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Introduction

Gerald T. Grant and Frank J. Rybicki

We are in the midst of a technological revolution in
customized patient care. Advances in imaging tech-
niques with digital 3D and 4D rendering and
advances of 3D printing have allowed healthcare
professionals the ability to view and document hard
and soft tissues in such a manner that meaningful,
accurate measurements can be used for fabrication
of medical models for presurgical planning/patient
education, fabrication of surgical templates, and
medical/dental devices for implantation or quality
of life. In addition, 3D print technologies in print-
ing biological tissues will provide a future for many
patients with the eventual printing of human organs.

The media continues to highlight the impact
of 3D printing on patient care on local and
national newscasts, and many have taken a social
media approach to publicize the impact on this
new, innovative way to deliver medical data.
However, until recently, a single healthcare orga-
nization leader has not emerged as a home to
release technologies, to disseminate the peer
review literature, to manage the roles and future
responsibilities of 3D printing in education, and
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to lead discussions with regulatory bodies geared
for reimbursement. This, in turn, has left much of
the responsibilities of current development and
direction to the manufacturers, in response to
individual medical and dental requests.

At the forefront of this entire process is medi-
cal imaging and dental imaging, as radiology and
applied imaging science professionals largely
manage the studies that identify patient-specific
anatomical areas of interest for design and fabri-
cation of customized models, surgical guides,
and medical devices that are 3D printed.
Moreover, much of 3D printing is from medical
images, and several of the more complex steps,
where errors can be introduced, are in image
post-processing. This has historically been per-
formed in radiology departments, using custom-
ized software packages and expertise inclusive in
the training to become a radiologist. For this rea-
son, radiologists feel that much is “at stake” with
medical 3D printing, with enormous opportuni-
ties in the field that are tempered with the fear
that “if we don’t do it, someone else will....”
Radiology has, in turn, stepped up to the plate.
The Radiological Society of North America
(RSNA) recently created its first ever “Special
Interest Group,” focused on 3D printing. In addi-
tion, the Journal of 3D Printing in Medicine was
recently launched and is enjoying increasing
success as a resource for the peer-reviewed
literature.

This book, edited by a senior dentist/prosth-
odontist with over 20 years of experience in 3D
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printing and an academic radiologist with 7 years’
experience, is intended to introduce the field with
straightforward language that will be consumable
for a large audience. This book is not a compre-
hensive survey of all 3D printing in medicine.
Moreover, bioprinting is not covered in these
pages. However, the book explains 3D printing
fundamentals and will serve as a highly useful ref-
erence guide to keep handy in the interpretation of
the increasing body of knowledge in the literature.
Dedicated chapters that focus on hardware and
software applications should prove indispensable
for those who are eager to enter the field. The
book also has important chapters in starting a lab-
oratory within a medical facility and the key fac-
tors in quality and safety that are an essential part
of a 3D printing organization. We include author-
ship from close allies at the FDA who, like us,
share a great interest in stewarding 3D printing
from its current niche applications to more wide-
spread use in the medical community. The book
extends to include chapters on some of those
niche applications. At this point in the exponential
growth of 3D printing, assembling a chapter on
each organ system is challenging, since the field
changes dramatically between the time of writing
and the date of publication. However, we have
included several representative chapters so that
the readership can be enriched with many exam-
ples of how 3D printing is positively influencing
medicine.

1.1 History of 3D Printing

in Medicine

In the mid-1990s, groups from Canada, Wales,
German, and the United States (USA) as well as
the US military began to experiment with the use
of 3D printing for head and neck reconstruction.
as a collaborative organization known as the
Advanced Digital Technologies Foundation
(www.adtfoundation.com). With the help of the
software company Materialise (Leuven, Belgium),
they were able to convert DICOM images into a
Standard Tessellation Language (STL) file to 3D
print. Early images were of bones, for example,
the skull, and these models changed the fabrica-
tion techniques for cranial implants.

In the mid-1990s, Medical Modeling of
Golden Colorado under the leadership of Andy
Christensen offered a commercial service for
medical models, surgical guides, and customized
devices used by both healthcare professionals
and the commercial medical industry. They
became one of the leading groups in making this
technology accessible to healthcare providers
worldwide. Mr. Christensen sold the business to
3D Systems in 2014 at which point it became a
pillar of 3D Systems new healthcare vertical.

In 2005, the Institute for Reconstructive
Sciences in Medicine (iIRSM), as part of the
Alberta Health Services, Universtity of Alberta,
Edmonton, Canada, developed a virtual simula-
tion and 3D print lab. Under the direction of Dr.
Johan Wolfaardt (a prosthodontist), the lab offers
virtual surgical simulation, guide design and fab-
rication using digital techologies and 3D printing
in support of head and neck reconstruction. The
facility has designers, engineers, and a varity of
priniting capabilites. They have been one of the
international leaders in this technology along
with similar facilities in Wales and Germany.

The Mayo Clinic, Rochester, MN, USA, led by
Jane Matsumoto and Jonathan (Jay) Morris, was
to our knowledge the first group to organize a 3D
printing laboratory within a radiology department
outside of the US military in the United States,
and their lab has been one of the leaders in the
field since. They have pioneered the production of
in-house, physician-managed 3D printing within
radiology, and they have the most experience
globally with providing medical models, from
physicians to physicians, for presurgical evalua-
tions, patient education, and medical education,
outside the US military. Drs. Matsumoto and
Morris are also leading educators in the field, with
extensive continuing professional development
courses hosted by the Mayo Clinic.

1.2  History of 3D Printing
in the US Military Medical

Community

A great example of 3D printing’s power is how
the military leveraged the technology in its
infancy and contributed greatly to its current
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uses. Routine use of digital planning and fabrica-
tion of medical models for the military began in
the mid-1990s when Capt. Charlie Richardson,
DC, USN, designed and fabricated medical mod-
els working with the Radiology Department at
the National Naval Medical Center (NNMC),
Bethesda, MD, USA. Medical models were fabri-
cated of craniofacial and orthopedic bony struc-
tures that required extending manufacturing by 3
or 4 days, depending upon the model, using fused
deposition modeling technologies. However,
through his efforts, it was realized that computed
tomography (CT) scans could provide the infor-
mation needed to provide three-dimensional
presurgical data. By the late 1990s, the
Maxillofacial Prosthetics Department at the
Naval Postgraduate Dental School (NPDS) began
to apply this technology to fabricate cranial
implants. A model of the skull was used to sculpt
a cranial plate from wax, a mold was developed,
and a polymethylmethacrylate (PMMA) implant
was processed. The result was a well-fitting
implant requiring little to no adjustments, with a
concurrent 50% reduction in operating room
time. However, the fabrication process was still
time-consuming. By early 2000, stereolithogra-
phy (SLA) additive manufacturing technology
became available at the Walter Reed Army
Medical Center (WRAMC) under contract to
Stephen Rouse, DDS (retired USA), shortening
the model fabrication time. This launched fabri-
cation, not only for models in support of cranial
implants with NPDS but in support of orthope-
dics and neurosurgery. The direction of the devel-
opment and use of this technology became
paramount for reconstruction and rehabilitation
of wounded warriors with the beginning of the
war on terrorism in late 2001. The collaboration
of the WRAMC and NPDS team became essen-
tial, in that they were able to pioneer many differ-
ent techniques to fabricate cranial implants and
cutting guides that provided unprecedented care
in wounded warrior craniotomy/cranioplasty, and
by 2005 the residual calvarial bone from the oste-
otomy that was usually saved for reimplantation
was no longer used.

While design software techniques worked
well when one could “mirror” a non-affected
(presumed to be normal) side, solutions for

midface defects were more difficult to develop.
In 2007, Capt Gerald Grant DC, USN, was
awarded funding to develop a method to capture
pre-combat craniofacial records. This resulted in
the introduction of dental cone beam computed
tomography (CBCT) technologies to the
Department of Defense as well as 3D photo-
graphic technologies of the individual that could
be registered to the CBCT. They were able to put
together a team, NPDS Craniofacial Imaging
Research, that began to work closely with
WRAMC and develop techniques for registra-
tion, surgical guide fabrication, and implant
designs. A SLA device and design software’s
were purchased and installed at NPDS, and the
development of presurgical teams was introduced
to NNMC and WRAMC in craniofacial recon-
structions to neurosurgery, oral maxillofacial sur-
gery, otolaryngology, orthopedic surgery, and
plastic surgery. From this laboratory, several rela-
tionships were formed, including one with aca-
demic medical centers such as John’s Hopkins
Hospital, Baltimore, MD, and the Brigham and
Women’s Hospital, in Boston, MA, USA. It was
in this capacity that Dr. Frank Rybicki began
collaborating as part of the face transplantation
program led by the innovative and brilliant sur-
geon Bohdan Pomahac, MD.

The BRAC (Defense Base and Realignment and
Closure) initiative provided an opportunity to
combine the assets at WRAMC with those at
NPDS, and a site was selected that co-located the
facilities to provide better collaboration with the
BRAC assets co-located with the Maxillofacial
Prosthetics Laboratory. The new 3D Medical
Applications Center (3DMAC) fell under the
Department of Radiology at Walter Reed National
Military Medical Center Bethesda (WRNMMCB),
and the services were expanded to include many
different additive manufacturing systems, such as
titanium which allowed direct fabrication of cranial
implants, and access was expanded worldwide via a
public secured website. This expanded the use of
these technologies to orthopedics, pediatrics, oph-
thalmology, limb prosthetics, occupational health,
maxillofacial prostheses, dental, and a host of
research activities worldwide. The staff was
expanded to include a PhD biomedical engineer, a
metals engineer, and two CT technicians to design
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anatomical models that worked in conjunction with
NPDS’s craniofacial imaging team, which included
an aerospace engineer, two staff maxillofacial
prosthodontists, rotating residents, and rotating
midshipmen from the United States Naval Academy
as part of the Capstone Program to increase devel-
opment of advanced medical/digital technologies in
treatment of wounded warriors.

3D printing continues to be used for custom-
ized patient-specific treatments at WRNMMCB.
Custom fabricated cranial and reconstruction
titanium implants are fabricated for patient-
specific implantation. Presurgical medical
models, medical devices, and custom attach-
ments for prosthetic limbs have been developed
to accommodate wounded warriors to improve
surgical outcomes, quality of life, assist in med-
ical research, and provide customizable devices
for occupational health.

1.3  Current 3D Printing

Medical 3D printing centers span both industry
and civilian medical centers. There are several ser-
vice models to obtain printed models, including
outsource images (e.g., a CT scan or MR images)
to vendors such as Materialise who in turn provide
consultation and 3D printing. Similarly, recent
years have seen collaboration between software
and hardware companies, for example, Vital
Images and Stratasys, two leaders in their respec-
tive fields of 3D visualization and 3D printing
hardware, have marketed a service model designed
to leverage expertise from both sides to accept
auto segmented STL files and provide models.

Many medical centers have begun to emulate
the organization and infrastructure from the Mayo
Clinic, capitalizing on the medical expertise in
house and assembling the physical and human
resources needed for a functioning lab. These are
detailed in a chapter in this book, based on the
laboratory at the University of Ottawa Faculty of
Medicine. Education has provided a bridge to
other centers. Beginning in 2013, the RSNA has
hosted didactic sessions in 3D printing, and for
the past several years, hands-on courses have been
available, with the number of students in these
teaching sessions exceeding 1000.

To meet the needs of medical 3D printing, the
manufacturers such as 3D Systems and Stratasys
have begun to develop printers that provide the
ability to print open vessels, different colors, and a
variety of materials. For more than a dozen years,
the medical sector has been featured at the Society
of Mechanical Engineers (SME) RAPID meeting.
Finally, workgroups within the SME have begun
to engage with the community, in particular to
work, as other groups have, to look at medical
reimbursement. Comments on these important dis-
cussions are also covered in later chapters.

3D printing is truly one of the leading tech-
nologies of our time; we hope that this book will
provide essential information and that it will help
you understand the impact that 3D printing can
have on medicine in the hopes of improving the
outcomes and quality of life for many patients
around the world. Finally, we genuinely believe
that the leaders in the next generation of 3D print-
ing will be reading this book and that we can
inspire others to enter the field and make gainful
contributions.
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Dimitrios Mitsouras and Peter C. Liacouras

2.1  Introduction

The first three-dimensional (3D) printing tech-
nology was invented in the early 1980s to fill the
need for rapid engineering of design prototypes.
The process, also known as “rapid prototyping”
and “additive manufacturing,” widely expanded
in the fields of architecture and manufacturing in
the 1990s. Today there is a multitude of diverse
3D printing technologies that can manufacture
objects using a vast array of materials, from ther-
moplastics and polymers to metal, capable of
fulfilling most engineering and design needs.
Medical applications of 3D printing can be
tracked to the mid-1990s. It is only within the last
5 years, that it has gained tremendous momentum
and is now used daily in hospitals and private
practices around the globe.
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An early “3D printing lab” is rapidly emerg-
ing in many medical specialties. Many of these
labs are in academic hospital radiology depart-
ments, while others are in cardiac or orthopedic
surgery departments and practices. Their devel-
opment will likely mirror the path of the “3D lab”
as it evolved in radiology departments around the
world. 3D labs began emerging more than a
decade ago to fill the need of radiologists to com-
municate pertinent findings to medical care teams
by visualizing the 3D volumetric imaging data
acquired by diverse medical imaging modalities
in anatomic rather than traditional acquisition
planes (Fishman et al. 1987; Rubin et al. 1993).
A handheld model derived from DICOM images
represents a natural progression from its 3D visu-
alization. The demand for such ‘“anatomic”
3D-printed models for interventional planning is
poised to grow as the technology becomes more
available (Mitsouras et al. 2015; Giannopoulos
et al. 2016). However, 3D printers offer a multi-
tude of opportunities to benefit medical practice
beyond anatomic visualization and hands-on sur-
gical simulation. With 3D printing, patient-
specific implants, guides, prosthetics, molds, and
tools can also be manufactured to directly treat
patients. This creates opportunities for 3D print-
ing centers to be housed in hospital departments,
for example, prosthetics, where the correspond-
ing expertise exists. However, due to the large
investment, it is economically sensible for hospi-
tals to avoid duplicating these centers across spe-
cialties, and thus the model emerging in some

EJ. Rybicki, G.T. Grant (eds.), 3D Printing in Medicine, DOI 10.1007/978-3-319-61924-8_2
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institutions at the forefront of the technology
involves a single 3D lab that is in its own divi-
sion, staffed with faculty across specialties and
cross appointed to that division. Such a central-
ized 3D printing division can effectively serve
the needs of an entire hospital.

Until the technology is sufficiently proven and
high-quantity “production” parts become com-
monplace in medical practice to support such
centralized processes, rapid implementation of
the 3D printing lab is currently underway in radi-
ology, empowered by decreasing 3D printing
costs and improvements in software tools to con-
vert DICOM images to 3D-printed objects. The
substantial start-up financial and physical space
costs of purchasing and operating a 3D printer
need to be wisely invested based on the needs of
each practice. Furthermore, there are many fac-
tors which contribute to the construction of an
accurate 3D-printed model (George et al. 2017a).
Doing so requires diverse staff that possess
expertise spanning many disciplines from engi-
neering, physics, chemistry, to medical special-
ties starting with radiology and surgical and
rehabilitation specialties. This chapter reviews
3D printing technologies without assuming a
specific background so that all stakeholders may
utilize it. The review of 3D printer capabilities,
including communicating 3D models to them and
the types of materials they can use, will assist the
clinical practice in the informed investment of a
3D printing technology based on specific clinical
needs.

The first additive manufacturing technology,
stereolithography (SLA), was invented in 1980,
patented in 1983, and commercialized by 3D
Systems in 1987. Many other 3D printing tech-
nologies have since emerged that use energy or
chemistry to produce printed objects. At present,
the term 3D printing is used to collectively refer
to additive manufacturing technologies or rapid
prototyping. We have prioritized the technologies
used for 3D printing from medical images based
on emerging uses reported in the medical litera-
ture, including pre-/postsurgical models, custom
surgical guides, prosthetics, and customized
3D-printed implants. 3D printing in medicine
involves the fabrication of organs depicted in

DICOM images, and potentially tools, guides,
and implants that fit those organs. 3D bioprinting,
the process by which living replacement tissues
or organs are manufactured, is not covered in this
chapter.

2.1.1 Communicating with a
3D Printer: The Standard
Tessellation File Format

and Beyond

3D printers cannot interpret DICOM images.
Instead, 3D printing technologies accept a digital
description of a 3D model, which they then man-
ufacture into a physical object. To date, these
digital object descriptions are limited to 3D sur-
faces that enclose a region of space. A 3D printer
manufactures these objects by filling (entirely or
in a porous fashion) the space enclosed by each
such surface with a solid material. The solid
material is created by energy deposition, for
example, by melting a solid and selectively lay-
ing it in the region enclosed by that surface, or by
a chemical reaction, for example, by solidifying a
liquid selectively in the locations enclosed by
that surface. How these surfaces are described
and stored is thus a critical component of under-
standing and using 3D printing technologies.
How these surfaces are generated from a patient’s
DICOM images to describe the specific organ,
tool, guide, or implant that is to be manufactured
is discussed in Chap. 3.

A standard file format to define these surfaces
is the Standard Tessellation Language or, as also
commonly referred to, the stereolithography file
format, abbreviated as “STL.” The STL format
defines surfaces as a collection of triangles (called
facets) that perfectly fit together without any gaps,
like a jigsaw puzzle (Fig. 2.1). There are two types
of STL files: “binary” STL files that can only
describe a single “part” and “ASCII” STL files
that can contain multiple independent parts. A
single part is a single, fully connected surface that
encloses a single region of space. It can be printed
with a single material property (e.g., a specific
color and hardness). STL files are thus ideal
for printing a single organ, implant, guide, or
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Fig. 2.1 DICOM images cannot be directly communi-
cated to 3D printers for printing. 3D printers currently
accept digital 3D models, typically defined by surfaces
stored in the STL file format. A CT (left panel) from
which the humerus is segmented (second panel from the
left) for 3D printing must be converted into an STL file

component of a tool that is not connected to other
components (e.g., a single gear of a tool). This is
a limiting format for medical printing. For exam-
ple, if one wishes to 3D print a vessel wall with a
calcified deposit, with the wall and calcification
printed in different color and/or with different
material properties (e.g., a soft material for the
wall and a hard material for the calcification), two
STL surfaces are required, and these must be
stored in either two binary STL files, one for the
vessel wall, and one for the calcification, or one
ASCII STL file. Some printers restrict printing all
objects in a single ASCII file with a single mate-
rial, so that the latter is not an option.

In any case, the operator generating these STL
files must not only ensure that the tissues described
in the files accurately represent the anatomy, but
also that the two models touch along a single side
of each of the two surfaces described by the STL
files, without leaving any space between them,
otherwise the printed model would neither reflect
physiology nor remain in one piece after printing.
This approach does not scale well; for example,
there is no simple way to use STL files to print
this vessel if it contains a mixed plaque, with sev-
eral small calcifications within a lipid-rich core.
For this example, a digital description of the
plaque model would ideally describe a single ana-

(two right-most panels) for sending to the 3D printer.
Although STL files are usually presented by a rendering
(third panel from the right), the underlying surface is in
fact composed of simple triangles (far right panel) that fit
together precisely and exactly as a jigsaw puzzle, with no
gaps between any triangles (inset)

tomic model (plaque) and differentiate only spe-
cific locations within that model that are calcified
versus lipid-rich so that they can be printed with
different materials of, e.g., different colors to
reflect their different tissue properties, rather than
requiring independent STL files for each small
calcification. Furthermore, STL files offer no
opportunity to manufacture an object with a
graded transition between two or more 3D print-
ing materials, which could be used to 3D print a
model that also conveys tissue ‘“texture.” For
example, it is not readily possible to print cancel-
lous bone with inhomogeneous material proper-
ties (e.g., hardness) that could represent
information regarding trabeculaec and marrow or
the gradual transition to healthy tissue in the case
of an infiltrating tumor.

Approaches to achieve 3D printing of organs
with inhomogeneous material properties are an
active area of research to enable medical models
to convey not only tissue biomechanical proper-
ties but also radiographic properties. For exam-
ple, we are actively exploring the use of
inhomogeneous 3D printing material mixtures
when printing a single organ to be able to gener-
ate a printed model that replicates the image
signal characteristics of the organ under com-
puted tomography (CT) and magnetic resonance
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Fig. 2.2 3D-printed model of a patient with L1 left
lamina osteoblastoma that replicates radiographic sig-
nal intensities similarly to in vivo patient imaging,
including the tumor (red arrows), adipose tissue

(MR) imaging (George et al. 2017b; Mitsouras
et al. 2017; Guenette et al. 2016; Mayer et al.
2015). Such radiographically “biomimicking”
models (Fig. 2.2) could enable the use of 3D
printing for interventional radiology procedures
such as thermal and nonthermal ablations, ultra-
sound-guided biopsies, and invasive catheter
angiography-based procedures that are an impor-
tant field in which 3D printing currently has only
limited applications.

A second limitation of STL files is that there is
no standard that is portable across softwares to
store the intended color and material properties for
a tissue model. At present, 3D printer-specific
software is used to assign these properties to each
STL file loaded for printing, which can be a tedious
process and error-prone if there is a disconnect
between the needs of the clinician producing the
model and the technician running the printer.

