 36—38
medical 3D printing, 26f
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neurosurgery
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endonasal drilling, 32
endoscopic third ventriculostomy (ETV),
30—-31
hollow brain model, 30—31
multimodality 3D superposition (MMTS)
technique, 32—33
ruptured intracranial aneurysms, 31—32
skull base and craniovertebral junction surgery,
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unruptured intracranial aneurysms, 31—32
orthopedic and spine surgery
acetabular models, 33—34
anatomy teaching and research, 33—34
3D printing applications, 33
hybrid gypsum-based 3D-printed training
model, 33—34
preoperative planning, 34—35
scoliosis fixation, 34—35
postprocessing procedures, 22
segmentation procedure, 22
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urology, 40—42
Ring Stacking Method, 129
Robot-assisted laparoscopic partial nephrectomy,
41
Robotic-assisted deposition, 144t
Ruptured intracranial aneurysms, 31—32
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Safety standards
cells and living tissues, 76
3D bioprinting, 76
organ risk, 79t
risk of harms, 78t
printing materials, 76
safety issues, 75
testing issues, 75—76
tissue engineering, 77t
Scoliosis fixation, 34—35
Selective laser sintering (SLS), 22, 23t, 144t, 152
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Silicone-based renal tumor model, 41
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Solid organ transplantation, 98
Stereolithography (SLA), 16, 23t, 144t
cardiac surgery, 120—121
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UV-sensitive liquid resins, 117—118

T
Thoracic aortic aneurysms (TAA), 126—127
Thoracoscopic esophageal atresia (EA) repair, 29
Tissue engineering
bone, 139
liver transplantation, 108—109
orthopedics, 139
otolaryngology. See Otolaryngology
risk of harms, 77t
safety standards, 77t
Tracheal bioprinted grafts and stents, 148
Tracheoesophageal fistula (TEF) repair, 29
Tracheoesophageal prosthesis, 36
Transabdominal preperitoneal (TAPP) inguinal
laparoscopic hernia repair, 28
Transcatheter aortic valve replacement (TAVR)
procedures, 40
Transplantations, 61—62
Traverse arch hypoplasia model, 127
Treaty on the Functioning of the European Union
(TFEU) Regulation, 81
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Vascular surgery
bioprinting, 127—128
postoperative studies
flow dynamics, 129
microfluidic cell culture models, 129
Ring Stacking Method, 129
preoperative planning
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aortic dissection, 125
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arterial abnormalities, 127
CT scan, 125
3D printed models, 125
thoracic aortic aneurysms (TAA), 126—127
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training and education
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medical prototypes, 128
virtual simulation (VR), 128
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