The Additive Manufacturing File Format
(AMF) and 3D Manufacturing Format (3MF) are
newer file formats designed to overcome many of
the limitations of the simple STL format, includ-
ing the ability to incorporate features such as sur-
face texture, color, and material properties into
each part (Hiller and Lipson 2009). The AMF

including foraminal fat (brown arrows), and spinal
nerves (green arrows). At present there is no way to
readily communicate such models to 3D printers

format standard was approved by the American
Society of Testing and Materials (ASTM) in June
2011 (ISO/ASTM 2016), but with a few excep-
tions, it is not yet available in most softwares
used to convert DICOM images into 3D-printable
models. We expect it will become more common-
place in the next few years as the medical appli-
cations of 3D printing are expanded to better fit
the richness of tissues differentiated by present-
day imaging, for example, producing elastic vas-
cular models with embedded hard plastics to
represent stents or calcifications.

It is likely however that these newer formats
will also be insufficient for emerging specialized
medical applications, for example, the interven-
tional radiology paradigm described above,
where each location in the interior of a digital
organ model would ideally need to be assigned
different material properties (e.g., to achieve a
model that possesses different CT numbers or
MR signal intensities within the 3D-printed vol-
ume). We expect such complex medical 3D
applications will lead to the development of
additional file formats that are less reliant on the
concept of a set of solid “parts” (e.g., organs)
each of which has a single set of color and
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material properties. Such future file formats will
likely enable one to specify, radiologic and/or
mechanical material properties within the vol-
ume occupied by the tissue to be printed, corre-
sponding more directly to the concept of an organ
composed of multiple tissues rather than a “part”
commonly considered in engineering 3D printing
applications.

2.1.2 3D Printing Technologies

3D printers use data encoded in the STL, AMF or
other file format to successively fuse or deposit
thin layers of material. Each layer is circum-
scribed by a set of closed curves that trace the
outer surface(s) of the object being manufactured
at that corresponding layer. The printer manufac-
tures each such layer by filling the area enclosed
by those curves with a material at a specified
thickness (e.g., 0.1 mm). This is similar to the
process of segmenting a tissue by successively
identifying 2D regions of interest (ROIs) that cir-
cumscribe the tissue on consecutive cross-sec-
tional images, each of which was acquired at a
given fixed slice thickness. The 2D ROI is con-
sidered to fully circumscribe the tissue (and only
that tissue) throughout the entire thickness of that
cross section.

The taxonomy and terminology of 3D print-
ing, which conveys how each printer’s technol-
ogy achieves the process of solidifying each
layer and/or the fusion of the successive layers,
are rapidly evolving. Complicating matters fur-
ther, to date there has been no standardization of
the nomenclature used in the biomedical litera-
ture to convey these different processes
(Chepelev et al. 2017). However, a thorough
understanding of the principles of each technol-
ogy using a current, commonly accepted classi-
fication (Huang and Leu 2013) adopted as
ASTM standard F2792 and International
Organization for Standardization (ISO) stan-
dard 17296-2:2015 (ISO 2015) enables the end
user to understand, interpret, and replicate the
various techniques published in the literature.

In the current standards classifications, there
are seven specific groups of technologies. These

are vat photopolymerization, material jetting,
binder jetting, material extrusion, powder bed
fusion, sheet lamination, and directed energy
deposition. The first five technologies are those
most commonly encountered in medicine. Sheet
lamination and directed energy deposition are
less commonly utilized but still may provide a
benefit when used for certain applications. Each
technology has strengths and weaknesses as it
pertains to its uses in clinical 3D printing
(Table 2.1), and these are reviewed below.

2.1.2.1 Vat Photopolymerization

This 3D printing process is more widely known as
stereolithography (SLA) or Digital Light
Processing (DLP). It has three basic components:
first, a high intensity light source (typically ultra-
violet [UV]-A or UV-B); second, a vat or tray that
holds an epoxy- or acrylic-based photo-curable
liquid resin which contains monomers and oligo-
mers; and third, a controlling system that directs
the light source to selectively illuminate the resin
(see below). Layers of the resin are sequentially
cured by exposing it to the light source in the
shape of only that cross section (i.e., ROI) of the
model that is being built at that layer (perpendicu-
lar to the printer’s z-axis). The light initiates a
chemical reaction in the resin which causes the
monomers and oligomers to polymerize and
become solid. Once a layer of the object becomes
structurally stable, the model is lowered (or raised,
for bottom-up printers) by one layer thickness
away from the active layer so that liquid resin now
covers the top (or the bottom for bottom-up print-
ers) of the previously printed layer. Polymerization
of each layer is typically not fully completed by
the controlled light source in order to allow the
next layer to bond to the last one.

Each layer thickness is thus printed until the
final layer is complete. After printing, excess resin
is drained, and a solvent or alcohol rinse (gener-
ally in an industrial parts washer) is used to clean
the model. Lattice support structures (Fig. 2.3)
that are automatically added by the printer to
achieve printing of overhangs also need to be
manually removed. A final post-processing step is
required, which involves “curing” the model in a
UV chamber to complete polymerization of the
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Fig.2.3 Example of model of a scapula 3D printed using
a bottom-up stereolithography vat photopolymerization
3D printer. During printing, the printer also prints a lattice

Fig. 2.4 Models 3D printed using a large, professional
top-to-bottom stereolithography vat photopolymerization
3D printer (left panel). Printed models need to undergo

layer bonds (Fig. 2.4), rendering this as one of the
more labor-intensive methods. Finishing may also
be required, for example, to smooth step edges
(light sanding) and application of a UV-resistant
sealant.

of support rods (red arrow) that allow printing those por-
tions of the model that would otherwise have nothing
underneath them to support the printed material

UV curing to finish. Lattice supports present must be
removed during model post-processing. Materials and
machine size can vary

The difference between SLA and DLP is the
light source and how it is controlled to selectively
illuminate and cure the resin. In SLA, the light
source is a laser which is directed by mirrors to
different locations on the liquid’s surface (x—y
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plane). The mirrors continuously and progres-
sively cause the laser to trace the entire area of
each layer of the object being printed. DLP
instead uses a projector, such as those used in
movie theaters, which instantly illuminates the
entire shape of the layer of the object being
printed onto the liquid’s surface. DLP tends to
require less time to print an object as each layer
doesn’t need to be progressively “raster scanned”
but, apart from specific machines, most often
lacks the high resolution of SLA afforded by a
laser beam. An exciting new bottom-up DLP
printer technology has been recently developed
that uses an oxygen-inhibiting layer or “dead
zone” above a membrane that sits at the bottom of
the vat holding the resin. The oxygen layer inhib-
its polymerization at the interface of the mem-
brane and the printed object. This proprietary
technique, termed ‘“‘continuous liquid interface
production” (CLIP) by one 3D printer manufac-
turer (Carbon 3D, Redwood City, CA), reduces
the mechanical steps involved in vat photopoly-
merization, offering prints at one or two orders of
magnitude faster than other 3D printing technolo-
gies (Tumbleston et al. 2015), and can be as short
as 5-10 min for, e.g., a scapula. Other similar
approaches such as the Intelligent Liquid Interface
(ILI™, NewPro3D, Vancouver, Canada) can pro-
vide larger build platforms, drastically cutting
down build speeds and limitations on size.
Mechanical steps are otherwise required in bot-
tom-up printers to free the last printed layer from
the transparent material (e.g., glass) floor of the
vat to which the polymer adheres to as a
consequence of the polymerization process.
These steps typically involve lowering or shifting
the vat by a small amount until the model, held in
place by a base at the top, has come fully loose
from the vat floor and subsequently returning the
vat to just one layer thickness away from the pre-
viously printed layer. This process, in conjunction
with constraints placed by the resin, e.g., to relieve
internal stresses between layers and to allow flow
of new resin below the model, accounts for the
bulk of printing time with this technology.

Vat photopolymerization is frequently used for
medical 3D printing, particularly for bone appli-
cations. It is also the only technology with which

it is possible (with sufficient care taken in orient-
ing the model in the build tray) to print hollow
vessel lumens that are not filled with solid support
material (Fig. 2.5) that may pose significant diffi-
culty in removing, particularly for small, long, or
tortuous vessels such as the coronaries, cerebro-
vasculature, and visceral aortic branches.
However, materials are relatively expensive
~$210/kg. Top-down SLA printers require the
resin to be maintained at a specific level in the vat,
which can involve a costly investment for printers
with larger build envelopes. Generally, the widely
used commercial machine’s build platform sizes
range from less than 12.5 x 12.5 x 12.5 cm to as
large as 210 x 70 x 80 cm or more. The smaller,
desktop devices are often used to fabricate dental
models and implant guides and hearing aids.
Photopolymer materials are available in many
colors and opacities ranging to translucent, as
well as with material mechanical properties,
such as flexible or rigid (Fig. 2.5). Older
stereolithography-printed parts were relatively
fragile. Newer acrylonitrile butadiene styrene
(ABS)-“like” materials offer improved mechani-
cal properties. Finally, short-term biocompatible
material (see Sect. 2.2 below) are available and
can be used to print sterilizable surgical tools and
guides with appropriate post-processing. It is rec-
ommended to follow the manufacturer’s specifi-
cations for proper material post-processing,
cleaning, and sterilization particularly, but not
only for tools and guides.

It is important to note that commercially avail-
able vat photopolymerization can print a model
containing only a single material (color/proper-
ties), as only one liquid resin can be held in the
machine’s vat. To produce medical models with
multiple materials (e.g., colors), each part of the
model needs to be separately printed and later
assembled together (Fig. 2.6). Transparent mate-
rials exist for higher-end printers that allow high-
lighting of internal structures (such as nerve
spaces, tumors, teeth, plates) in the printed
anatomy. This is done in the printer software by
overexposing the material in the precise
anatomical regions of those internal structures.
The highlighting occurs via overexposure of the
resin to the light source, that can be achieved e.g.,
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Fig.2.5 Applications for which vat photopolymerization
3D printer technology is well suited, namely, small arte-
rial models and particularly hollow models printed with a
flexible material where a support lattice is only required

by adding multiple copies of the structures to be
highlighted (leading to multiple exposures of
those model regions), or slowing the laser speed
or increasing the laser intensity when printing
those regions. The additional energy in this step
tints the resin or activates a color additive within
the resin to create the contrast. Finally, depending
on the desired physical and mechanical proper-
ties of the photopolymer material, a heat treat-
ment of 4 or more hours may be required. Thus,
vat photopolymerization produces some of the
smoothest, high-resolution models among 3D
printing technologies, although it has limited
versatility for printing multicolor/material mod-
els. In most cases, the lengthier (rate-limiting)

external to the lumen with appropriate positioning of the
model on the build tray (renal artery aneurysm shown in
the left hand panel) and bone 3D printing (hemipelvis
with prior hardware in the right panel)

step is the printing itself. New CLIP and ILI™
technologies can offer extremely fast printing
speeds compared to other technologies, but
cleaning and post-processing procedures may
then become the rate-limiting step.

2.1.2.2 Material Jetting

Material jetting is a different technology but
related to vat photopolymerization in that it relies
on the same chemical principles. Unlike vat pho-
topolymerization printers, material jetting print-
ers do not hold the material in a vat. Instead, they
are analogous to inkjet document printers. Just as
inkjet printers jet ink onto paper and allow it to
dry, material jetting 3D printers jet microdroplets
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Fig.2.6 Example of model of a bilateral renal aneurysm
printed with vat photopolymerization (left-hand panel)
with arteries printed in gray, veins in black, and kidneys in
white. Each component was printed separately using the
different-colored resins and later meticulously assembled
together. This is not always readily (or at all) possible as

of liquid photopolymer resin onto a build tray and
polymerize it with UV light. The jetting heads
scan across the build tray (e.g., left to right and
front to back, i.e., the printer’s x—y axes), and a
controller instructs them to spray/extrude micro-
droplets of the resin only when passing above
those locations that are to be filled for the layer of
the part currently being printed. Once the layer is
completed, the build tray is incrementally low-
ered, and the jetting heads begin scanning across
the x—y plane to print the next layer. In some print-
ers, the print heads rise, while in others, the build
platform lowers by one layer thickness to print
subsequent layers. Two or more sets of jetting
heads are required, one set for the photopolymer
used to build the model and one set for “support
material.” The support material is a gel-like or
wax material necessary to support overhangs and
complicated geometries. Overhang support is
essential to the build success of this technology,
since resin cannot be jetted onto empty space
below (Fig. 2.7). The composition of the support
dictates the removal process. Common support
removal processes include soaking in mild soap
solutions, by hand, with pressurized water sprays,
or by melting. Other part post-processing such as

shown for a model of a distal esophageal gastrointestinal
stromal tumor (GIST) where the aorta curves around the
esophagus (right-hand panel). This required printing the
aorta in three pieces for assembly around the systemic
veins and GI tract

curing is not typically required, except for specific
materials, e.g., a thermal treatment can enhance
the printed part’s thermal properties, to increase
the part’s heat deflection temperature. While like
SLA material jetting enjoys high resolution, of the
order of a few tens of microns in all three axes,
models tend to have a matte surface finish. This
may create a need to apply clear coat (paint or
resin) to models to enhance transparency for
clear materials and to give a smooth model
appearance.

Overall, material jetting machines are a versa-
tile technology for printing anatomic medical
models. Material can more easily be swapped
than for vat photo polymerization printers, since
they are stored in cartridges, and multi-material
machines allow for numerous different material
colors and properties to be used to print a single
model. Multi-material printers have multiple
print heads, enabling a single model to be printed
containing regions printed with each of the mate-
rials loaded in each print head. For example,
transparent organ models can be easily printed
with internal elements such as nerves, vessels,
hardware, or tumors, each visible in a different
opaque color (Fig. 2.7). In higher-end printers,
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Fig. 2.7 Model of a mandible highlighting internal fea-
tures (teeth, impacted molar, alveolar canal, and cyst) 3D
printed using a material jetting printer. Support material
(red arrow, top left panel) is removed using a water jet
(bottom left panel). The model is then allowed to dry, and

the materials in each print head can also be mixed
during the printing, thus allowing for tens to
hundreds of “digital” materials (i.e., on-the-fly
created combinations of materials) to be used to
print a single model (Fig. 2.8). This is done by
controlling the relative ratio and multiplexing of
the microdroplets jetted from each head when
printing each location of the object, allowing
seamless mixing of the different materials held in
each head. Flexible materials are also available
and when mixed with a solid can be used to
achieve different durometer (hardness) and
mechanical properties, ranging from flexible
(rubberlike) to hard/rigid. For numerous of these
machines, short-term biocompatible material is
available for printing of surgical tools and guides.
A number of manufacturers of this technology
market machines specifically for dental casts and
dental implant guides. Again, it is recommended
to follow the manufacturer’s specifications for
proper model post-processing, cleaning, and
sterilization.

Material costs are among the highest across
3D printing modalities, (~$300/kg), but are
delivered in cartridges for as-needed use. Each
individual printer manufacturer tightly controls

a clear coat is applied to aid in transparency yielding the
final product (right-hand panel). In the above picture, one
can see a mandible with internal features (teeth, impacted
molar, alveolar canal, and cyst highlighted

materials, using microchips located within the
cartridges that are read by the printer to identify
the cartridge. In addition to the inability to use
third-party materials, expiration dates stored on
the chip block material limit use after expiration.
Machines with different-size platforms are avail-
able with a maximum size of 100 x 80 x 50 cm,
but the technology is somewhat slow, with, for
example, a pelvis requiring of the order of
24-48 h to print, rendering printing time the
rate-limiting step.

2.1.2.3 Binder Jetting

Binder jet printers are also in some aspects similar
to document inkjet printers. A print head scans the
x—y plane and jets a liquid binding agent on to a
bed of fine powder in the shape of the currently
printed layer of the object. The binding agent
selectively bonds the powder wherever deposited.
Many binder jetting printers incorporate color
print heads or binders, to achieve color either
throughout or only on the outer (visible) surface of
the model. Colors in a large range are possible
with this technique, similar to that of paper-printed
documents. The color is achieved by either mixing
multiple colored binders or mixing colored ink



D. Mitsouras and P.C. Liacouras

Fig.2.8 High-end material jetting printers allow printing
models using mixtures of two to four base resins loaded
into the machine. Here, 14 cubes were printed in a
machine with two material heads, one loaded with a flex-
ible black-colored material (cube in fop left corner was
printed with that material at 100%) and the other loaded

with a rigid white material (cube in bottom right corner).
The cubes between these two were printed with a “digital”
mixture (specially designed matrix of interwoven droplets
from each material) to achieve different mixtures of the
two base materials having different properties from flexi-
ble to increasingly rigid and color from black to white

Fig.2.9 Model of skull printed using a binder jet printer.
Powder bed onto which colored binder has been laid is
shown mid-print (left panel). Once the print is completed,
the model is dug out from the powder using a vacuum

onto a monochrome, usually white, binder during
the jetting process. After each layer is bonded, the
build tray is lowered, and a roller is used to deposit
a new thin layer of powder covering the print tray.
Binder jet offers a versatile option for economical
printing of multicolor models, with the color pal-
ette of a single model easily being in the thousands
of colors. Limitations of commercial printers in
this family are the inability to print translucent or
flexible models and that the printed models can be
composed of only a single powder, usually primar-
ily composed of gypsum, ceramic, or sand. Printed
models are rough in surface finish, and intricate
models are fragile before post-processing
(Fig. 2.9). Post-processing involves first vacuum-
ing and blowing off unbonded powder to clean the
model and then “infiltration” of the model with
cyanoacrylate, wax, resin, or metal. The choice of

(middle panel top row), and any unbound powder remain-
ing is removed using an air jet (middle panel bottom row).
The model is completed by infiltration to strengthen it
(right-hand panel)

infiltrate is dictated by the material in the printer
and contributes to the final strength of the part.
Generally, for medical models printed with pow-
der composed primarily of gypsum, sealing with
cyanoacrylate is adequate. With some materials,
infiltrating with an elastomer can be used to pro-
duce models that are somewhat deformable (elas-
tic). It is unlikely that biocompatible models can
be easily produced with this technology as pow-
ders, binders, infiltrates, and possible infiltration
depth would all affect biocompatibility; however,
it may be possible to attain this characteristic with
certain infiltration processes.

Binder jetting is used extensively to print
models for anatomic visualization with color-
coded anatomy (Fig. 2.9). Newer software also
allows for bony anatomy to be colored according
to the bone density and vascular data populated
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from DICOM reconstructions such as typical 3D
visualizations. The popularity of this technology
is driven by two significant strengths. First, mate-
rials are relatively less expensive than other print-
ing modalities, at ~$150/kg after infiltration.
Second, support structures are not needed since
the model is continuously supported by unbonded
powder that fills the build tray during fabrication.
This allows fine overhanging structures such as
small vessels to be directly printed a proviso
great care in powder removal and model cleaning
is exercised, since the plaster-like or sand materi-
als are generally fragile before infiltration.
Accordingly, care must be taken in general when
recovering the printed model to ensure that small
pieces are not damaged. In special cases, support
structures can also be incorporated so that larger
overhangs of a model will not fracture from its
own weight and green strength during the powder
removal process. The largest build platform cur-
rently available is roughly 180 x 100 x 70 cm.
This technology is widely used in medicine for
anatomic models due to its affordability, reliabil-
ity, and speed capable of, e.g., printing a full skull
in approximately 8 h, color capability, and ability
to print parts without supports attachment sites
that need to be disloged (broken off) the model.

2.1.2.4 Material Extrusion

Material extrusion, also known as fused deposi-
tion modeling (FDM), represents the most wide-
spread and economical 3D printing technology,
especially when including nonmedical applica-
tions. It is the most commonly used technology
for consumer-based “at home” printers and has
thus been widely used by researchers in medical
3D printing. Due to the broad range of printers
that fall into this category, this chapter will focus
primarily on FDM 3D printers viewed as com-
mercial machines. In this technology, one or
more heated extrusion head(s) are used to melt a
thermoplastic filament and deposit it selectively
on the build tray in the shape of the layer of the
object being printed. The extrusion heads and/or
the build tray move in the x—y plane in a path
precomputed by the printer driver software to
efficiently trace the shape of the printed object at
each layer. Once extruded at each location occu-

pied by the object, the material hardens by cool-
ing. The material is typically a filament wound on
a coil which is unreeled by motors feeding it to
the extrusion head.

Various thermoplastics including ABS and
polylactic acid (PLA) plastics, and polymers
including biocompatible polyether ether ketone
(PEEK) and metals can be printed with
FDM. Biocompatible thermoplastics are avail-
able, for example, ABS that can be gamma or
ethylene oxide sterilized. Specific printers tend
to use materials specific to the hardware. Most
“at-home” printers have a single extrusion
head, allowing only a single material to be
printed at a time. In these lower-end printers,
supporting lattices are made of the same print-
ing material and can be extremely difficult to
pry off. Most medical models have difficultly
printing with these printers, as printing the
complex overhangs of human anatomic struc-
tures (e.g., visceral aortic branches) in thermo-
plastics  will most likely deform if
inappropriately supported. Most commercial-
grade printers possess a second extruding head
allowing a support material to be used. This
support material is typically soluble in a hot
water or other solvent (e.g., weak lye solution)
bath; however, depending on the material one
desires to print, dissolvable supports may not
be available as not all materials will stick to
the currently available support material.
Occasionally, machines that possess additional
print heads can be used to print a model that
contains multiple colors and/or materials. The
finish quality of FDM-printed parts is generally
inferior to other technologies, due to both the
fact that typical layer thickness is approxi-
mately 250 pm, larger than with other technolo-
gies, as well as because bonding at the interfaces
of consecutively extruded tubular filaments is
partial, with voids in the mesostructure
(Fig. 2.10). However, printers are now capable
of printing near 100 pm or less, similar to that
of the previous technologies, offering improved
finish. Nonetheless, FDM models may be sub-
optimal for simulation of endovascular proce-
dures, especially when printed at larger layer
thicknesses, as in addition to the rough surface
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Fig.2.10 Model of a hemimandible 3D printed using a
material extrusion printer. /nset shows the typical stria-
tions on the surface of models printed with this technol-
ogy due to its typically lower layer resolution than other

finish that precludes reasonable resistance to
catheter insertions, models require infiltration
with an appropriate sealant to become water-
tight, which can alter the intended anatomy.

Material extrusion is nonetheless favored by
early 3D printing labs because it is overall eco-
nomical and easy to use; materials tend to be more
rugged and strong than previously described tech-
nologies and cost less than $100/kg. Large build
platforms with maximum dimensions of roughly
91 x 61 x 91 cm are readily commercially avail-
able at smaller cost than comparable size printers
for other technologies. In general, this technology
is not optimal for anatomic modeling applications
such as surgical planning and simulation, except
for musculoskeletal printing for orthopedic appli-
cations, since large bones can be printed at lower
cost and reduced post-processing than with other
technologies. However, assistive technology pro-
viders may prefer this technology due to the
higher strength of the materials. In the future, we
expect it to be most useful for the printing of
patient-specific guides and surgical tools due to
material strength, biocompatibility, and cost.
Finally, many advances in this technology are cur-
rently underway to create parts with more isotro-
pic characteristics.

2.1.2.5 Powder Bed Fusion
This category of 3D printing technologies
includes selective laser sintering (SLS), direct

technologies and partial bonding of the filament layers
and voids in the mesostructures due to the tubular filament
nature

metal laser sintering (DMLS), selective laser
melting (SLM), and electron beam melting
(EBM). These technologies generally use a high-
power laser or electron beam to fuse small par-
ticles of plastic, metal, ceramic, or glass that is
held in a tray in powder form. The powder is
typically pre-heated to just below the material
melting point. The target of the energy source is
then controlled by the printer, allowing it to
selectively fuse or melt the powder at each suc-
cessive layer on the surface of the powder bed.
After a layer is fused, the powder bed is lowered
by one layer thickness, and a new powder layer
is laid on top by a roller, and the next layer is
printed. Like binder jetting, most of the non-
metal materials in powder bed fusion technolo-
gies do not require support structures since the
model is always fully surrounded and supported
by unsintered powder. However, metal materials
may require supports to transfer heat away from
the part and reduce swelling during the printing
process. The support bed enables powder bed
fusion printers to construct 3D geometries such
as a lattice, useful for implants that promote
osseointegration not readily possible with other
methods.

Powder bed fusion technologies are used
extensively for 3D printing of medical devices
including implants, fixations, and surgical tools
and guides (Fig. 2.11). Specifically, material
groups compatible with the technology are
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Fig. 2.11 Model 3D printed using a metal powder bed
fusion printer. After printing the model is encased in the
powder (left-hand column). After removal from powder

synthetic polymers (e.g., nylon, polyether ether
ketone [PEKK]) and metals (e.g., titanium and
cobalt-chrome alloys) that are biocompatible
and sterilizable and can be safely implanted.
Bioresorbable materials that can be printed with
these printers offer exciting advances for
patient-specific temporary devices such as
splints (Morrison et al. 2015). The print material
that is used may dictate the usefulness for ana-
tomic models. For example, for a model used
for presurgical planning, metal would most
likely not be a useful (or acceptable) material.
Metal parts would primarily be used for
implants, guides, and surgical tools. Nylon
models are versatile and possess good mechani-
cal properties and heat resistance that allows for
parts to be drilled or sawed with surgical instru-
ments without melting. However, accuracy of
most powder bed fusion machines is less than
that of vat photopolymerization and material
jetting machines.

Powder bed fusion materials are expensive,
exceeding $200/kg, and some metals can
exceed $400/kg. The rate-limiting steps of this
technology are largely dictated by machine
thermal cycles and model post-processing
(Fig. 2.11). Many of these machines need to
heat to a desired temperature to print, and parts

(middle column), the cranial plate is cleaned and placed
on a model of the patient’s skull to confirm fit (right-hand
column)

need to cool before the operator can remove
them from the machine. Required post-process-
ing steps are highly dependent on the particular
technique/material. For example, heat harden-
ing/residual stress relaxation may be required
for metals. Metal parts may need to be released/
cut from the build platform, and finished parts
may require computer numerical control (CNC)
milling to achieve smooth, polished surfaces.
One of the most significant hurdles when using
this technology for medical devices is the diffi-
culty of ensuring that unsintered powder
remaining in printed model cavities will not
affect biocompatibility and sterilization,
especially in lattice-type structures (Di Prima
et al. 2016).

2.1.2.6 Other Technologies

Three additional technologies are discussed in
this section that are not currently encountered in
medical 3D printing applications. The first is a
newly developed technique introduced by
Hewlett Packard, termed Multi Jet Fusion. This
technology shares elements of both powder bed
fusion and binder jetting technologies. It jets both
a fusing and a detailing (inhibiting) agent on a
bed of powder, which are activated with energy
(heat) to fuse (rather than bind) the raw powder
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material. This technique promises multicolor
printing, exceptional part strength, and the ability
to introduce texture internally within printed
parts. It appears this technology has applications
for medical modeling, but printers are only at
pre-commercial release as of this writing.

The other two technologies, sheet lamination
and directed energy deposition, have limited
medical applications. Sheet lamination is an
inexpensive 3D printing method that bonds paper,
metal, or plastic film. Each sheet is rolled/pulled
onto the build tray, and then a knife or laser cutter
traces the outline of the shape of the printed
object at the layer of the object being printed;
glue and/or a heat treatment is applied between
the layers for adherence to the previous layer.
The sheet can be pre-printed with color to pro-
duce colored models. Post-processing involves
the removal of excess material, by manually peel-
ing off geometry not included in the printed
model. This may not be easy (or possible) for
complex anatomic geometries, such as cavities or
areas surrounding tortuous structures such as
vessels. Paper sheet lamination may however be
economical for some orthopedic applications
where only the outer bone surface needs to be
evaluated. Additional post-processing by infiltra-
tion with a sealant or wax may be appropriate for
paper models. Although this technology is gener-
ally cheaper than other processes, the printing
and post-processing time may be extensive.
Finally, directed energy deposition directly
deposits material to a location where a high-pow-
ered energy source is also directed to melt/fuse
the material. This technology combines aspects
of material extrusion and powder bed fusion
(laser or electron beam) and offers metal print-
ing. It is unique because it can add to or repair an
existing part, but this option is likely of limited
use in medical applications.

2.1.3 3D Printer Resolution,
Accuracy, and Reproducibility

In general, the highest resolution achievable by
3D printing modalities in all three axes is roughly
0.05-0.1 mm, superior to the resolution of images

created by most clinical imaging modalities. For
3D printers, the z-axis resolution (layer thick-
ness) is typically considered separately from the
x—y plane resolution and is the most commonly
encountered “resolution” figure found in litera-
ture. Similar to slice thickness in medical imag-
ing systems, layer thickness is user selectable for
most printers, and, similar to medical imaging
protocols where slice thickness directly affects
scan time, its choice directly affects printing
time. If thinner layers are chosen, the print heads
or energy sources will need to trace proportion-
ally more layers, and the print will require a pro-
portionally longer time. Partly because of its
effect on printing time, layer thickness is the
dimension of lowest resolution of 3D printers.

Of note however is that currently most print-
er’s layer thickness is less than that of most medi-
cal CT images. Material extrusion printers print
at typically 0.1-0.4 mm layer thickness; vat pho-
topolymerization printers have 0.02-0.2 mm
layer thickness; material jetting can print layers
as small as 16 pm thick; and binder jetting layer
thicknesses are typically 0.05-0.1 mm. Unlike
imaging systems, where slice thickness can usu-
ally be arbitrarily large, for 3D printers, the layer
thickness has an upper limit, and this upper limit
may be dependent on the material being used to
print. For example, a laser cannot penetrate a
resin that uses a pigment for color to the same
extent as it can a clear resin, and in either case
penetration depth is limited. Although laser
power is automatically adjusted by an SLA
printer based on the resin being used, there are
limits which, for example, might allow a 0.2 mm
maximum layer thickness for a clear resin and a
0.1 mm maximum thickness for a colored resin.
Similar implications exist for other technologies,
for example, infiltration of a powder by the jetted
binder in a binder jet system.

Most 3D printers have a fixed resolution in the
x—y axes thatis not as immediately clear in literature
and requires some interpretation of equipment
specifications. In SLA and SLS printers, x—y reso-
lution is determined by the laser beam spot size
(diameter), which is roughly 0.1-0.2 mm for most
commercial systems. For DLP printers, it is deter-
mined by the projector resolution, optics, and build
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platform size. One measure used to convey resolu-
tion of DLP printers is the number of dots per inch
(dpi). The higher the dpi, the better the x—y plane
resolution of the printer. A printer with 800 dpi has
800 individually controlled dots of the printing
source (e.g., individual print head or energy source
target points) with which to print 1 in. (25.4 mm) of
the model. This printer thus has an in-plane “reso-
lution” of 0.03175 mm. DPI is also commonly
used to measure binder jet and material jetting
printer resolutions, which typically lie in the 600—
1200 dpi range.

Importantly, despite the high resolution of
printers mentioned above, models usually can-
not be printed successfully with features
<0.3 mm in size (George et al 2017a). The mini-
mum size of a feature that can be successfully
printed depends on the printing technology and
is often only partly dependent on the printer’s
in-plane resolution. For example, the minimum
feature size is roughly 1.5 times the laser beam
spot size (x—y resolution) for SLA printers. For
material and binder jet printers, jetted droplets
have distinct dimensional tolerances and spread
characteristics that affect minimum feature size
beyond the stated printer dpi. For these two
technologies, manufacturers typically indicate
the minimum feature size, which is usually
0.1-0.3 mm.

Resolution is the smallest scale that a 3D
printer can reproduce and is only one factor
affecting accuracy. Certainly, models can only be
as accurate as the lowest resolution of the printer
in each of the three axes (typically the z-axis
layer thickness); a model printed with a printer
operating at 0.4 mm layer thickness cannot be
accurate to less than 0.4 mm compared to
the intended medical model. In contrast to
resolution, accuracy refers to the degree of agree-
ment between the dimensions of the printed
object compared to those intended, i.e., the
dimensions of the digital object as stored in the
STL file (Liacouras 2017). The accuracy and
reproducibility of 3D printing medical models
has unfortunately not been thoroughly investi-
gated to date. Chapter 11 further discusses accu-
racy, reproducibility, and quality of medical
3D printing.

2.2 3D Printing Materials

Most printer manufacturers, and for many print-
ers, third parties offer a choice of materials for
use with each machine. Different materials are
formulated for different needs, for example, low-
cost prototyping, strength for tools, color, and
biocompatibility. Many printing materials have
undergone testing for US Pharmacopeial
Convention (USP) Class VI or International
Standards Organization (ISO) 10993, referring to
levels of minimal in vivo biological reactivity
(FDA 2016). These materials may be generally
preferred, but are likely not necessary for models
for surgical planning, teaching, and patient-
physician interaction purposes. The use of mate-
rials that meet the requirements of those standards
is however required to produce surgical guides
and tools. Metals such as titanium and cobalt-
chrome alloys can be used to print implants and
implantable devices, and nylon can be used to
print surgical guides. These are primarily printed
with powder bed fusion and rarely material extru-
sion technologies.

Many printing materials can be sterilized for
intraoperative use. Appropriate sterilization tech-
niques depend on the material and may involve
steam, chemical, and radiation sterilization
(Mitsouras et al. 2015). At present, 3D printer
and material manufacturers generally provide
sterilization recommendations for appropriate
materials. Generally, printed guides and implants
will require ethylene oxide or other non-heat ster-
ilization such as gamma radiation, while metal
and some nylons can withstand autoclaving.

2.3  Conclusions

To date, medical researchers and clinicians have
had limited access to and knowledge of the
underlying 3D printing technologies. This is rap-
idly changing, and many surgery and radiology
practices are starting their own 3D printing labs.
Knowledge of the capabilities and limitations of
the various 3D printing technologies is key to
successful investment and foray into medical 3D
printing.
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As demonstrated in this chapter, each printer
technology may have its own optimal
application(s); therefore, before a facility decides
to invest large capital to purchase a 3D printer, it
would be beneficial for them to decide what their
focus will be. Three-dimensional printers to date
require manual intervention from an experienced
user to properly manufacture parts and maintain
the machines. Additional considerations include
the diagnostic imaging processing software to
produce STL models, and computer-assisted
design software that allows 3D digital model
processing and optimization for printing, or to
plan surgical reconstruction. These are also large

investments and require additional trained
operators.
The potential medical uses of three-

dimensional printing may only be limited by
one’s imagination. Imagination, however, is only
one aspect of a successful implementation.
Interdisciplinary communication and collabora-
tion, knowledge exchange, and a firm grasp of the
technological advances are essential to the suc-
cessful implementation of medical 3D printing
toward enhancing the expert care provided to
patients.
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Post-processing of DICOM Images

Andreas A. Giannopoulos and Todd Pietila

3.1 Introduction

Medical three-dimensional (3D) printing of
human anatomy and pathology begins with the
acquisition of 3D volumetric imaging data
wherein the tissues of interest have sufficient
contrast/signal intensity to be differentiated
(Mitsouras et al. 2015). The process of fabricat-
ing a 3D-printed physical model involves a num-
ber of steps that can be best described as a medley
of medical imaging, image post-processing, and
industrial-level manufacturing. Post-processing
of Digital Imaging and Communications in
Medicine (DICOM) imaging data is an essential
and necessary step to enable the manufacturing
of both patient-specific 3D-printed models and
medical devices. The requirements of this work-
flow differ from traditional image post-processing
techniques as it requires the generation of a suit-
able digital file format that is compatible with 3D
printers.
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The actual 3D printing process refers to the
fabrication of a tangible object from this digital
file by a 3D printer. Materials are commonly
deposited layer by layer and then fused to form
the final 3D object. Additive manufacturing
(AM), rapid prototyping (RP), and additive fabri-
cation (AF) are synonyms for 3D printing.
According to the most recent classification by
American Society of Testing and Materials
(ASTM), there are seven major types of 3D print-
ing technology (ASTM 2014; Huang and Leu
2013). Although these technologies share simi-
larities, they differ in speed, cost, and resolution
of the product as detailed in Chap. 2.

A handheld 3D-printed model derived from
DICOM images represents a natural progression
from 3D visualization. DICOM image files can-
not be used directly for 3D printing; further steps
are necessary to make them readable by 3D print-
ers. In summary, these steps include image seg-
mentation, Standard Tessellation Language
(STL) file generation, and computer-aided design
(CAD) modeling for refinement or instrument/
device design, model quality check, and file fix-
ing (Fig. 3.1).

Decisions made in each stage of the process
will be driven by several factors including the
imaging modality used, the anatomy modeled,
and the intended use of the eventual 3D-printed
model. Some of the initial post-processing steps
may be familiar to the medical imaging experts,
as they share common features with 3D visual-
ization tools that are used for image post-
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Fig. 3.1 Flowchart shows sample workflow for a
radiology-centered 3D three-dimensional printing pro-
cess. Digital Imaging and Communications in Medicine
(DICOM) images are initially processed with compatible
segmentation software, and the segmented anatomy is
reviewed by the radiologist. An STL file of the selected
tissues is then generated. The anatomic parts defined in

processing tasks. However, bridging the imaging
data to 3D printing technologies requires an extra
set of steps for refining and proper manipulation
of the 3D rendering and finally preparing it for
3D printing.

Typically, manipulating DICOM images for
3D printing involves accurate segmentation of
the desired tissues via placement of regions of
interest (ROIs), followed by creation and refine-
ment of the STL representation of the ensemble
surfaces defined by those ROIs. The refinement
step is new to imagers and generally requires
specialized software and skills used primarily in
engineering applications. The operator must also
carefully review the final STL model against
source images for ensuring quality and accuracy.

tray for efficiency
* Select material
* Select colors

<>

¢ Preparation for
clinical use
* Cleaning/support material

removal
Model infiltration/curing
Polishing

* Sterilization

the STL file can be 3D printed or further manipulated with
compatible CAD computer-aided design software to, for
example, design prostheses or produce a support platform
to hold the parts in place. Final preparation of the tangible
3D-printed model (e.g., cleaning and sterilization) is
required before clinical use. Reprinted with permission
from Mitsouras et al., Radiographics. 2015

A number of free and commercial software are
available to achieve these steps, namely, image
segmentation with STL file generation and
CAD-based STL manipulations. Examples are
Vitrea (Vital Images, Inc., Minnetonka, MN) and
OsiriX (Pixmeo, Geneva, Switzerland) for the
former task and Geomagic Freeform (3D
Systems, Rock Hill, NC) or Meshmixer
(Autodesk, Inc., San Rafael, CA) for STL
manipulations. Although these are two distinct
categories of software, medical 3D printing soft-
ware suites exist such as the Mimics Innovation
Suite (Materialise, Leuven, Belgium) and
Mimics inPrint (Materialise, Leuven, Belgium)
that provide a solution combining elements of
DICOM image processing and digital CAD.
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3.2 Image Segmentation

Imaging modalities utilized for medical 3D print-
ing commonly involve high-resolution, cross-
sectional imaging, most commonly computed
tomography (CT) (Mitsouras et al. 2015; Greil
et al. 2007; Schmauss et al. 2015) and magnetic
resonance imaging (MRI) (Greil et al. 2007; Yoo
et al. 2016). More recently, success has been
reported with the use of ultrasound in the cardio-
vascular field with the use of 3D transthoracic
echocardiography (TTE) and transesophageal
echocardiography (TEE) (Mahmood et al. 2015;
Olivieri et al. 2015). Finally, rotational digital sub-
traction angiography or 3D rotational angiography
has also been employed (Frolich et al. 2016; Ionita
et al. 2011; Poterucha et al. 2014). It has also been
demonstrated that multiple imaging modalities
can be used to create a hybrid 3D-printed model
enabled by the imaging strengths of each modality.
For example, combining CT with TEE has been
employed for generation of a 3D model of the
heart capturing both structural and valve morphol-
ogy (Gosnell et al. 2016).

Sufficient “pre-print” planning taking into
account the modality and the parameters to be
selected for source image data acquisition
increases the accuracy and ease of the printed
model; the quality of the images is tethered with

CT
Poor spatial resolution

Fig. 3.2 Examples of poor raw image data quality for
generating 3D printable files. Panels (a) and (b) show a
reconstructed STL file of the femur and tibia from a CT
scan with 3 mm slice increment resulting in low resolution

the quality of the model. Optimizing spatial and
temporal resolution along with appropriate con-
trast in structures of interest will result in the
highest-quality models and most efficient data
processing (Fig. 3.2).

Generally, the thinner the image cross sections
(e.g., commonly reported 0.5-1.25 mm for car-
diac 3D printing) (Jacobs et al. 2008), the more
accurate the delineation of anatomical structures
given the enhanced spatial resolution, yet very
thin slices can lead to cumbersome post-
processing and are not always recommended.
Importantly, the desired image quality should be
identified by selecting appropriate image recon-
struction techniques, such as reconstruction ker-
nels; smooth kernels generate images with lower
noise but with reduced spatial resolution, while
sharp kernels generate images with higher spatial
resolution, bounded though with increased noise
(Flohr et al. 2007; Matsumoto et al. 2015). After
acquiring imaging in the appropriate resolution
and quality, segmentation of these DICOM
images is the first step toward manufacturing a
patient-specific 3D-printed model.

A number of software programs and algo-
rithms are available to perform image segmenta-
tion which can often be tailored toward specific
imaging protocols or anatomy. The segmentation
of appropriate ROIs can be both automated and

MRI
Poor contrast

and missing data in the reconstruction. Panels (¢) and (d)
demonstrate STL files of femur and tibia derived from a
T2-weighted MRI with poor contrast between the bone
and surrounding soft tissue
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MANUAL SEGMENTATION

Fig. 3.3 Paradigms of manual vs. automated segmenta-
tion in a case of double outlet right ventricle. Upper pan-
els show the process of manual segmentation that involve
thresholding, region growing, and generation of a single
STL file including the entirety of the heart and the great

manual or more frequently semiautomated, com-
bining an initial step of automated segmentation
followed by manual corrections (Fig. 3.3).
Automated algorithms include thresholding,
edge detection, and region growing. In threshold-
ing, a widely used technique, voxels in the tissue
of interest are selected based on the range of inten-
sity values of that tissue (Mitsouras et al. 2015).
Although this technique suffices for bone segmen-
tation from CT because the HU are higher than
surrounding structures, more complex algorithms
are usually necessary, such as dynamic adjustment
of the thresholding range. This is especially the
case when processing MRI data where the pixel
gray values do not correlate with tissue density.
Common imaging artifacts also require interpreta-
tion and manual corrections. For example, due to
noise or beam hardening in a CT image, a portion
of an enhanced vessel lumen may fall outside of
the typical enhanced blood HU range. If dynamic
region growing or hole filling is not performed, the
printed model may contain a nonanatomical hole
or void. A segmentation approach such as “wrap-
ping” of a segmented region can also be used in
such cases or to fill true anatomic voids such as in
the cancellous bone to produce a simple solid
model (Harrysson et al. 2007; Kozakiewicz et al.

vessels. Lower panels demonstrate the automated
approach to segment the same case using automated algo-
rithms for thresholding, separating the heart chambers and
the great vessels and providing a composite STL model

2009). Additionally, metal artifact from implants
or dental fillings causes streaking artifact which is
challenging to handle with automated segmenta-
tion processes (Fig. 3.4).

Region selection (also called region growing)
is a useful second step to determine whether seg-
mented voxels belong to “a single or multiple”
parts to be 3D printed. Region growing typically
reduces the burden of the final step, namely, man-
ual editing (“sculpting”) of the 3D ROIs that sur-
round the segmented voxels, which includes
manually manipulating ROI boundaries and man-
ually erasing, combining, and modifying parts.

It is important to recognize that a 3D-printed
model cannot convey information regarding tis-
sues that are either not visualized in the imaging
modality used to acquire the source images or that
do not have sufficient differences in signal or den-
sity from adjacent tissues. For example, nerves are
not clearly delineated on a standard CT; thus, it
would be challenging to create a 3D model dem-
onstrating the relationship of the brachial plexus to
a superior sulcus tumor. This can be overcome by
placing geometric objects (i.e., splines) to repre-
sent the paths of nerves or small vessels when they
are not easily segmented from the source images.
It is also possible to fuse imaging data from
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Fig.3.4 (a, b) Streaking artifact in CT imaging resulting from metal in the body. Manual segmentation processing is
typically required to counter the artifact and generate an accurate 3D reconstruction

multiple imaging modalities to create such a
model, for example, the bone and vasculature can
be visualized in a contrast-enhanced CT and the
nerves in an MRI of the brachial plexus.

One typically segments only those tissues
visualized in the images that are relevant to con-
vey to clinicians. For example, in a case of chest
wall tumor, the adjacent portion of the rib cage
and the vascular supply may be deemed pertinent
to print in addition to the tumor itself, but not the
mediastinal structures which are outside the sur-
gical field or the non-adherent lung which does
not pose a surgical challenge. This is necessary
not only because segmentation is a time-
consuming and currently laborious task but also
because the efficacy and thus clinical utility of
the model hinge on its ability to quickly commu-
nicate the relevant information. Thus, while an
anterior mediastinal mass model could contain
the entire rib cage and thoracic spine, the result-
ing model would likely present difficulties in
clear visualization of the tumor and for compre-
hension of the relationship of the tumor to more
crucial mediastinal structures. In this context, 3D
printing of complex models at present also
demands an artistic component, since no guide-
lines have been clearly established as to what

tissues are useful to include in a model for any
one particular indication (Giannopoulos et al.
2016). Future work should aim to optimize this
aspect of this new modality.

3.3  STL Generation
Since tissues are segmented by demarcating their
boundaries in individual, successive 2D cross-
sectional images that compose a 3D image vol-
ume, the next step required is to assemble a 3D
representation of the tissue and produce a closed
surface “shell” of each tissue from its individu-
ally demarcated 2D cross sections. This shell is
almost universally a surface mesh composed of
small triangles and stored as a STL file format.
The STL file format is to 3D printers what the
DICOM format is to radiology workstations.
Workstation software knows how to interpret the
signal values stored in DICOM files so as to dis-
play them as an image on a monitor. Similarly,
3D printer drivers know how to interpret the
triangles in an STL file so as to manufacture the
physical object enclosed by them.

Figure 3.5 illustrates the process of generating
an STL model.
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Fig.3.5 Generation of a 3D-printable STL model from a
volumetric medical image dataset. The aorta and aortic
arch vessels are first segmented from a contrast-enhanced
CT (a). The segmented image voxels identify the region
of space occupied by blood, and conversely this region of
space is entirely filled by the individually segmented vox-
els (b). If one were to cut through this region, it would
simply expose the inner voxels that have been segmented

Once segmentation of the DICOM images has
been performed, the voxel data must be converted
to a 3D surface file recognizable by digital CAD
software and 3D printers. Many of the image
segmentation software will have the ability to con-
vert the segmented images to a tessellated surface

(¢). An STL model that can be 3D printed is instead a
surface composed of small triangles that enclose the seg-
mented voxels (d; shown in red, with individual triangle
outlines shown in inset). Cutting this surface merely
exposes the inner side of the triangles (e; shown in green,
with individual triangle outlines shown in insef). Reprinted
with permission from Giannopoulos et al., J] Thor Imag.
2016

file most commonly using an implementation of
the marching cubes algorithm. After segmentation,
most software packages generate a printable 3D
STL model of the surfaces surrounding segmented
tissues based on algorithms such as interpolation
and pattern recognition that preserve anatomical
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Fig.3.6 STL of a femur
generated from a
volumetric medical
image dataset. The fop
femur is reconstructed
with more triangles thus
preserving more detail.
The bottom femur
reconstructed with fewer
triangle thus resulting in
a disfeatured, less
accurate 3D model

Table 3.1 Recommended number of triangles for 3D
printing different anatomical models

Anatomical model Maximum triangles®

Skull 600,000
Face 450,000
Mandible 200,000
Femur 300,000
Full spine 850,000

Reprinted with permission from Mitsouras et al.,
Radiographics. 2015
“Note finer detail models (i.e., vascular) may require a
higher triangle count

features. The easiest way to understand this step is
as follows: using ROIs, operators select voxels that
enclose a 3D surface. Conversion of this surface to
STL can use any number of triangular facets to fit
these surfaces; too few will compromise anatomi-
cal features in the 3D-printed model, while too
many leads to unnecessary roughness in the object
if the segmented surface is not smooth (Fig. 3.6).
In our experience, STL-based models have no
benefit to the provider once they exceed a given
threshold of triangles for some common models
(Mitsouras et al. 2015) (Table 3.1).

3.4 Computer-Aided Design

Software

Although most 3D visualization software pack-
ages have the ability to save the segmentation,
process the segmented surfaces, and export them
as an STL file, for the majority of medical appli-
cations, this STL conversion is suboptimal due to
segmentation imperfections. A simple example is

a coronary artery CT angiogram segmented as
consecutive cross-sectional ROIs. The collection
of ROIs defines a surface that can be volume ren-
dered. However, it cannot be printed because it is
“open.” By this we mean that where the seg-
mented vessel ends or is in any way incomplete
(e.g., the branch vessels), to a 3D printer this ROI
surface has no physical meaning and cannot be
printed because it does not enclose a volume of
space. This “closing” is one example of the “STL
refinement” step that produces the final product
sent for 3D printing.

Other manipulations include fixing errors
such as holes (e.g., gaps between triangular fac-
ets), inverted normals (defining what is inside
versus outside the part to be printed), and apply-
ing local and/or global smoothing of the model.
In this step, the design of additional parts is per-
formed, for example, the design of implants, or
adding supports to hold parts of the printed model
in place. Such alterations are unique to preparing
anatomical models for 3D printing and separate it
from 3D visualization.

3.5 Model Refinement and CAD

Design

CAD software specifically designed to handle
mesh-based geometries is required as traditional
parametric CAD software will not handle com-
plex anatomical surface models. The necessary
CAD functions and workflow will differ depend-
ing on the case and the intended use of the model.
This can include adding fixtures to incorporate the
model into a testing or simulation environment,
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cutting anatomy to achieve internal visualization
of organs, virtual planning, and custom instru-
ment or device design.

The refinements to the 3D surface file often
require operations such as cutting, smoothing,
adding connector supports, and designing fea-
tures to hold the anatomy in a desired position or
integrate with an existing test apparatus (Fig. 3.7)
(Friedman et al. 2016).

For modeling complex congenital heart cases,
for example, it is often desired by the surgeon to
visualize the complexities of the intracardiac
anatomy (Giannopoulos et al. 2015). In order to
achieve this visualization, the heart must be virtu-
ally cut in order to open these desired windows in
the anatomy. For building multi-organ system
models, often spaces will be left between neigh-
boring organs. In order to hold these organs in the
proper position after printing, connecting sup-
ports can be added with CAD software. Another
application of using CAD software to manipulate
an anatomical model is preparing a model to
integrate with an existing test or simulation fix-
ture. For example, performing endovascular

interventional procedures in a simulation envi-
ronment has shown the ability to predict the
proper devices and techniques for a patient.
These models are often plugged into a pump sys-
tem or positioned under fluoroscopy in the cath-
eterization lab environment. In order to plug the
model into a fluid pump or position properly on a
table, inlet/outlet connectors need to be added in
addition to a baseplate to properly register the
anatomy.

3.6 Virtual Procedural Planning

Virtual procedural planning has also become
commonplace and the gold standard for special-
ties in dentistry, craniomaxillofacial, and ortho-
pedic surgery. Surgical planning using 3D
reconstructed models has inherent benefits in that
it leverages three dimensions resulting in a more
precise surgical plan. Dedicated software tools
exist for planning and simulating surgical out-
comes by manipulating the reconstructed ana-
tomical geometries. This allows a clinician to

Fig.3.7 CAD manipulation of models using a case of a
transverse acetabular fracture with upper and lower
fragments. Panels (a)—(d) demonstrate the CAD model-
ing, whereas panels (e) and (f) show the actual
3D-printed model. (a) The colored pegs (red arrows)
are sized 0.5 mm larger than fluted dowels and placed
in a parallel orientation across both superior and infe-
rior parts of the fracture. They are then subtracted out
of both “shells” of the fracture using a Boolean opera-
tion (notice holes in part (b), blue arrows). (c, d) This
results in hollow cylinders that could be printed in the

final part (yellow arrows), which allows the parts be
connected with fluted dowels, for a “press fit,” allowing
the user to separate and connect the object multiple
times, much like a puzzle piece, and inspect each piece
individually as well as a whole. (e) Demonstrates the
holes which were created virtually and into the part
(black arrow). Fluted dowels fit tightly into the holes
(white arrow) and allow the two pieces to remain
together without being held (as seen in f), but also
come apart. Reprinted with permission from Friedman
et al., Skeletal Radiol 2016
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Fig.3.8 Virtual surgery.
Demonstrates a virtual
correction of malunion of
aradius. (a) Note the
angles measured along the
3D surface of the
deformity. Virtual cutting
objects are made at the
appropriate angles (b), and
then the radius malunion is
virtually corrected (c), and
the final proposed plan is
shown (d). This can aid
surgeons in deciding how
to perform the osteotomy.
Cutting jigs can be made
for the surgeon to use
intraoperatively, obviating
the osteotomies freehand.
Reprinted with permission
from Friedman et al.,
Skeletal Radiol 2016

perform virtual osteotomies and repositioning of
bone or determine optimal locations for plating
(Fig. 3.8). These are often performed in collabo-
ration with a clinical engineer and result in the
design and manufacturing of custom cutting and
drilling guides to execute the planned procedure.

The impact of medical 3D printing is often the
highest when it can be leveraged to design and
manufacture a custom implant to treat a patient
not suitable for an off-the-shelf implant. CAD
design software is essential in this step to design
a device-specific fitting to a patient’s recon-
structed anatomy. This has been demonstrated in
the creation of custom cranial prosthesis, ortho-
pedic joint replacement, and even implantable
tracheal splints.

3.7  Model Quality

When 3D models have an intended use of plan-
ning or executing a procedure, additional quality
measures should take place during the software
modeling workflow. As a result of the multistage
process, errors can be created and propagated as
a dataset is processed. This can include over-
smoothing of anatomy (Fig. 3.9), removal of

pertinent structures, and scaling errors between
software.

As a practice, it is important to verify the
accuracy of the processed surface file prior to 3D
printing. This can be done subjectively by over-
laying the 3D surface model back on top of the
DICOM image slices enabling a visual verifica-
tion of the model accuracy in the relevant areas.
Additionally, traceability can be important for a
center producing high volumes of 3D-printed
models with often multiple models being printed
on a single build. By stamping the 3D model
with a unique identifier, it will ensure that the
model is delivered to the proper clinician and
patient case.

3.8 Preparation for 3D Printing

Reconstructed surface files are not created
equal in quality or printability. In order to suc-
cessfully build a model on a 3D printer, it must
be free of errors and considered “watertight” or
free of holes in the mesh surface. This requires
a verification and fixing step to ensure the
quality is appropriate and the file is prepared
for printing. Removal of noise shells, intersect-
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Fig.3.9 Post-processing of contrast-enhanced CT images
of the abdominal aorta. (a) On coronal (middle) and axial
(right) CT images, the aorta is segmented by using thresh-
olding (turquoise in a and b), and an enclosing STL sur-
face (3D rendition on left and red outlines in a and b) is

ing elements, and holes are all important to
ensure a successful build. Depending on the
3D printing technology chosen, it may also be
useful to perform wall thickness verification
and repair to the geometry. If structures in the
model are smaller than the resolution of the 3D
printer, it will result in missing or poorly repre-
sented structures. In addition, many 3D-printed
materials become brittle or tear sensitive at
smaller dimensions. Software is available to
analyze and repair the part with these consider-
ations in mind. Lastly, build orientation and
printer setup need to be performed. This is a
unique process with each 3D printing technol-
ogy and vendor.

generated. (b) On the coronal (middle) and axial (right)
CT images, subsequent refinement of the STL file by
using standard smoothing and wrapping operations may
no longer correctly describe the anatomy. Reprinted with
permission from Mitsouras et al., Radiographics. 2015

3.9 Special Applications

Alternate data capturing modalities are also suit-
able for applications of medical 3D printing
which include 3D imaging systems that are
uncommon in medical facilities. These systems
include laser, optical, and photogrammetry 3D
scanning systems which capture surface geome-
try from an object and enable a digital representa-
tion to be created by projecting a light source or
laser to collect the data points representing the
surface morphology. Surface scanning is popular
for 3D printing applications where enhanced res-
olution is required or for modeling that require
only skin surface data. One example is for
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planning orthognathic surgery where a high-
resolution optical scan of the patient’s teeth can
help plan the optimal correction and teeth occlu-
sion. Additionally, prosthetists use surface scan-
ning equipment to create custom facial and other
external prosthetic devices.

3.10 Conclusions

3D printing is considered to hold key role in
medical imaging in the years to come and is
expected to improve medical care. Post-
processing of DICOM images represents the
cornerstone of transforming two-dimensional
cross-sectional images to three-dimensional
physical models. Accuracy and reproducibility
of the 3D printing models depend on multiple
factors including operator’s segmentation exper-
tise and ability to interpret human anatomy and
pathology in the source images, all the more in
different modalities. These technical aspects are
important to address and work is currently
underway (Cai et al. 2015; Olivieri et al. 2015).
Existing image segmentation methods remain
rather laborious, and more efforts should be
made toward automatization of the process
(Byrne et al. 2016; Tandon et al. 2016). As med-
ical imaging, software tools, and 3D printing
equipment improve in speed and quality along
with a greater selection of materials, new oppor-
tunities will present.

References

(ASTM), A. S. E. T. A. M. F2792-12a Standard terminology
for additive manufacturing technologies. In: Electronics;
declarable substances in materials; 3D imaging systems.
West Conshohocken, PA: ASTM; 2014.

Byrne N, Velasco Forte M, Tandon A, Valverde I,
Hussain T. A systematic review of image segmen-
tation methodology, used in the additive manu-
facture of patient-specific 3D printed models of
the cardiovascular system. JRSM Cardiovasc Dis.
2016;5:2048004016645467.

Cai T, Rybicki F, Giannopoulos A, Schultz K, Kumamaru
K, Liacouras P, Demehri S, Shu Small K, Mitsouras
D. The residual STL volume as a metric to evalu-
ate accuracy and reproducibility of anatomic models
for 3D printing: application in the validation of
3D-printable models of maxillofacial bone from

reduced radiation dose CT images. 3D Print Med.
2015;1:2.

Flohr TG, Schoepf UJ, Ohnesorge BM. Chasing the heart:
new developments for cardiac CT. J Thorac Imaging.
2007;22:4-16.

Friedman T, Michalski M, Goodman TR, Brown JE. 3D
printing from diagnostic images: a radiologist’s primer
with an emphasis on musculoskeletal imaging-putting
the 3D printing of pathology into the hands of every
physician. Skeletal Radiol. 2016;45:307-21.

Frolich AM, Spallek J, Brehmer L, Buhk JH, Krause D,
Fiehler J, Kemmling A. 3D printing of intracranial
aneurysms using fused deposition modeling offers
highly accurate replications. AJNR Am J Neuroradiol.
2016;37:120-4.

Giannopoulos AA, Chepelev L, Sheikh A, Wang A, Dang
W, Akyuz E, Hong C, Wake N, Pietila T, Dydynski
PB, Mitsouras D, Rybicki FJ. 3D printed ventricular
septal defect patch: a primer for the 2015 Radiological
Society of North America (RSNA) hands-on course in
3D printing. 3D Print Med. 2015;1:3.

Giannopoulos AA, Steigner ML, George E, Barile M,
Hunsaker AR, Rybicki FJ, Mitsouras D. Cardiothoracic
applications of 3-dimensional printing. J Thorac
Imaging. 2016;31(5):253-72.

Gosnell J, Pietila T, Samuel BP, Kurup HK, Haw MP,
Vettukattil JJ. Integration of computed tomography
and three-dimensional echocardiography for hybrid
three-dimensional printing in congenital heart disease.
J Digit Imaging. 2016;29(6):665-9.

Greil GF, Wolf I, Kuettner A, Fenchel M, Miller S,
Martirosian P, Schick F, Oppitz M, Meinzer HP,
Sieverding L. Stereolithographic reproduction of
complex cardiac morphology based on high spa-
tial resolution imaging. Clin Res Cardiol. 2007;96:
176-85.

Harrysson OL, Hosni YA, Nayfeh JE. Custom-designed
orthopedic implants evaluated using finite element
analysis of patient-specific computed tomography data:
femoral-component case study. BMC Musculoskelet
Disord. 2007;8:91.

Huang Y, Leu MC. NSF additive manufacturing work-
shop report. NSF Workshop on Frontiers of additive
manufacturing research and education. Arlington,
VA: University of Florida Center for Manufacturing
Innovation; 2013.

Ionita CN, Suri H, Nataranjian S, Siddiqui A, Levy E,
Hopkins NL, Bednarek DR, Rudin S. Angiographic
imaging evaluation of patient-specific bifurcation-
aneurysm phantom treatment with pre-shaped, self-
expanding, flow-diverting stents: feasibility study.
Proc SPIE. 2011;7965:79651H-1-79651H-9.

Jacobs S, Grunert R, Mohr FW, Falk V. 3D-Imaging of
cardiac structures using 3D heart models for plan-
ning in heart surgery: a preliminary study. Interact
Cardiovasc Thorac Surg. 2008;7:6-9.

Kozakiewicz M, Elgalal M, Loba P, Komunski P,
Arkuszewski P, Broniarczyk-Loba A, Stefanczyk
L. Clinical application of 3D pre-bent titanium
implants for orbital floor fractures. J Craniomaxillofac
Surg. 2009;37:229-34.



34

A.A. Giannopoulos and T. Pietila

Mahmood F, Owais K, Taylor C, Montealegre-Gallegos
M, Manning W, Matyal R, Khabbaz KR. Three-
dimensional printing of mitral valve using echo-
cardiographic data. JACC Cardiovasc Imaging.
2015;8:227-9.

Matsumoto JS, Morris JM, Foley TA, Williamson EE,
Leng S, Mcgee KP, Kuhlmann JL, Nesberg LE, Vrtiska
TJ. Three-dimensional physical modeling: applica-
tions and experience at Mayo Clinic. Radiographics.
2015;35:1989-2006.

Mitsouras D, Liacouras P, Imandzadeh A, Giannopoulos
A, Cai T, Kumamaru K, George E, Wake N,
Pomahac B, Ho V, Grant G, Rybicki F. Medical
3D printing for the radiologist. Radiographics.
2015;35(7):1965-88.

Olivieri LJ, et al. Three-dimensional printing of intra-
cardiac defects from three-dimensional echocardio-
graphic images: feasibility and relative accuracy. J Am
Soc Echocardiogr. 2015;28(4):392-7.

Poterucha JT, Foley TA, Taggart NW. Percutaneous pul-
monary valve implantation in a native outflow tract:
3-dimensional DynaCT rotational angiographic recon-
struction and 3-dimensional printed model. JACC
Cardiovasc Interv. 2014;7:e151-2.

Schmauss D, Haeberle S, Hagl C, Sodian R. Three-
dimensional printing in cardiac surgery and inter-
ventional cardiology: a single-centre experience. Eur
J Cardiothorac Surg. 2015;47:1044-52.

Tandon A, Byrne N, Nieves Velasco Forte ML, Zhang S,
Dyer AK, Dillenbeck JM, Greil GF, Hussain T. Use of
a semi-automated cardiac segmentation tool improves
reproducibility and speed of segmentation of contami-
nated right heart magnetic resonance angiography. Int
J Cardiovasc Imaging. 2016;32(8):1273-9.

Yoo S, Thabit O, Kim E, Ide H, Dragulescu A, Seed M,
Grosse-Wortmann L, Van Arsdell G. 3D printing in
medicine of congenital heart diseases. 3D Print Med.
2016;2:3.



Beginning and Developing
a Radiology-Based In-Hospital
3D Printing Lab

Adnan Sheikh, Leonid Chepelev,
Andrew M. Christensen, Dimitris Mitsouras,
Betty Anne Schwarz, and Frank J. Rybicki

The number of in-hospital labs is now growing,
and many reside within a radiology department.
These labs are an extension of a traditional “3D
visualization” lab where advanced image post-
processing is routinely performed. With the
advent of thin client solutions for 3D visualiza-
tion, the need for a conventional 3D lab as dedi-
cated space in a radiology department has
diminished. Specifically, post-processing soft-
ware to generate outputs such as multiplanar
reformatted imaging and volume rendering have
been integrated into and launched from PACS.
3D printing has brought new attention to 3D
labs among individuals with similar interests, and
like the early 3D labs within academic radiology
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departments, the 3D printing lab is a balance
where on one side rests benefits and clinical needs
and on the other side the cost and expertise. There
are some differences, however, between early 3D
visualization and early 3D printing. The most
important difference is how an individual can
enter the field. The practical reality is that the
majority of 3D printing programs start with a
basic fused deposition modeling (FDM) printer
(Fig. 4.1). Because the cost barriers for 3D print-
ing with this format of printing have been greatly
reduced, it is often the case that a lab’s first hard-
ware (i.e., the 3D printer itself) is purchased by an
individual. We are highly supportive of this prac-
tice, since a great amount of learning can be done
at low cost. Many university environments now
support 3D labs for students (e.g., engineering
students) and other university members. While
these groups function outside of the medical
domain, when hospital/university campuses are
centrally located, it is possible for medical practi-
tioners to design models and then have them
printed nearby. Regarding space in a hospital, or
in particular a radiology department, with the
lower cost of tabletop printers, a 3D lab can begin
within a medical staff office or an adjacent hall-
way with a nearby sink. Cleaning models of their
support materials requires work and space, and a
comfortable environment to do these tasks, with
access to a sink a waste disposal, is important for
workflow.

3D printing requires that medical images,
typically in DICOM format, be converted to an
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Fig. 4.1 3D printer
managed and operated
in the medical library by

the medical students at
the University of
Ottawa, Ontario,
Canada. Shown from left
to right, Aili Wang,
Isabelle Castonguay,

Dr. Ali Jalali (physician
lead), Genevieve Morin
and Talia Chung in the
Health Sciences Library,
University of Ottawa
Faculty of Medicine
(Photo: Dave Weatherall,
used with permission)

output recognized by the 3D printer. The most
common output is the Standard Tessellation
Language (STL) format. This material has been
covered in Chap. 3 and is also described in a
review article from Mitsouras et al. (2015).

Mitsouras’ paper is designed as an easy-to-
read treatise that is also available as a freely
downloadable article. The annual meeting of the
Radiological Society of North America has had
several hands-on 3D printing courses; two of
these have comprehensive step-by-step guides to
3D printing software that are also available as
free downloads from 3D Printing in Medicine
(Chepelev et al. 2016; Giannopoulos et al. 2015).
The ensemble of these three articles and Chap. 3
will provide the reader with a sound foundation
of methods and software manipulations typically
encountered when using a medical image to
make a handheld model.

As the program grows, it is important to estab-
lish key stakeholders centered on the patient.
While this chapter is written from the perspective
of physician leads, leadership can come from
engineers and physicists with knowledge of the
anatomy. As noted earlier, the referring clinicians
who perform interventions must form a partner-
ship with technical experts (whether they be phy-
sicians or engineers), and there is a large role for
radiology technologists, other individuals to per-
form segmentation, individuals that include stu-
dents to operate the printers and clean/prepare

Mskarfior Reploats

the models, and a specific individual to take the
role as quality lead.

Segmentation requires experience and a
meticulous approach and can be performed by
physicians and technologists. While most models
are generated from either CT or MRI, cases may
require co-registration if both modalities are
required to delineate specific pathology. While
the typical diagnostic images are frequently
usable for segmentation, repeated studies with
external patient markers and specific volumetric
sequences in the case of MRI or thin axial slices
in the case of CT imaging may be needed. While
it is not desirable, particularly in children and
young adults, repeating an imaging study is
sometimes the best pathway to optimum care to
ensure segmentation accuracy, based on the spa-
tial resolution needed, or the mitigation of arti-
facts in the initial images.

Once the lab includes a larger-format printer,
the device itself requires engineering support;
this will ensure adequate functioning, including
regular maintenance and rigorous quality assur-
ance to ensure prints that adhere to institution-
and disease-specific error tolerance thresholds.
While quality assurance is discussed in detail
below, specific quality guidelines have not been
established. However, recommendations are now
emerging from societies such as the RSNA
Special Interest Group to enhance quality of 3D
models. In practice, tolerance thresholds for
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model accuracy are typically established upon
discussion with the radiologists and intervention-
alists with specific disease pathophysiology and
patient in mind. For example, a tumor with a
20 mm resection margin with no neurological
involvement may be subject to less stringent cri-
teria than an intracranial intraparenchymal mass
in close proximity to major vasculature.
Regardless of the accepted tolerance threshold
and 3DP technology, regular maintenance and
vigilant quality assurance are indispensable in
ensuring 3DP program success.

As the lab progresses, undoubtedly the service
line will receive requests to make more compli-
cated models and to make changes to the anat-
omy (e.g., mirroring one side of the face) when
helping to plan complex interventions. Thus,
when formulating the hardware and software
requirements for the lab, we present the follow-
ing perspective for the common applications for
medical 3D printing. These follow the outline
from Christensen and Rybicki (2017), we have
found that the most useful method to categorize
the applications is by the intended use:

Group I. Anatomical Models. A model repre-
senting as-scanned anatomy. The intended use
for anatomic models is procedural planning
and/or a reference during the procedure, for
education including simulation and for
informed consent. The defining characteristic
of Group I models is that what is printed is
intended to exactly reproduce the anatomy
captured by the medical imaging device.

Group II. Modified Anatomical Models. A
modified model of anatomy, simple surgical
planning performed digitally to further
enhance the model, significantly modified
models. For Group II models, the intended use
is enhanced surgical planning and guidance,
but unlike Group I models, the anatomy being
held in the end users hand is purposely modi-
fied from the patient anatomy.

Group III. Virtual Surgical Planning with
Templates. This group refers to complex sur-
gical planning done digitally, for example,
3D-printed templates/models/guides  pro-
duced which are intended to guide the digital

plan on the patient in the operating room. The
intended use for Group III models is to aug-
ment the surgical procedure with specific pre-
planned steps which are carried out in surgery
using 3D-printed guides or templates.

These three groups are also used to organize
workflow, elaborate on post-processing, and to
put into framework important regulatory consid-
erations. A common “first model” or experimen-
tal scenario begins with a CT scan of bone that is
used to design Group I models, printed on a
single-spool FDM printer. The CT scan under-
goes 3D visualization using tools that are familiar
to the radiologist. However, since these tools
often do not have STL output or have an STL out-
put that requires additional modifications before
printing, out the outset, freeware for computer-
aided design (CAD) is typically used to generate
a printable STL file. The bone is very amenable
to thresholding methods from noncontrast CT
scans, simplifying the process of 3D printing.

While the barriers for a rudimentary 3DP
program are relatively low, success is predi-
cated upon clinical applications. One highly
useful, early strategy for a developing in-hospi-
tal 3D printing lab is partnership between radi-
ologists and one group of specialist physicians.
Within that specialty, complex cases frequently
require detailed discussions, supported by pre-
cise measurements of anatomical relationships
as well as consideration of disease pathophysi-
ology. The radiologist often prepares 3D visu-
alization to augment these conversations, and
very often 3D printing can further clarify com-
plex anatomy. For example, in a relationship
with orthopedic surgeons, specific models of
bone tumors of the pelvis will prove useful to
delineate surgical planes and help foster a rela-
tionship and confidence in the models for pro-
cedure planning.

A logical next step for a growing 3D printing
lab is to add a second, relatively low budget vat
polymerization system. With these systems, the
scope of models will increase, and a modest-
sized build tray will not be prohibitively expen-
sive (Fig. 4.2). The acquisition of a vat
polymerization system certainly could come
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Fig. 4.2 3D Printing at
the Applied Imaging
Science Laboratory,
Boston, MA. From left
to right: Anji Tang,
Dimitrios Mitsouras
PhD, Elizabeth George,
MD

before a FDM printer, but by the time both are in
the lab, additional human resources will be nec-
essary to manage the printers, clean the models,
and manage orders from referring clinicians.
With these experiences in hand, larger printers
should then be considered, and with this comes a
wide scope of services and collaborations within
the institution and beyond. At present, there are a
limited number of hospitals with advanced
resources, making them desirable for partner-
ships as medical 3D printing continues its expo-
nential growth.

Typically derived from CT or MRI, Group I
3D models are designed to depict the anatomic
information contained in the medical images,
without alteration, and are generally used for sur-
gical planning. Examples include a newborn with
double outlet right ventricle (Medical Modeling
2012) or craniomaxillofacial models where tis-
sues are not altered, for example, to plan complex
procedures including congenital deformity cor-
rections and secondary reconstruction following
trauma (D’Urso et al. 1999; Yoo et al. 2015;
Christensen et al. 2004). Orthopedic (Brown
et al. 2003) and cardiovascular (Giannopoulos
et al. 2016) applications include 3D-printed mod-
els for visualization and physical, hands-on simu-
lation. The common denominator for Group I
models is that 3D printing extends current 3D

visualization and the model does not differ from
the patient’s anatomy. Following the Modeling
Flow Map of Christensen and Rybicki (2017), we
maintain that steps A-E, including “3D Printing
Preparation,” should use systems (software and
some hardware) that are cleared by the FDA for
their intended use. This includes not only the
imaging hardware/software but also the software
used to segment the medical images from their
original 2D state into a 3D dataset usable for 3D
printing (i.e., an STL or 3MF file) (FDA 2014a,
b). Regarding the steps “Build Prep—Support,
Slicing” to the end of the pathway when models
are used by healthcare professionals, the FDA
has commented that work in hospital is not under
these auspices, and they do not contain what the
FDA considers to be medical devices (Yoo et al.
2015).

In this scenario, step E “3D Printing
Preparation: Minor Changes” does not make sig-
nificant changes to the anatomy but instead
refines the STL file so that it can be printed.
Since the anatomy of the printed part has been
finalized in step D, these minor modifications are
grouped with the later steps in the workflow of
generating the model after the completion of the
design. As described in Christensen and Rybicki
(2017), minor modifications have the intent of
not modifying the original anatomy but rather
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highlighting an area, labeling the model, or add-
ing material to allow for better 3D printing pro-
duction. The following are examples of minor
modifications of the models:

1. Filling holes in anatomy introduced by imag-
ing artifact
2. Smoothing anatomy in anatomical areas
where imaging artifact has been introduced
3. Adding structural supports to keep anatomy
in proper relation to other anatomy
4. Adding material as a “wall” around a
contrast-enhanced object (such as a vessel
lumen), commonly used for heart or vascular
modeling
5. Removing known imaging artifact
Labeling the model
7. Cutting the model into parts for better visual-
ization or 3D printability
8. Adding magnets to allow for better function-
ality of cut models
9. Adding color to delineate or highlight ana-
tomical structures
10. Grouping separate anatomical structures into
a single model file

o

We recognize that software packages may be
designed to do these preparation steps as well as
more major modifications spelled out in step
F. However, patients who require substantial
modifications to the anatomy captured in the
medical images should be considered in Group
II: Modified Anatomical Models.

3D-printed models that fall into Group II,
noted as “Modified Anatomical Models,” have
the common characteristic that the anatomy as
captured by the medical imaging device has
been “significant” to enhance the planning of an
intervention. Common examples include print-
ing a patient’s anatomy with a tumor “digitally”
removed. Another common example is mirror-
ing a patient’s anatomy. These models have the
same steps A—D Group I models, but patients
for whom the 3D output falls into Group II
include both step F (major changes) as well as E
(minor changes). Examples of major modifica-
tions from Christensen and Rybicki (2017) are
as follows:

1. Removal of segmented anatomy such as a
tumor, in order to visualize the size of the
defect before reconstruction.

2. Mirroring of the dataset to provide a mirror
image model in order to ascertain degree of
symmetry or asymmetry.

3. Mirroring and “perfecting” of the dataset to
provide a model which appears to be “perfect”
(a unilateral defect has now been erased by
combining half of a mirror image model with
the half of the unaffected original patient
model).

4. Digital placement of a “graft” of either allo-
plastic or autogenous material into a defect
and including this on the resultant model.

5. Visualizing, sizing, and simulating interven-
tion using another medical device digitally
and subtracting said device, its shadow, screw
holes/fixation points, etc. from the original
model, leaving an imprint/pattern/holes of
some type on the model.

6. Visualizing, sizing, and simulating interven-
tion using another medical device and altering
the model in some way that includes this
device.

7. Designing a graft of alloplastic or autogenous
material and printing out the model with an
indication of this graft or a printout of the new
graft itself. An example includes a patient
with a cranioplasty defect and filling the
defect with a perfectly fitting implant template
which will be used to guide harvest of autog-
enous material or shaping/manufacturing of
alloplastic material.

We maintain that software used to make major
modifications should be FDA cleared for this
intended use and that printed model should also
be considered a medical device. We do note,
however, that 3D printing within hospitals are
within the scope of medical practice, and as such
in the United States, these practices are subject to
regulations set by specific institutions and societ-
ies as opposed to the FDA. This places important
roles and responsibilities on medical societies
such as the RSNA, as noted in more detail below.
Should the hospital be outsourcing models for
commercial use, or if the models are generated
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by a company that is marketing models in Group
I for patient care, the hardware (i.e., the 3D
printer) and the software used to drive the hard-
ware should be FDA cleared for these intended
uses.

Group III models are denoted by Christensen
and Rybicki has “Virtual Surgical Planning with
Templates,” typically referring to the digital pro-
cess based on CT or MR images, for example, a
CT scan in patient who needs reconstructive
osseous surgery to the face (Gateno et al. 2007,
Hirsch et al. 2009; Mardini et al. 2014). Digital
surgical planning informs the design of templates
and guides incorporated into patient intervention.
The number of in hospital Group II models is
increasing, although to achieve these goals, the
most modern software (Imprint, Materialise,
Leuven, Netherlands) must be combined with an
advanced printer.

We opine that radiologists occupy a central
and indispensable role in clinical 3DP and cer-
tainly in patients for whom models are generated
from CT or MR images. Moving forward, radi-
ologists will have to assume a deepened role in
ensuring overall quality as well as managing
image protocolling and acquisition, to the level of
precise segmentation of disease extent and CAD
of surgical guides, instruments, and implants. At
present, radiologists are uniquely positioned to
communicate with all involved stakeholders
regarding the extent of disease, providing quality
assurance for both the mathematical and the
physical 3DP models and productively engaging
in multidisciplinary rounds to communicate
model features and limitations.

Organizations with medical specialties, for
example, the RSNA or the American College of
Radiology, will be charged with generating pro-
fessional standards for in-hospital printing. Early
adopters of medical 3D printing currently popu-
late these groups, for example, the Special Interest
Group of the RSNA. In our experience, the gen-
eral rule has been that those early adopters have
maintained high-quality printing, factoring in and
self-regulating all of the steps that could lead to
clinically significant differences between the
3D-printed model and the desired output intended
for patient care. While we expect that this will be

managed by regulatory bodies, for example, the
FDA and Health Canada, there is far less regula-
tion of what can happen within the walls of a hos-
pital. Thus, the burden is likely to fall on societies
to limit risk. The most important of these risks in
our opinion is “freeware” or software without
proven credentials by regulatory bodies being
used to post-process and alter patient DICOM
datasets for medical use. Similarly, the scope of
printing hardware has large boundaries, including
printers for $100 USD. Groups such as the Special
Interest Group are very actively working to create
recommendations to ensure that quality and safety
are maintained. Because this topic is so important
for healthcare, we have dedicated Chap. 11 in this
book to address these issues. We believe that rigor
must be maintained as the next generation of
medical modelers rapidly outnumbers the early
adopters. We maintain the patient experience as
the top priority, and accuracy as paramount to
optimizing this experience, even if this decision
has a higher cost to the 3D printing lab. Finally,
we believe that the best results will come at the
intersection of hospitals, regulatory bodies, and
industry, and we encourage interactions among all
three groups as 3D printing emerges as a universal
tool to improve the quality of life for our patients.
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Craniofacial Applications of 3D

Printing

Gerald T. Grant and Peter C. Liacouras

Current advances in imaging technology, virtual
surgical planning, and 3D printing have poten-
tially changed how we will use patient-specific
information for treatment planning and custom-
ized treatment. Medical providers can not only
view a 3D rendering of the patient’s anatomy on
digital display, but that image can now be trans-
ferred as a physical model which not only aids in
treatment planning but in patient education. The
use of these technologies in craniofacial recon-
struction was reported in the early 1990s (Gronet
et al. 2003). These techniques have proven to pro-
vide surgeons confidence in executing their plan,
reduced operating times, and better outcomes. In
addition, they provide patient-centered care and
better esthetic and functional outcomes (Grant
et al. 2013) (Fig. 5.1). In this chapter, we will
review some of the areas of application in cranio-
facial reconstruction and dentistry.
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Fig. 5.1 Identification of the auditory canal from a cone
beam CT

5.1 Craniofacial Imaging

Computed tomography is the preferred method of
imaging for head and neck reconstructions. The
Hounsfield scale enables identification of soft and
hard tissues by their density; this allows for segmen-
tation of the images for reconstruction of 3D mod-
els with minimal artifact but at the expense of
radiation exposure to the patient (Gordon et al.
2014). In contrast, cone beam computed tomogra-
phy (CBCT) has become more common in dental
and medical practices; their low radiation exposure
provides a unique opportunity to capture hard tissue
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images that have been used for endodontic diagno-
sis, airway visualization, orthognathic reconstruc-
tions, and dental implant planning (Gronet et al.
2003; Vannier 2003; Grant et al. 2013; Estrela et al.
2008). However, CBCT is subject to severe artifact
from dental restorations, and lack the contrast to
segment soft tissue to complement bone. In addi-
tion, due to the inconsistancy of contrast, the
Hounsfield Scale does not apply to identify soft ver-
sus bone tissues.

Surface scanning has also been used to design
and fabricate craniofacial devices. These are non-
invasive and have applications in craniofacial
planning (Sabol and Grant 2011). These scanning
devices use laser, light, or some type of contact
scanning technologies employing technologies
such as stereo photogrammetry to increase accu-
racy, and are stationary or handheld (Knoops
et al. 2017). The images captured are often used
for registration to other medical images to pro-
vide more accurate virtual models for virtual
planning and to design devices, medical models,

and surgical guides. In addition, surface scanning
has also been successfully used to fabricate max-
illofacial prostheses (Sabol and Grant 2011;
Grant et al. 2015).

5.2  Cranioplasty

Cranial defects can be caused by trauma, tumor,
or decompressive craniotomy. Historically, the
fabrication of a custom cranial implant involved
an ambulatory patient, conventional impression
techniques, fabricating an indirect stone model of
the defect, and fabricating a mold for processing
polymethyl methacrylate (PMMA) (Aquilino
et al. 1988). Surgical placement involved exten-
sive modification to get an acceptable fit with
long hours in the operating room and use of self-
curing acrylics to fill in the gaps. The initial use
of 3D printing was to print the defect from which
a custom wax implant could be fabricated and a
mold for PMMA (Fig. 5.2). In this process, the

Fig. 5.2 The left photo is the SLA skull with a frontal bone and lateral orbit defect. The right is the waxed implant for
mold fabrication
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patient does not have to be available to the labo-
ratory, and the process enables more complicated
craniofacial implants that fit the defect with mini-
mal modification, cutting the fabrication time
down by close to 75%, and operating time nearly
in half (Gronet et al. 2003) (Fig. 5.2). This pro-
cess has now evolved to digital design directly
from medical imaging and fabrication of the cra-
nial implant by milling PMMA and
Polyetheretherketone (PEEK) implants or
3D-printed titanium and Polyethyl ketone ketone
(PEKK) (Fig. 5.3).

5.3  Craniofacial Reconstruction
In trauma cases, 3D models may help to recog-
nize the position and the direction of fractures,
the number of bone fragments, and the degree
of dislocation. Virtual planning can assist in a
reconstruction plan with reestablishing con-
tours and fabricating positioning and bending
guides for plates and recontour bars. However,
there are limitations that can result in surgical
delay due to long model production with cur-
rent additive manufacturing processes (Powers
et al. 1998; Holck et al. 1999; McAllister 1998)
(Fig. 5.4).

Virtual simulation and printed models from
medical images provide solid models that simu-
late osteotomies and grafts, simulate segmental
jaw movements, and facilitate preoperative

Fig. 5.3 Titanium cranial implant manufactured directly
from electron beam melting

construction of surgical guides, templates, and
custom surgical devices (Ander et al. 1994;
D’Urso et al. 1999; Kermer et al. 1998).

Guides can be designed and fabricated that
allow the prebending of recontouring bars for
mandibular stabilization prior to the surgical
reduction, positioning guides that reapproximate
bone sections for plating, cutting guides to move
bone as needed, and customized devices to
replace or stabilize sections of the mandible,
zygoma, or orbit using biocompatible materials
(Singarea et al. 2004). Using virtual surgical
techniques, the surgical guides assist the surgeon
in osteotomy cuts, implant placement, position-
ing of bone and soft tissue for reconstruction, and
assistance in prebending of reconstruction plates
(Fig. 5.5).

Recently, the limits of craniofacial reconstruc-
tion have been challenged with the success of full
total face transplants. The same principles of
virtual planning can be very useful in the selection
of appropriate anatomical donors to approximate
the correct dental occlusion and other anatomical
reconstructions. (Murphy et al. 2015a; Sosin
et al. 2016) (Fig. 5.6). Cutting guides can be
designed to provide an intimate fit of bone mar-
gins of the donor anatomy to the recipient site.
Currentresearch in this area proposes navigational

Fig.5.4 3D rendering of defect of the mandible
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Fig. 5.5 Virtual planning for a fibula reconstruction of
the maxilla

technologies and mastication simulation (Gordon
et al. 2014; Murphy et al. 2015b).

In respect to the donors, a facial mask is
required after the harvest of the transplant.
Conventional fabrication of a total facial pros-
theses by a maxillofacial prosthodontist or ana-
plastologist at the time of the surgery can be
disruptive and expensive. An alternative tech-
nique using 3D printing from medical imaging
and photographs have been proposed, as they
can be fabricated directly or with a mold, prior
to the surgical intervention at a lower cost
(Grant et al. 2014) (Fig. 5.7).

5.4 Dental Implant Guides

Dental implant placement is driven by the restor-
ative plan it retains or supports. The purpose of a
surgical guide is to assist the surgeon in the location
and direction of the osteotomy prior to dental
implant placement. The Academy of Prosthodontics

Fig. 5.6 Both the donor and the recipient skulls have
been registered and cutting planes established to fabricate
cutting guides

defines a surgical template as a guide used to assist
in proper surgical placement and angulations of
dental implants (The Glossary of Prosthodontic
Terms, 2017). Based on the amount of the opera-
tive restriction of the drill, the design of the surgical
template can be classified as nonrestrictive, par-
tially restrictive, or completely restrictive (Stumpel
2008; Misch and Dietsh-Misch 1999). Historically,
surgical guides were fabricated conventionally on
dental casts using a variety of techniques and mate-
rials including clear vacuum-formed matrix, free-
form auto-polymerizing acrylic resin and acrylic
resin duplicates of the available prosthesis or diag-
nostic wax-ups.

Recently, software has become more available
that provides dental implant planning from
CBCT using digital scans of diagnostic wax-ups
or virtual restorations from intraoral scans or
diagnostic casts. By registering the images, the
restoration can be planned, and a surgical guide
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Fig. 5.7 Silicone-fabricated donor mask for donor of
facial transplant. Fabricated prior to the transplant surgery

can be fabricated to limit the placement of the
dental implant to accommodate the restorative
plan (Fig. 5.8). In some instances, this workflow
allows for “same day” implant retained restora-
tions, even in more complicated cases requiring
grafting (Cheng et al. 2008; Stapleton et al.
2014). Once the digital or virtual plans have been
designed, the guides and the restorations can be
produced with digital manufacturing—either
additive or milled.

Most additive manufacturing technologies
can be used to fabricate the surgical guides;
however, there are some concerns of irritation
from residual surface chemicals of some poly-
mers. USP (US Pharmacopeia) Class VI judges
the suitability of plastic material intended for use
as containers or accessories for parenteral prepa-
rations. Suitability under USP Class VI is typi-
cally a base requirement for medical device
manufacturers. It is recommended that materials
compliant with this test be used for all surgical
guides as well as medical/dental models avail-
able in a surgical setting. Most manufacturers of
3D printers will have a medical grade material
that is Class VI compliant and offer a specific

Fig. 5.8 Dental implant placement based on digitally designed restorative solution. The teeth are replaced “digitally”
and angulation and depth of implants are determined to manufacture an implant placement guide
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cleaning process for these items. However, the
Food and Drug Administration (FDA) has
cleared devices for surgical guides and limited
intraoral use produced by 3D printed materials
(Formlabs, Cambridge, MA), and it is expected
that there may be similar trends in the future.
This is further detailed in Chap. 10.

5.5 Maxillofacial Prosthetics

Trained maxillofacial prosthodontists along with
technicians or anaplastologists have historically
achieved the planning and fabrication of facial
features through moulage and sculpting tech-
niques. These techniques are usually uncomfort-
able to the patient and require several days to
fabricate the prosthesis. In contrast, medical
images provide the information that will allow
for virtual planning and fabrication of facial pros-
theses. Software mirroring techniques can be
used to “sculpt” missing ears or missing anatomy
on the contralateral side and software that pro-
vides “electronic clay” type technologies
(Geomagics Freeform, 3D Systems) allow for
development of textures, accommodate attach-
ments, and design molds for CAD/CAM or 3D
printing (Jiao et al. 2004; Liacouras et al. 2011).
Molds are then layered and colored with silicone
since currently there are no commercial silicone
printers that would allow for direct fabrication
and color (Fig. 5.9). Recent advancements in

lower-priced scanners and online maxillofacial
design commercial sites are making these tech-
nologies more accessible to providers outside
academic and military practices.

Other Craniofacial
Applications

5.6

Aside from reconstruction and dental applica-
tions, benign tumors of the jaw usually present
with localized expanding deformities. Other
pathology and vascular lesions can be differenti-
ated with contrast enhanced CT. Printed models
provide vital information for planning and patient
education, offering a physical model of the
affected area (Fig. 5.10). In addition, using vir-
tual surgical planning with a color-coding tech-
nique, specific structures such as teeth, nerves,
and the extent of a tumor can be displayed, facili-
tating more detailed surgical planning (Santler
et al. 1998).

Forensic reconstruction is another area of
application of digital planning and 3D printing.
An unpublished work by the Naval Postgraduate
Dental School’s Craniofacial lab working with
the Exploited Children’s section of the FBI vali-
dated soft tissue reconstruction software from
CT images of complete and incomplete skulls
(Fig. 5.11), suggesting that computer recon-
struction can be valuable in skull reconstruc-
tions historically done by forensic artists.

Fig. 5.9 Additive manufactured ear mold being layered
with colored silicone

Fig.5.10 3D printed model of a mandible with teeth and
lingual nerve highlighted with different colors



5 Craniofacial Applications of 3D Printing

49

Fig. 5.11 Electronic clay forensic reconstruction from a
skull

5.7  Conclusions

Continual advances in medical imaging, recon-
struction software, and 3D printing continue to
aid and advance the field of craniofacial surgery
and other medical specialties. Technology
advances, including more user-friendly software
will enhance utlization. As these technologies
become increasingly available and affordable,
adoption may eventually become routine.
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3D Printing in Neurosurgery

Vicknes Waran, Vairavan Narayanan,
Ravindran Karrupiah, and Chun Yoong Cham

6.1 Introduction

3D printing is generating interest in many fields,
for example, design, engineering, and medicine.
The surgical fields in medicine have taken the
lead in progress, especially in orthopedics, max-
illofacial reconstruction, and neurosurgery
(Eltorai et al. 2015; Yang et al. 2015; Mavili et al.
2007; Miiller et al. 2003; McGurk et al. 1997). In
particular, 3D printing has contributed greatly to
the development of personalized medicine. 3D
printing has emerged to play a unique role in the
fabrication of personalized implants as well as in
surgical planning and simulation, assisting in the
consent process, and providing an educational
tool for medical students and residents (Mavili
et al. 2007; Miiller et al. 2003; McGurk et al.
1997; Liew et al. 2015; Jones et al. 2016; Naftulin
et al. 2015; Rengier et al. 2010; Webb 2000). This
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is based on the fact that reasonably complex
3D-printed models can be created in a short
period of time with a good cost efficiency.

6.2 Neurosurgery
The application of 3D printing in the field of neu-
rosurgery began in 2007 when researchers started
developing implants and plates to reconstruct
facial bones and skull defects (Kozakiewicz et al.
2009; Klammert et al. 2010; Li et al. 2013; Zhang
et al. 2014). This was an appropriate starting
point, as commercially available printers were
still in their infancy and only allowed printing in
single material and density.

3D printing progressed, following the evi-
dence that models were accurate spatial represen-
tations of patient anatomy. By 2012, printers that
were able to print in more than one material and
density (Shore value) were available. The advent
of these new printers allowed researchers and
clinicians to create lifelike, spatially, and ana-
tomically accurate models that could be used in
the training of surgeons, patient understanding,
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and planning of complex procedures (Narayanan
et al. 2015; Tai et al. 2015; Zheng et al. 2016;
Ploch et al. 2016).

The aim of this chapter is to trace these devel-
opments, the use of the end products, challenges
encountered, and future application possibilities.

6.3  Cranial and Facial Implants

In neurosurgery, the initial application of 3D print-
ing technology can be traced to maxillofacial pro-
cedures where surgeons reconstructed and or repair
of facial and calvarial defects, usually secondary to
developmental, traumatic, or postsurgical defects
(Solaro et al. 2008; Winder et al. 1999; Dean et al.
2003; Rotaru et al. 2012). The geometry of the
facial bones and skull being extremely complex, it
is often a challenge to mold plates to accurately fit
and provide suitable cosmetic reconstruction
(Caro-Osorio et al. 2013; Marbacher et al. 2012;
Fathi et al. 2008). Since most of these defects pri-
marily involve underlying bony structures, the
application of this technology proved ideal.

Computer-generated images were also used to
reconstruct bony defects from a composite using
the normal opposite side. This “mirroring,” now
commonly used in models that fall in the cate-
gory of “modified anatomical models,”
(Christensen and Rybicki 2017) is not always
possible as patients often had bilateral defects.
Therefore computer algorithms to mirror or
reconstruct from scratch was required. Initial
plates used were hand-molded, based on com-
puter graphics (Caro-Osorio et al. 2013;
Marbacher et al. 2012; Fathi et al. 2008; Shah
et al. 2014).

With the advent of 3D printing, models were
initially created in the corrected form, and tita-
nium plates were molded to fit the defect based
on the reconstruction. The reconstructed plates
were tested on the defect model prior to steriliza-
tion and surgery (Solaro et al. 2008; Winder et al.
1999; Dean et al. 2003; Rotaru et al. 2012;
D’Urso et al. 2000).

Based on the initial experience learned
above, the use of 3D printing for neurosurgical
applications was extended to replacing cranial

defects. This represented a large need in neuro-
surgery, as patients often have large segments of
their skull removed following severe head inju-
ries as means of controlling rises in intracranial
pressure.

Historically, cranial reconstructions were car-
ried out by using the autologous calvarial bone
that is removed from the patient during initial sur-
gery and stored in the abdomen of the patient or
freeze dried (Shah et al. 2014; Iwama et al. 2003;
Grossman et al. 2007; Shoakazemi et al. 2009).
These autologous bones had long-term problems
including subsidence, disintegration, and infec-
tion (Shoakazemi et al. 2009; Gooch et al. 2009).
Subsequently the segments of bone removed at
the time of initial surgery were stored in freezers
and later sterilized and replaced. Unfortunately, in
a large number of patients, these plates disinte-
grated following their reimplantation, creating
large defects. In addition to this, patients often
experienced pain at the edges of the disintegrated
defect. Eventually, the autologous ribs were ruled
out, and various metals and acrylic-based prod-
ucts became increasingly used in the reconstruc-
tion (Caro-Osorio et al. 2013; Marbacher et al.
2012; Fathi et al. 2008; Shah et al. 2014). These
materials required in situ molding during surgery,
usually by hand or with minimal equipment. This
extended the intraoperative time course and also
created a number of problems including poor fit
and cosmetic outcome.

When metal plates like titanium were used,
these plates had to be cut and bent to fit, often
ending up with sharp edges. This posed as a risk
to the operating surgeon who could end up with
cuts from the sharp edges. These edges and acute
angling of the plates can often cause pressure on
the skin flap, resulting in pain and breakdown of
the overlying skin (Shah et al. 2014; Gooch et al.
2009).

3D-printed cranial implants overcome most of
the problems mentioned above. Using the stan-
dard printing method described above, a mold of
the decompressed segment of the skull can be
created and used as the template over which a
titanium plate is cut, compressed, and molded to
obtain a good fit (Fig. 6.1). This individually pre-
fabricated cranial implant is then sterilized and
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Fig.6.1 Titanium plate compressed to 3D-printed model
of defect

implanted. In addition to titanium, other materi-
als like acrylic and PEEK (Polyether ether
ketone) have also been used to create implants
using similar techniques (Caro-Osorio et al.
2013; Marbacher et al. 2012; Fathi et al. 2008;
Shah et al. 2014; D’Urso et al. 2000; Rosenthal
et al. 2014).

Patient’s actual bone from the initial decom-
pression cannot be used as a template at the time
of implantation simply because often, the
patient’s skull ~would have undergone
remodeling.

Other surgeons have also directly used
3D-printed titanium plates via the continuous
deposition method. This method eliminates cut-
ting and molding; however, these more advanced
3D printing technologies are much more expen-
sive than earlier approaches, and the cost-benefit
should be assessed among individual patient pre-
sentations (Winder et al. 1999; Dean et al. 2003).

3D-Printed Models
for Surgical Simulation
and Training

6.4

The first cranial models created were used to
understand bone pathology as initial commercial
printers like Z Corp, ZPrinter®450 (South

Fig.6.2 Z Corp, Z Printer 450 printed model of the skull
used to confirm spatial accuracy

Carolina, USA) were only able to print in a single
material that mimicked bone very well. The next
step involved was in verifying the accuracy of
these models both anatomically and spatially.
This was performed using standard image guid-
ance navigation stations Medtronic
StealthStation®S7™System (Colorado, USA)
and BrainLab Kolibri™ (Heimstetten, GER) to
register 3D models of a patient’s skull to the
actual imaging data, thus demonstrating that sur-
gical navigation stations were unable to distin-
guish the model form the actual patient. We also
found all the preselected anatomical points to be
spatially accurate (Waran et al. 2012) (Fig. 6.2).

As surgery on an actual patient involves not
just the skeletal structures but also various soft
tissue components, attempts were made to create
a “face” over the facial bones that accurately
reflected the patient. Initial attempts were per-
formed using latex poured into a mold. While this
technique was able to accurately create the face
of a person, the process was labor intensive, and
after a period of time, latex had a tendency to
contract and crush the underlying “bony struc-
tures” (Fig. 6.3).

The next leap in technology was the multi-
material printer. This allowed models to be
printed with materials of different density like
bone and soft tissue therefore creating multiple
interfaces between various tissues (Stratasys
Objet500 Connex™). The challenge was to
enable the various tissues to interact in an “ana-
tomical or surgical way.”
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Fig.6.3 Latex over “bone” model to mimic face

Multi-material printing allowed demonstra-
tion of features such as the ability to reflect
skin off bone and to allow the bone to be burred
or perforated using a standard craniotome, cra-
niotome safety clutch engagement when the
bone dura interface is reached and for the dura
to be separated from the skull to prevent dam-
age to underlying structures (Fig. 6.4 and
Video 1).

Due to these features, we were able to success-
fully create models based on imaging data from
actual patients with pathological findings. Our
trainees are able to carry out various standard neu-
rosurgical procedures on these models, such as:

1. Head positioning

2. Registration and planning based on
neuro-navigation

3. The ability to carry out standard craniotomies
including exposure and removal of simple
cortical tumors (Waran et al. 2014a; Waran
et al. 2014b)

The advantage of these models as surgical
simulators includes the presence of original
pathology within the model, as well as support-
ing data like proper history and medical imaging.

Fig. 6.4 Cross section view of the skin, skull, dura, and
tumor

All standard surgical equipment used in day-to-
day neurosurgery can be used, enhancing the
realism of the simulator. These models provide
tactile feedbacks that presently do not exist with
basic box and complex virtual simulators.

Neurosurgical teaching models currently
available include:

e Basic models that allow image guidance reg-
istration, flap planning, and bone flap
elevation

e Stereotactic models to teach complex stereo-
tactic planning

e Endoscopic models—both for intraventricular
(Video 2) and trans-nasal surgery

e Spinal models—cervical and lumbar spine for
anterior and posterior approaches (Video 3)

Despite the term multi-material, initial models
worked best with one interface and two tissue
densities only, for example, bone and skin.

The latest multi-material printers have allowed
these models to become more dynamic.
Endoscopic intraventricular models can be cre-
ated with fluid-filled ventricles and intraventricu-
lar tumor. Similarly, endoscopic transsphenoidal
models can be created with multiple bone ledges,
intrasellar tumor, as well as cylindrical tubes
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cuffing the tumor to mimic carotid arteries
(Figs. 6.5 and 6.6a, b).

These models have been used to run “surgical
approaches workshops” and training programs
for surgeons of various levels from junior train-
ees to senior surgeons (Narayanan et al. 2015;
Waran et al. 2014b; Waran et al. 2015). With the
advances in printer technology, future applica-
tions include color-printed tissues, tissues with
various density, and tactile feedback that allows
microdissection and cylindrical structures with
pulsatile blood.

Fig.6.5 Clival meningioma with circle of Willis

Fig.6.6 (a, b) Sagittal and cross-sectional view from tip of nose to sella turcica of a patient with a pituitary tumor and
an anterior water bath to mimic CSF leak
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6.5 Preoperative
and Intraoperative

Surgical Simulation

This area has fired the imagination the most in
the eyes of the public for the use of 3D printers in
customized medicine. 3D printers have in the last
3—4 years been used to preoperatively plan and
intraoperatively aid various complex and infre-
quently performed procedures. They have dem-
onstrated their usefulness in understanding the
3D anatomy of lesions that may differ widely in
appearance among individuals with similar
problems.

These models have been used in the planning
of pediatric neurosurgical-maxillofacial teams
performing complex advancement procedures in
children with cranial synostosis. Customized
patient-based models are useful in the planning
of individual bone cuts that are required and
assess the degree of advancements that may be
required (Poukens et al. 2003; Gateno et al.
2003).

Customized models have also been used in
complex base of skull tumors with the aim of
assessing the various surgical approaches and
corridors (Kondo et al. 2016; Pacione et al. 2016;
Oyama et al. 2015).

More recently, these models have been used in
planning the treatment of complex vascular
pathology. In this instance, the model was used to
understand the complex anatomical relationship
of the various vessels and related brain tissue
(Ryan et al. 2016; Wurm et al. 2011; Thawani
et al. 2016).

6.6  Assisting in the Consent

Process

3D-printed models have shown great utility for
patient consent, greatly enhancing conversations
with patients and enabling meaningful explana-
tions of pathology and interventions to patients.
Surgeons have used these personally created
models with in situ pathology to explain complex
procedures to patients and their relatives. The
surgical approaches, brain tissue within the cor-

ridor of approach, and possible complication are
much better explained to a nonmedical personnel
by physical models. It presents as an excellent
medical aid in the consent process (Liew et al.
2015; Jones et al. 2016).

6.7 Drawbacks of 3D Printing

The main and probably only drawback of the 3D
printing technology is time and cost. It requires
expertise and time to segment important anatomi-
cal components individually before a print can be
commenced. Printing time itself has been short-
ened in certain instances, but nevertheless, the 3D
printing of a complex case can take up to a full
day. The initial expense of buying a versatile
printer and maintaining expert staff to run it is
still expensive and may add on to an already
escalating healthcare cost, resulting in being pro-
hibitive to be used routinely for all patients. This
current technique is therefore most useful for
complex, elective procedures requiring detailed
preoperative planning (Martelli et al. 2016; Ionita
et al. 2014).

6.8  Conclusions

3D printing has progressed in leaps and bounds
since the early days of laser-sintering resin mod-
els. We are now able to personalize models based
on individual patients in an accurate and cost-
effective way to help in the surgical process, sur-
gical training, and patient understanding. The
redult is that these collective technologies are
very useful neurosurgical tools.
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7.1  Introduction

Cardiovascular 3D printing is now realizing its
enormous potential. To date, 3D printing has
been used to enhance management algorithms
and plan complex cardiovascular interventions,
and there is currently significant focused devel-
opment for structural, valve, and congenital heart
diseases, where the early evidence base supports
clinical use of the technology. In the era of 3D
visualization, defined as viewing various volu-
metric depictions on a 2D screen, spatial relation-
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ships could be assessed with new strategies but
ultimately lacked the ability to convey the third
dimension and tactile perception. 3D printing has
extended this paradigm to a complete volumetric
representation, and in cases of complex cardio-
vascular pathology, this “new modality” has
become indispensable (Giannopoulos et al.
2016a, b; Mitsouras et al. 2015). The gamut of
applications of 3D printing includes primarily
planning intervention, outlined in this chapter.
There are also great educational opportunities,
for the radiologist, cardiologist, and surgeons, as
well as patient education that will be largely
addressed elsewhere in the book.

Unlike other established specialties such as
orthopedics, 3D printing in the cardiovascular
arena has been hampered by the paucity of 3D
printing materials to simulate cardiovascular tis-
sues. This is in stark contrast to the variety of
synthetic polymers and thermoplastics that when
printed resemble “hard plastics” that readily
emulate bone. Nevertheless, there is significant
development underway, particularly toward per-
sonalized devices and implants that are now
clearly on the horizon. There is also a growing
field of research enabled by 3D printing, includ-
ing patient-specific flow analyses that would not
be otherwise possible ex vivo. Finally, 3D print-
ing is already established as a means to educate
healthcare professionals and patients who are
eager to learn more about their disease and
potential interventions.
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7.2  Congenital Heart Disease

(CHD)

Perhaps the fastest growing applications and
peer-review literature support for 3D printing are
in infants with congenital heart disease. While
straightforward cases of atrial (ASD) and ven-
tricular septal defects (VSD) and patent ductus
arteriosus (PDA) are routinely corrected without
the benefits of 3D printing, patients with moder-
ate and severe CHDs (6-9 per 1000 live births
(Hoffman and Kaplan 2002; van der Linde et al.
2011)) will benefit from 3D printing through bet-
ter surgical outcomes in terms of hemodynamics.
Fluoroscopy procedures planned with 3D printed
models benefit from less fluoroscopy time and
lower dose of iodinated contrast use. Similarly,
there is little doubt, although data collection is
problematic because of lack of control data for
specific procedures, that infants who have 3D
printed models that can be used to plan open sur-
gery will require less anesthesia and less time
under cardiopulmonary bypass.

One key problem in CHD in general is the
diverse presentation of specific pathologies; this
poses challenges for surgeons and renders educa-
tion very challenging. At the same time, this het-
erogeneity lends itself to the benefits of
personalized medicine enabled by 3D printing. It
is therefore not surprising that sophisticated 3D
printing labs are the outgrowth of those making
diagnoses and doing surgery on patients with
complex CHD. Models for planning are typically
printed in transparent, flexible material. This ren-
ders the ability to cut or bend the models when
planning an intervention and also enables a pre-
view of a complex surgical view that would oth-
erwise be impossible before the procedure and
entirely impossible for trainees who are scrubbed
in on the case (Schrot et al. 2014) (Fig. 7.1).

The benefits of 3D printing are under-realized
among the septal defects. 3D printing from CT,
MRI, and 3D echocardiography, and the post-
processing steps used to generate these models, is
highly valuable and amendable to design patches
and to navigate the direction of intraoperative
occluder devices (Chaowu et al. 2016; Kim et al.
2008). 3D printing of the heart can also include

VSD patch -*ﬂ\
T ——
T i

-

/

Fig. 7.1 Flexible 3D printed models of double outlet
right ventricle for hands-on training of suturing the ven-
tricular septal defect patch (photo courtesy of Prof. Shi-
Joon Yoo from The Hospital for Sick Children, University
of Toronto, Toronto, Canada)

the great vessels (Riesenkampff et al. 2009;
Schmauss et al. 2015; Shiraishi et al. 2014, 2010;
Noecker et al. 2006; Olivieri et al. 2015;
Giannopoulos et al. 2015; Samuel et al. 2015).
Other examples include ostium secundum ASD
(Faganello et al. 2015), preoperative evaluation
of ASD, and occlusion trials to avoid potentially
unnecessary procedures (Chaowu et al. 2016)
and VSDs (Olivieri et al. 2015). 3D printing has
been used for occluder device sizing and selec-
tion of the approach to cross the defect in a con-
genital muscular VSD (Kim et al. 2008).

7.2.1 Complex Pediatric and Adult

Congenital Heart Diseases

Reports of 3D printing benefits in congenital
heart disease are now too numerous to discuss in
a case-by-case format (Riesenkampff et al.
2009; Noecker et al. 2006; Matsumoto et al.
2015; Mottl-Link et al. 2008; Olivieri et al.
2014; Ryan et al. 2015; Shirakawa et al. 2016;
Sodian et al. 2008; Valverde et al. 2015). The
most important contribution in the field is in
double outlet right ventricle (DORV) (Farooqi
et al. 2016; Yoo et al. 20164, b; Greil et al. 2007;
Vodiskar et al. 2017). In addition to the variabil-
ity associated with the VSD (usually present),
the infundibular and intracardiac variability has
resulted in individualized surgical approaches.
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These have been summarized and captured in a
library (IMIB-CHD n.d.) of flexible 3D printed
models used to teach anatomy and the aid in
several organized surgical training initiatives
(Yoo et al. 2016a, b).

Tetralogy of Fallot (TOF) also has variability,
and infants have greatly benefited from the avail-
ability of 3D models. Examples include TOF
with pulmonary atresia, where 3D printing has
been used to depict the pulmonary vascular anat-
omy, including collateral flow (Ryan et al. 2015)
that can be referenced intraoperatively (Ngan
et al. 2006). Benefits have also been realized in
infants with hypoplastic left heart syndrome
(Shiraishi et al. 2006, 2014; Kiraly et al. 2016)
and transposition of the great vessels (Valverde
et al. 2015).

7.3 Adult Heart Disease

7.3.1 Left Atrial Appendage Closure
There is an increasing need to exclude circulation
within the left atrial appendage for patients with
non-valvular atrial fibrillation; this can be an
alternative therapy to prevent thromboembolism
when there is a relative contraindication to anti-
coagulation (Holmes et al. 2014). The current
standard of care uses TEE with fluoroscopy guid-
ance, and there is an increasing interest to utilize
data from a pre-intervention CT, akin to other
methods for atrial fibrillation therapy. The left
atrial appendage has a variable anatomy, and
while there are now several devices available,
there can be considerable debate and uncertainty
regarding the optimum device sizing. Once the
decision to use a device is made clinically, sizing
is of paramount importance, since there can be
serious complications to a procedure that leads to
incomplete occlusion or to one that uses a device
whose size exceeds the tolerance of the tissue.
The role of 3D printing is to assist in best-sizing
the device to determine the optimum dimensions
and enabling simulation and education of the
procedure. The latter application will benefit
from new printing materials to better emulate
myocardium.

7.3.2 Hypertrophic Obstructive
Cardiomyopathy

Hypertrophic obstructive cardiomyopathy has a
wide spectrum of disease states but in general has
the pathophysiology of eccentric and regional
hypertrophy of the left ventricle (Maron et al.
2016). While most patients are treated medically,
myomectomy of the ventricular septum can be
performed with the intended result of reducing the
obstruction to the outflow of blood to the aorta
(Gersh et al. 2011; Elliott et al. 2014; Maron et al.
2011). Imaging is usually performed with cardiac
MRI. 3D models offer a unique perspective of the
3D orientation of the outflow tract and key haptic
anatomical feedback (Yang et al. 2015) (Fig. 7.2).
In theory, a 3D model that could incorporate the
systolic anterior motion from the mitral valve
anterior leaflet would be highly valuable as it
could be connected to a flow pump to spatially
comprehend the motion and its relationship to the
outflow tract throughout the cardiac cycle.

7.3.3 Cardiac Tumors

3D printing provides advanced understanding of the
relationship of the unusual cardiovascular tumors
for which intervention is a consideration. While 3D
visualization, e.g., using customized MR acquisi-
tions, can be adequate for delineating the myocar-
dium, models can be useful to show the relationship
between a mass and an adjacent structure that may
be involved (Jacobs et al. 2008; Schmauss et al.
2013; Son et al. 2015; Al Jabbari et al. 2016).

7.3.4 Valve Disease

The last decade has seen highly innovative treat-
ment strategies for valve disease. Two major pro-
cedures that have been enabled by technique and
device advances are transcatheter aortic valve
repair (TAVR) (Schmauss et al. 2012; Webb and
Lauck 2016) and transcatheter mitral valve repair
(TMVR). These two procedures share two main
characteristics in common. First, they are far less
invasive than conventional valve treatments that
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Fig. 7.2 Top left: Hypertrophic interventricular septum
(asterisks), posterior papillary muscle (P), and intraven-
tricular muscle band or accessory papillary muscles
(arrowhead). Top right: Bull’s eye map from end-diastolic
CT demonstrating extent of hypertrophy (red area,
>15 mm in thickness). Middle row: Color-coded
3D-printed model demonstrates the hypertrophic septum

(asterisks), papillary muscle (A anterior, P posterior), and
intraventricular muscle band (asterisks). Bottom row:
Intraoperative view from the apical approach demon-
strates the limited visual field of the LV cavity in both the
model and the patient. AO aorta, LA left atrium, LV left
ventricle, MV mitral valve. Yang et al. Circulation.
2015;132:300-301
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use open surgery. However, the second character-
istic is a consequence of the first: without sur-
gery, there is no opportunity to visually inspect
and understand the true 3D representation of the
valve anatomy. This can be highly relevant as the
geometry differs among patients, and the experi-
ence of the operator in these relatively new pro-
cedures is variable. Consequently, 3D printing of
valve pathology has emerged as a growing field,
taking advantage of the ability of 3D printing to
incorporate multimodality imaging, namely,
echocardiography plus CT and MRI.

The number and scope of TAVR continues to
grow (Webb and Lauck 2016), and it is now

established that TAVR is a generally safe alter-
native to surgery for many patients (Nishimura
et al. 2014; Moat 2016) and has an expanding
role (Webb and Lauck 2016). While some pro-
cedures are straightforward, there is mounting
evidence that 3D printing has a clear role to
help delineate both the anatomy and the hemo-
dynamics of pathology, as well as the effect of
calcification for patients at higher risk for com-
plications (Gallo et al. 2016). Valvular stenosis
of the aorta is already well addressed by 3D
printed models, and these models can be used
to plan TAVR (Maragiannis et al. 2015)
(Fig. 7.3). In some patients, the procedure is

Fig.7.3 3D Printing of aortic stenosis. 3D Printed model of
a severely stenotic aortic valve derived from CT (a, b); aortic
wall tissue is printed in flexible transparent material and cal-
cium in opaque rigid material. Flow experiments using this
model resulted in functional characteristics similar to those
of in vivo assessed by spectral Doppler. Transcatheter-

deployed valve in a 3D printed model (c) seen from endo-
scopic LVOT (d) and aortic views (e) demonstrate the final
configuration of a self expanding stent around a calcification
(red asterisk in e). Maragiannis D et al. ] Am Coll Cardiol.
2014 Sep 9;64(10):1066-8 (panels a—c). Maragiannis D
et al. Circ Cardiovasc Imaging. 2015;8:¢003626 (panels d, e)
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designed through the cardiac apex, where a
printed model of the myocardium in addition to
the valve can help plan intervention (Fujita
et al. 2015). There is also an increasing interest
in so-called “valve-in-valve procedures” where
a second valve is placed within the first, gener-
ating another potential indication where a phys-
ical model can be used to classify patients into
surgical versus percutaneous candidate, and
when a second TAVR is considered, to deter-
mine the most accurate measurements that will
lead to optimal choice of prostheses (Fujita
et al. 2015).

The implementation of more flexible materi-
als, and those that better mimic physiology in
health and disease, is an important advance so
that models can better emulate the impaired func-
tion of the stenosed aortic valve (Maragiannis
et al. 2014). Regarding complications, there is
ongoing debate regarding the significance of
small paravalvular leaks. However, when a leak
is characterized as moderate, there is a negative
impact on valve function, as well as survival
(Figulla et al. 2016). When intervention for a leak
is considered the best management option, a per-
cutaneous approach is often preferred (Sorajja
et al. 2011), where models can help guide the
procedure. Conversely, flexible 3D printed mod-
els of the aortic root complex derived from rou-
tine pre-TAVR CT (Dill et al. 2013) have been
shown to predict paravalvular leaks after the pro-
cedure as determined by echocardiography
(Ripley et al. 2016), which may help minimize
this complication.

The success of less invasive interventions in
the aortic valve has undoubtedly inspired
approaches to treating mitral disease. Several
studies support that the valve apparatus can be
printed (Binder et al. 2000; Dankowski et al.
2014; Kapur and Garg 2014; Mahmood et al.
2014, 2015; Witschey et al. 2014). The imag-
ing data required for these models is derived
from echocardiography and CT, and there is
growing evidence that this as an appropriate
indication for 3D printing. For example, prints

of normal versus regurgitant mitral valves
(Witschey et al. 2014) have been used to deter-
mine the ring selection at annuloplasty and
have been used to enhance spatial understand-
ing of the 3D relationships at surgery (Owais
et al. 2014) and estimate the risk of left ven-
tricle outflow tract obstruction (Wang et al.
2016).

Regarding transcatheter approaches, these
percutaneous techniques, in theory, are lower risk
than their counterpart open procedure for func-
tional mitral regurgitation (Figulla et al. 2016).
As in TAVR, though, the lower risk from avoid-
ing an open repair comes with the cost of reduced
intra-procedure visualization, and there is an
unmet need to correctly size the mitral annulus
and to avoid obstruction of left ventricular out-
flow. Literature is beginning to support models
for pre-percutaneous implantation of an annulo-
plasty system (Dankowski et al. 2014) as well as
deployment of a MitraClip (Abbott Laboratories,
Abbott Park, IL) (Little et al. 2016) (Fig. 7.4).

7.4 3D Printing for the Systemic

Vessels

Large vessels are readily 3D printed using flex-
ible materials that are amendable for printing a
hollow lumen with, e.g., aneurysms, mobile
thrombi, and atherosclerotic plaques (Fig. 7.5);
benefits span many vascular pathologies (Pepper
et al. 2013; Tam et al. 2014; Itagaki 2015;
Salloum et al. 2016). In addition, flow simula-
tions using these models, printed with appropri-
ate methods to replicate vascular compliance
(Biglino et al. 2013), expand the utility of these
models beyond assessing morphology alone.
Common applications include aneurysms, for
example, on the root of the aorta in patients with
Marfan syndrome. Models enable patient-
tailored approaches such as customized patch
design for repair of the aorta (Izgi et al. 2015).
This can minimize risk and preserve as much of
the native aorta as possible (Treasure et al. 2014;



7 Cardiovascular 3D Printing

65

Fig. 7.4 Simulation of patient-specific mitral valve
intervention using 3D printed model from CT. Model
valve leaflets and the subvalvular calcium deposition
(upper left panel) was created from CT images to assist
in selection and sizing of an occluder device in a case of
severe mitral valve regurgitation with restricted leaflet
coaptation and a perforation of the posterior leaflet

Tam et al. 2013). Another application in the
aorta is the use of 3D printing to improve out-
comes in endovascular aneurysm repair, where a
physical model can accurately depict complex
aneurysm geometry (Tam et al. 2014; Russ et al.
2015).

Finally, 3D printing provides a uniquely
strong methodology to model and test

Perforation

(upper right panel). An AMPLATZER Duct Occluder 1T
(St. Jude Medical, St. Paul, Minnesota) was placed
across the posterior leaflet perforation (lower left panel)
and evaluated for potential interaction with the leaflet
coaptation zone (lower right panel; superimposed dotted
line). Little SH et al. JACC Cardiovasc Interv. 2016 May
9:9(9):973-5

cardiovascular hemodynamics. Printed vascu-
lar models provide the opportunity for patient-
specific device bench testing (Russ et al. 2015;
Meess et al. 2017) and even optimization
of imaging technologies and hypothesis test-
ing that would not otherwise be possible in
vivo (Mitsouras et al. 2015; Nagesh et al.
2017).
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Fig. 7.5 CTA of aorta with mobile mural thrombi (left
panel, green arrows) and calcifications (left panel, white
arrowheads) is used to 3D-print a model that includes a
cutout window that can be removed to inspect the aortic

7.5 Conclusions

3D printing is rapidly being developed and its
applications are expanding in the cardiovascular
arena. Models are now routinely generated from
CT and MRI images, and increasingly from 3D
echocardiography. The primary use of models to
date has been in surgical planning, although there
is a growing interest to use models for
intravascular procedure planning, outcome pre-
diction, and even diagnosis for complicated
patients. Benefits include patients with CHD,
valve diseases, and in particular those amenable
for newer, less invasive treatments, certain forms
of structural heart disease, and for vascular
pathologies particularly in the aorta. This new
“modality” represents a paradigm shift from the
last two decades in which 3D visualization on a
3D screen changed the way that pathology was
depicted. Over the next decade to 20 years, mod-
els will be generated directly from noninvasive
imaging, further simplifying management of
even the most complicated patients and providing
new opportunities for care pathways.
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Musculoskeletal 3D Printing
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and Adnan Sheikh

The optimal management of musculoskeletal dis-
ease is dependent on the preservation of anatomic
structures and maintenance of biomechanical and
kinetic function. 3D printing is being used for
presurgical planning of bone lesion resection,
joint repair and replacement, congenital defor-
mity correction, and posttraumatic fixation. It has
also been utilized for therapeutic purposes
through creation of patient personalized prosthet-
ics, drug delivery systems, fixation devices, and
other musculoskeletal implants.

3D printing has greatly impacted orthopedic and
spine surgery; a recent systematic review shows that
53% of all published manuscripts in the last 15 years
has been from the domains of orthopedics and spine
surgery (Tack et al. 2016). Orthopedic models can
be printed from both CT and MR images as well as
from fused image sets; for example, a diagnostic
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MRI fused with CT images acquired for biopsy
guidance. It is also possible to co-register
T2-weighted sequences over  post-contrast
sequences over an MR angiogram to segment out
the cystic/necrotic component, enhancing compo-
nent and vascular structures, respectively. The
applications of 3D printing in orthopedics have rap-
idly progressed in the last few years. This chapter
highlights orthopedic applications of 3D printing.
3D printing effectively addresses many cur-
rent educational shortcomings and enhances tra-
ditional methods of teaching human anatomy.
3D printed models are durable, easy to repro-
duce, and cost-effective. They help to avoid
health and safety issues associated with wet
fixed cadaver specimens (McMenamin et al.
2014). 3D models avoid problems with availabil-
ity of cadaveric specimens. This is especially
important for teaching anatomic variants, con-
genital malformations, or pathological speci-
mens as an image set generated from one patient
can be shared via online repositories and can be
locally printed. This technology has been used
with great success in the education of acetabular
fractures (Manganaro et al. 2017). A recent ran-
domized control trial conclusively proved that
students taught anatomy by use of inexpensive
3D printed skull models scored significantly
higher compared with students taught using
cadaveric skulls and an anatomic atlas (Chen
et al. 2017). Cadaveric specimens are limited in
the study of biomechanics, while portable 3D
patient-specific models can be custom generated
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with movable parts replicating normal anatomy
and hence are excellent complementary tools to
study biomechanics. In addition to medical stu-
dent education, 3D models can be an important
tool in facilitating informed consent between
physicians and patients, educating patients
regarding their pathology, and providing an eas-
ily comprehensible visualization of treatment
options including complex interventions
(Bizzotto et al. 2016a, b).

In addition to providing three-dimensional
visual stimulus, a 3D printed model also pro-
vides crucial tactile stimulus. This can be
exploited to great advantage, especially in the
field of surgery where patient-specific 3D
printed models allow for surgical rehearsal.
Depending on the material used for fabrica-
tion, the model can be generated to have prop-
erties similar to the corresponding anatomical
tissue including firmness, texture, and elastic-
ity. Such models can afford the opportunity to
safely practice and refine surgical skills during
surgical residency, greatly improving confi-
dence and precision when subsequently actu-
ally operating on a patient. Such models also
help test surgical decision-making through
patient-case 3D models, and allows direct eval-
uation of procedural skills by an experienced
attending surgeon. As the number of models
are restricted only by the capacity of the 3D
printer, all trainees can get enough cutting
exposure, and surgical techniques can be prac-
ticed repetitively. Even experienced surgeons
can benefit from models to familiarize them-
selves with newer surgical instruments and
newer implantation hardware prior to entering
the operating room.

Phantoms can also be 3D printed for spe-
cific procedural training, such as to practice
lumbar spine injections or ultrasound-guided
biopsy procedures. It is also possible to print
3D models of spines with scoliosis, ankylosing
spondylitis, or extensive degenerative diseases.
In these patients, a spinal injection my poten-
tially be challenging (Fig. 8.1). 3D models of
this type have the potential to serve as impor-
tant training tools in a wide spectrum of

Fig. 8.1 3D model of the spine of a patient with ankylos-
ing spondylitis showing ossification of the anterior and
posterior longitudinal ligaments and ligamentum flavum.
This can be used for teaching and practicing spinal
interventions

regional anesthesia, guided interventions and
interventional therapies, and pain management
procedures (West et al. 2014).

3D printing has been increasingly used to
preoperatively characterize complex anatomy.
Realistic models aid in understanding complex
spatial relationships resulting in accurate pre-
surgical planning as precise preoperative mea-
surements are obtained (Fig. 8.2). Thereby,
intraoperative time can be significantly reduced.
Reduced intraoperative time leads to better utili-
zation of resources and is advantageous as lon-
ger operative times have been linked to worse
outcomes. Simulated rehearsal of complex sur-
gical steps on 3D models may decrease intraop-
erative complications. Fixation hardware can be
positioned over the patient’s 3D model and
pre-contoured to ensure an optimal intraopera-
tive fit. Current applications of 3D printing in
presurgical planning include presurgical plan-
ning for lesion resection, joint repair and
replacement, surgical correction of congenital
musculoskeletal deformities, and surgical
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Fig. 8.2 20-year-old female with acetabular dysplasia.
(a) Radiograph and (b) CT demonstrate shallow acetabu-
lum with uncovering of the femoral heads. (¢, d) 3D

management of osseous trauma, and are dis-
cussed as follows.

3D printing has proven beneficial in resec-
tion of large osteochondroma of the scapula
where determining the precise relationship
between the mass and the serratus anterior
helped avoid potential postoperative scapular
wing complication (Tam et al. 2012). In a more
complex case, 3D printing was used to success-
fully carry out en bloc resection of cervical

model provides a much greater impression of the femoral
head and acetabular surface

spine primary bone tumors (Xiao et al. 2016).
Other degrees of complexity have been described
(Kang et al. 2015; Wong et al. 2007a, b; Ma
et al. 2016). Utilizing surface characteristics
and spatial adjacency of landmarks, 3D bone
models reconstructed from CT images have
been used to localize and identify critical
patient-specific anatomic landmarks (Subburaj
et al. 2009). This adds invaluable anatomic
information in preoperative planning when
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identifying important adjacent structures to
avoid, such as nerves and vessels.

The intraosseous extent of tumor infiltration
needs to be accurately evaluated preoperatively
to ensure adequate clearance margin while mini-
mizing the amount of resected bone (Fig. 8.3).
This is of paramount importance in patients in
whom joint sparing resections are planned. 3D
modeling has been used in craniofacial fibrous
dysplasia to direct the extent of bone shaving
resection while optimizing cosmetic symmetric
facial contouring with accurate surgical reduction

and shortening of operative time with the use of
3D models (Kang et al. 2015).

Functionally successful surgeries involving
extremity and pelvic resections are dependent on
utilizing custom prostheses to provide near ana-
tomic restoration of function. After obtaining
adequate oncologic clearance, further resection
needs to be fashioned, so as to snugly accommo-
date the prosthesis (Wong et al. 2007a, b). An
accurate fit of a custom prosthesis depends on
precise measurements obtained during presurgi-
cal planning so that an apt patient-specific

Fig. 8.3 40-year-old man with sacral chordoma. (a) CT
and (b) MRI of the pelvis show a large sacral mass with
sacral destruction. (¢, d) 3D model better delineates the

margins and extent of osseous involvement which is cru-
cial for presurgical planning and helps in patient
education
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customized prosthesis can be designed. In such
patients, two 3D models may need to be printed,
one to plan for tumor resection and the other to
help guide custom prosthesis planning (Kang
et al. 2015).

3D models can be used to select optimum
operative hardware, for example, in selection of
optimal fixation screw based on a predetermined
entry point and expected drill vector during pel-
vic surgery (Peters et al. 2002). 3D modeling can
help design patient-specific instruments (PSI) for
intraoperative guidance. Such PSI simplify com-
plex surgical procedures, help making smaller
incision size, improve precision of resection, and
decrease intraoperative blood loss and overall
operating time (Wong et al. 2007a, b). Designing
of PSI requires postprocessing extrapolations
based on dimensional and geometric specifica-
tions which can be further pre-fitted on the preop-
erative 3D models for further refinement to
perfectly align with patient anatomy. They are
subsequently used intraoperatively to deliver
bone cuts in the target planes resulting in
improved accuracy during complex resections
(Figs. 8.4 and 8.5). PSI are especially important
in pelvic resections where there is limited work-
ing space, complex geometry, and decreased
intraoperative visibility (Cartiaux et al. 2014).

Fig. 8.4 Large soft
tissue sarcoma (blue
arrows) with iliac bone
destruction. 3D model
better shows bone
involvement and
relationship to iliac
vessels (yellow arrow)
for presurgical planning

PSI have been used in resection of pediatric
proximal tibial sarcomas (Bellanova et al. 2013),
chondrosarcoma of the superior pubic ramus
(Blakeney et al. 2014), and distal femoral osteo-
sarcoma (Ma et al. 2016) among many others.
There is an increasing demand to optimize
patient-specific hardware of total joint arthro-
plasty. It is expected that best quality of life
can be achieved by personalized medicine, by
fashioning hardware specific to a patient, as
against a commercially mass-manufactured pros-
thesis, due to minor anatomic variations between
patients. Patient-specific MRI or CT data define
the mechanical and anatomic axes across the
joint in planning for an arthroplasty. This data is
used to generate the 3D model to accurately plan
the size and position of the implant and to fashion
a custom implant. In the arena of total joint
replacements, 3D printing has led to fashioning
custom total joints, intraoperative computer-
assisted navigation and surgical guide systems,
and PSI which encompasses pinning guides and
cutting jigs (Jun 2010; Krishnan et al. 2012). In
total knee arthroplasty, tibial and femoral models
help create patient-specific cutting guides for
preparation of the bone. These custom-made jigs
attach to the underlying bone and have slits in
their structure which allow cutting through them.
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Fig. 8.5 (a) Patient-specific cutting guide and (b) iliac
prosthesis for pelvic reconstruction in the same patient
from Fig. 8.4, designed using mirroring techniques. (c)
The autoclavable guide printed using ULTEM can be

Pinning guides help guide accurate pin place-
ment to secure the jigs (Fig. 8.6).

3D models are especially useful in complex
cases of arthroplasty where significant degenera-
tive changes or large areas of bone loss result in
complex anatomy. Such altered anatomy requires
significant presurgical planning to determine
resection level and angle of resection to ensure
adequate postsurgical alignment (Schwartz et al.
2015). Minns et al. report positive surgical out-
come with the help of 3D models in a patient with
rheumatoid arthritis and status post Benjamin’s
double osteotomy that had resulted in an unstable
varus deformity of the knee and marked defor-
mity of the medial tibial plateau (Minns et al.
2003). 3D models help to predict feasibility,
establish optimal surgical strategy, and select the
appropriate implant type, size, and position in
technically challenging total hip replacements in

placed intraoperatively for precise surgical incision. (d)
3D models show pelvis after resection. (e) Hemipelvis
after implant placement

patients with severe acetabular deficiencies that
require structural bone grafting and custom pros-
thetics and in cases of ankylosis (Won et al.
2013).

Revision total joint arthroplasties are techni-
cally challenging due to altered anatomy,
decreased available bone stock, and difficulty in
achieving stable fixation (Makinen et al. 2016).
3D models aid in presurgical planning of these
complex surgeries and assist in the selection of
optimum hardware or creation of patient-spe-
cific hardware (Fig. 8.7). Cage reconstruction
has been utilized to gain rigid fixation in the
host bone and bone graft in revision hip arthro-
plasties. 3D models define the available bone
stock, pre-fit the cage construct, and guide sur-
gical technique which decrease the risk of
mechanical failure following revision surgery
(Li et al. 2013).
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Fig.8.6 Patient-
specific femoral cutting
guide for optimal
positioning for knee
arthroplasty

This technology has been applied to other joints
such as rheumatoid arthritis cervical spine fixation
and Charcot neuroarthropathy with encouraging
results. Cervical spine fixation in rheumatoid
arthritis is challenging due to severe deformity,
erosive changes, poor bone quality, and aberrant
vertebral vasculature. Full-scale 3D models of the
cervical spine provide patient-specific stereo-
scopic mapping of complex anatomy allowing for
preoperative fitting of the plate-rod construct for
occipitocervical fixation. This optimizes patient
alignment and defines parameters for pedicle
screw trajectory and point of entry prior to surgery.
Such detailed preoperative planning has been
shown to decrease postoperative complications
such as dysphagia (Mizutani et al. 2008). In
Charcot arthropathy, 3D models allow rehearsal of
incision site selection, selection of most appropri-
ate instrumentation, determination of feasibility of

osteotomy and joint resection levels, and pre-fit-
ting and placement of internal and external fixa-
tion devices (Giovinco et al. 2012).

Fabrication of 3D models can allow assess-
ment of joint biomechanics prior to repair. 3D
printing can be utilized to quantify the bone loss
of the osseous Bankart and Hill-Sachs lesion in a
patient with recurrent anterior shoulder instabil-
ity. Further, 3D model helps determine the degree
of abduction and external rotation at which the
Hill-Sachs lesion engages. This helps guide
appropriate surgical treatment, including the
number of suture anchors required for the rem-
plissage procedure and the number of anchors that
would fit within the Hill-Sachs (Sheth et al. 2015).

Surgical correction of severe scoliosis is chal-
lenging due to loss of traditional anatomic land-
marks, risk of major neurologic damage, risk of
vascular injury, and unexpected malformations
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Fig. 8.7 50-year-old female with prior pelvic resection
and right hip reconstruction. (a) Radiograph, (b) CT coro-
nal image, and (¢) CT volume rendering show displace-
ment of the acetabular cup and hardware loosening with
associated fractures of the posterior column and the infe-
rior pubic ramus. (d) 3D printed model helped to better

that are often only discovered during surgery,
subsequently resulting in prolonged operative
time, higher rate of screw misplacement, and
increased risk of additional complications. In
patients with congenital scoliosis, 3D computed
reconstructions have been shown to be more
helpful than plain radiographs in identifying
posterior vertebral anomalies associated with
hemivertebrae (Hedequist and Emans 2003). 3D
printing can be more beneficial than 3D com-
puted reconstructions as they allow for compre-
hensive presurgical evaluation and eliminate risk
of encountering unexpected malformations intra-
operatively. Further, they provide tactile feed-
back that can be used in direct rehearsal to refine
surgical approach (Mao et al. 2010). The use of
3D printing technology with intraoperative fluo-
roscopy reduces the risk of transpedicular screw

analyze the complex spatial orientation of the various
components for optimal revision surgery. (e) The model
also helped selection of optimal hardware prior to the pro-
cedure. This resulted in significant reduction in intraop-
erative time. (f) Postoperative radiograph shows revised
hip arthroplasty with acetabular reconstruction

misplacement in patients with scoliosis and its
subsequent complications (Wu et al. 2011). These
basic principles can be beneficially applied to
other congenital pediatric musculoskeletal disor-
ders such as pediatric hip deformities, Blount’s
disease, posttraumatic physeal bars, and subtalar
coalitions (Starosolski et al. 2013).

3D models have proven important for com-
plex fracture management, improved fracture
characterization, more precise anatomic mea-
surements, reduced surgical time (related to pre-
contoured fixation hardware, 3D printed
patient-specific surgical template guides, pre-
planned trajectory, pre-planned type and length
of fixation screws), decreased anesthetic dosage
requirement, and reduction in intraoperative
blood loss and fluoroscopy time (Bagaria et al.
2011; Bizzotto et al. 2015; Wu et al. 2015; Brown
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et al. 2003). Examples include distal radial frac-
tures, where 3D models provide better apprecia-
tion of articular surface gaps >2 mm and enable
preoperative selection of appropriate fixation
hardware (Bizzotto et al. 2016a, b). Similarly in
radial head fractures, 3D models increase sensi-
tivity in the diagnosis of fracture line separation
of the head from the radial neck, radial neck com-
minution, articular surface involvement, articular
fracture gap greater than 2 mm step-off, impacted
fracture fragments, presence of greater than three
articular fragments, and presence of articular
fracture fragments too small to repair (Guitton
et al. 2014). This results in improved consensus
in fracture classification and decreased variabil-
ity in surgical treatment. In chronic fracture
deformities like cubitus varus, 3D models help in
precise preoperative measurements for the proper
location of the osteotomy, amount of wedging
required, and the tilting plane of the osteotomy
cut, leading to positive results in the restoration
of anatomic alignment, functional postoperative
outcome, and cosmetic appearance
(Mahaisavariya et al. 2006).

Classification and surgical management of
complex pelvic and acetabular fractures based on
two-dimensional CT images is notoriously diffi-
cult. 3D models decrease the degree of interob-
server variability in fracture classification and

Fig. 8.8 3D model of
complex acetabular
fracture (blue arrows)
involving anterior and
posterior column and
inferior pubic ramus.
Fusion with CT
angiography dataset
enabled visualization of
the relationship of the
fracture with iliac
vessels (yellow arrows)

allow for customization of proposed fixation
hardware (Hurson et al. 2007; Zeng et al. 2016).
For example, in type C pelvic fractures, use of 3D
models decreased length of hospital stay and
morbidity and accelerated recovery (Li et al.
2015). Pre-contouring of the fracture fixation
plates on the mirrored healthy pelvis eliminates
the need for intraoperative contouring while
treating  both-column acetabular fractures,
thereby reducing intraoperative time (Upex et al.
2017). 3D printed pelvic osseous models can be
overlaid with vascular information obtained from
CT angiography. Printed pelvic arteries and veins
can be layered in anatomic relation to the fracture
fragments to help optimize presurgical planning
(Fig. 8.8).

3D printing with biocompatible materials can
be utilized internally as surgical hardware, exter-
nal fixation and assistive devices, or as therapy-
impregnated implants. Custom fabrication of PSI
for routine joint total arthroplasty can improve
alignment and reduce intraoperative time (Renson
et al. 2014), although a few investigators report
no significant improvement or added benefit in
routine cases (Voleti et al. 2014; Sassoon et al.
2014). PSI is extremely useful in patients need-
ing nonstandard joint replacement, joint replace-
ment in unconventional anatomy, customized
fixation hardware after surgical resection, and
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patients with significant loss of bone stock after
tumor resection. Customized hardware in such
patients optimizes fixation biomechanics, thereby
increasing stability and decreasing postoperative
complications like hardware failure, implant col-
lapse, and subsequent fracture risk. In total hip
arthroplasty, for cases of extreme femoral medul-
lary canal narrowing or abnormal anatomic axis
of the femoral diaphysis, utilizing 3D printing for
fabrication of the custom prosthetic femoral
component and the receiving native femoral bone
decreases risk of failed prosthetic insertion and
intraoperative periprosthetic fracture (Faur et al.
2013). Newer patient-specific ceramic molds
allow orthopedic implants to be casted out of a
high-resistance cobalt-chrome alloy with built-in
submillimeter integral bone ingrowth surface
macro-textures which improve bone ingrowth
fixation (Curodeau et al. 2000).

3D printed implants made of titanium alloy
powder and porous implants have been used to
reconstruct multilevel cervical spine in the set-
ting of Ewing’s sarcoma and metastatic papillary
carcinoma with good success (Xu et al. 2016; Li
et al. 2017). Customized acetabular implant spe-
cific to the patient and defect is termed a “tri-
flange” which facilitates precise restoration of
acetabular anatomy and hip biomechanics in
patients with complex multiple revisions with
poor bone stock and pelvis discontinuity (Wyatt
2015). Pelvic implants have been used for com-
plex fractures (Mai et al. 2017) and following
complex tumor resections (Wong et al. 2015).

In extremities, customized implants can be
used in case of extensive resection or periarticu-
lar involvement. Suitable 3D printed endoproth-
eses can be created using patient-specific mirror
image CT data from the normal contralateral
extremity (Pruksakorn et al. 2014). Hollow 3D
printed calcaneal prosthesis made of titanium has
been used after a total calcanectomy for calcaneal
chondrosarcoma allowing intraoperative reat-
tachment of the Achilles tendon and the plantar
fascia helping patient to become fully weight
bearing and mobile in 5 months (Imanishi and
Choong 2015). Scaphoid and lunate fractures are
the two most common carpal bones affected by
avascular necrosis due to limited vascularity

(Freedman et al. 2001). The possibility of 3D
printed scaphoid and lunate bones with photocur-
able polymer would allow for implantation of the
3D printed carpal bones with suitable geometry,
mechanical properties, and cytocompatibility for
in vivo use (Gittard et al. 2009), avoiding other
more invasive and extensive surgical options.

3D printing can address current challenges of
external prosthetic development including high
costs and limited availability. Pediatric prosthetic
needs are complex owing to their small size, low
weight requirement, constant need for size
changes, and subsequent higher cost. In pediatric
transradial amputees, 3D printed robotic prosthet-
ics are lightweight and allow individual thumb
movement with the ability to grasp objects with
all five fingers (Gretsch et al. 2016). A major
advantage the ease in scalability of the hand and
socket model, allowing uncomplicated printing of
new devices, as the patient ages (Fig. 8.9). Such
prosthesis can be also be designed and printed
remotely where detailed measurements can be
extracted from photographs (Zuniga et al. 2015).

3D printed patient-specific external fixation
hardware aids in treatment of fractures with accu-
rate reduction, stable fixation, and strong anti-
rotation and anti-bending abilities that prevent
shear and rotational forces (Qiao et al. 2016). In
addition to complex external devices, 3D printing
can also be used to fashion routine splints in
unconventional resource-constrained locations,
for example, during space missions (Wong 2015).
3D printed patient-specific casts are superior to
traditional casts as they have a lightweight venti-
lated structure and minimize distortion (Lin et al.
2016).

An interesting area of research development
is drug-impregnated 3D implants which can
provide both structural support and sustained
local drug release to target locations. This has
been utilized in the treatment of spinal tubercu-
losis using 3D printed macro-/mesoporous com-
posite scaffold in which high doses of isoniazid
and rifampin were loaded into chemically modi-
fied mesoporous bioactive ceramics and then
bound with poly (3-hydroxybutyrate-co-3-hy-
droxyhexanoate) through a 3D printing proce-
dure (Zhu et al. 2015). 3D porous scaffold



8 Musculoskeletal 3D Printing

81

Fig. 8.9 3D printed
low-cost pediatric
prosthetic hand

biomaterials have also been created by combin-
ing orthopedic reconstruction materials poly-DL-
lactide and nano-hydroxyapatite with anti-TB
medications (Dong et al. 2013). As this technol-
ogy continues to evolve, there is potential for
innovative patient-specific, disease-targeted,
implantable 3D printed devices to treat other
pathologies including neoplastic, metabolic,
and endocrine disorders.

Areas of 3D musculoskeletal research and
development continue to evolve. Tissue scaffold-
ing and engineering are being increasingly used
to promote cellular growth on a stable, patient-
specific 3D printed framework. These scaffolds
act as a support system where specific cellular
tissue is subsequently implanted. The seeded
scaffold can then be implanted at the desired site
to promote cellular growth, remodeling, and
regeneration. Scaffolds fabricated with 3D print-
ing are reproducible, whereas native scaffolds
may not be always readily available or repro-
duced (Grayson et al. 2009). In 3D printed scaf-
folds, the material properties, shape, bioactivity,
and porosity can be customized for bone and
cartilage regeneration.

For bone regeneration, custom-built 3D printed
scaffolds derived from patient-specific CT data
utilizing polycaprolactone (PCL) seeded with
human adipose-derived stem cells (hASCs) have
been used (Temple et al. 2014). These highly spe-
cialized 3D printed scaffolds promoted induction
of hASCs to form vasculature and bone. The addi-
tion of a three-phase nanocrystalline hydroxyapa-
tite (HA) and carbon nanotubes (CNT) to a
polymeric matrix of PCL to fabricate a 3D printed
scaffold has been shown to create a composite
with compressive strength similar to trabecular
bone and can promote good cell adhesion with
adequate electrical conductivity to accommodate
electrical stimuli that can be introduced for bone
healing purposes (Gongalves et al. 2016).

For cartilage regeneration, biocompatible
hydrogels or water-absorbable cross-linked
networks have been fabricated with 3D printing on
a scaffold of biomaterials such as PCL. This creates
a cartilaginous matrix in which chondrocytes and
stem cells are encapsulated within the alginate
hydrogels and can remain viable and metabolically
active after implantation (Kundu et al. 2015). This
treatment has the potential to promote chondral



82

S. Krishna et al.

regeneration in cartilage injuries. Nanocomposite
3D printed osteochondral scaffolds using osteo-
conductive nanocrystalline hydroxyapatite (nHA)
and core shell poly(lactic-co-glycolic) acid (PLGA)
nanospheres encapsulated with chondrogenic
transforming 1 (TGF-pf1) improve human bone
marrow-derived mesenchymal stem cell adhesion,
proliferation, and osteochondral differentiation in
biomimetic graded 3D printed osteochondral con-
struct in vitro (Castro et al. 2015).

3D organ printing is a method of creating com-
plex tissues by processing multiple biomaterials
and cell types simultaneously. The musculoskele-
tal system presents a complex challenge in organ
printing due to the biological and mechanical het-
erogeneity of tissues that are interfaced and work
together to enact biomechanical function. The
muscle-tendon unit (MTU), for example, is made
up of three distinct regions with different proper-
ties: an elastic muscle that can relax and contract,
a binding muscle-tendon junction, and a tendon
with tensile properties. Merceron et al. (2015)
report utilizing four components to create and
integrate MTU tissue with regionally defined bio-
logical and mechanical properties.

3D models can provide numerous benefits
although a few associated limitations need to be
borne in mind. Postprocessing smoothing algo-
rithms can mask fine details of patient’s anatomy
while resolving submillimetric pathology.
Technical limitations of the 3D printer affect
fidelity, with achievable spatial resolution usu-
ally of the order of 0.5 mm. Such minor imper-
fections, however, are wusually clinically
acceptable. Cost of printing a model may seem
prohibitive; but the current printing cost of one
presurgical model (excluding setup, installation,
printer, and software costs) is under $100 and is
expected to become less expensive in the future.
The time required to print a model is in the order
of a few hours, thereby prohibiting use in emer-
gent surgical procedures. Nevertheless, technol-
ogy and experience with 3D printing is rapidly
evolving, and with further innovation, many of
these limitations will be likely addressed in the
near future.

With the rapid pace of innovation in 3D printing,
the treatment and management of musculoskeletal

pathology has continued to evolve. Handheld 3D
models provide enhanced educational experience
for the student, patient, and surgical team. Increased
availability of 3D printing has shown substantial
utility in preoperative planning and in the fabrica-
tion of custom implants and therapeutic devices.
Cellular growth and regeneration with 3D printed
scaffolds is an exciting area of continuing research
and development with numerous potential
applications.
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9.1 Background

Patient-matched implants were one of the first
great applications of 3D printing in medicine
(Mankovich et al. 1990; Stoker et al. 1992; Binder
and Kaye 1994; Komori et al. 1994). Even preced-
ing the advent of 3D printing, surgeons were using
crude, more manually constructed models to aid in
design of a patient-matched implant for some of
the most complex reconstructive surgeries, surger-
ies such as for reconstruction of pelvic discontinu-
ity following tumor removal. An anatomical model
which clearly displays the deficit one is trying to
reconstruct is a perfect application. Reported ben-
efits for prefabricated implants include surgical
time savings, ease of adaptation in surgery, per-
fected shape or design, and an ability to reconstruct
anatomical areas that have no other alternatives
from an implant standpoint (Hamid et al. 2016;
McAloon 1997; Erickson et al. 1999; Taunton et al.
2012). In many of the initial cases, 3D printing was
not used to create the actual implant, but instead it
helped to facilitate the design, workflow, or manu-
facturing of tools used to create these implants.
Surgeon adaptation of plates using an anatomical
model is also tangentially related to the topic of
patient-matched implants. This very ‘“manual”
technique for personalizing an implant has been a
mainstay of medical modeling since the earliest
days (Eppley and Sadove 1998) (Figs. 9.1 and 9.2).
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Fig. 9.1 Stereolithography model of a patient with a left
mandibular tumor which has eaten away the bone. Surgery
will involve removing almost half of the mandible and
replacing with a large reconstruction plate and bone graft.
Courtesy 3D Systems, Rock Hill, South Carolina, USA
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Fig. 9.2 The surgical removal of the left mandible has
been simulated and a titanium reconstruction plate has
been pre-bent before surgery. Performing the bending
before surgery both saves time in surgery and provides for
a better aesthetic outcome for the patient. Courtesy 3D
Systems, Rock Hill, South Carolina, USA
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Fig.9.3 Patient-matched acetabular cup produced by 3D

printing shown during surgical insertion. Courtesy
P. James Burn, MD and Paul Morrison, Ossis Ltd.,
Christchurch, New Zealand

In the last 5 years, the direct output of implant-
able parts produced using 3D printing has become
more common (Hamid et al. 2016; Di Prima et al.
2016). When 3D printing is directly used for out-
put of a patient-matched implant, it takes advan-
tage of the fact that one-off designs are suited
very well to this manufacturing technique.
Another benefit of 3D printing is that “complex-
ity is free,” and many times the more complex the
design is, the faster and more economical the
design is to actually produce (Fig. 9.3). This is a
major shift in terms of design thinking, where
biomedical engineers and others who have pro-
duced implants traditionally using subtractive
machining need to reorient and expand their
design thinking, which often adds constraints
imposed by manufacturing processes.

In the 1990s, early uses for patient-matched
implants centered around craniomaxillofacial
(CMF) applications; and these are still likely the
most prevalent by percentage of total cases in any
one anatomical area (Chepelev et al. 2017). Based
on the intrinsic complexity of the face and the
need for not only functional but aesthetic recon-
struction, CMF applications continue to be solid
users of patient-matched implant technology
(Erickson et al. 1999; Powers et al. 1998; Miiller
et al. 2003). The technology matured in other
areas of the body for large reconstructive surgery
cases, many of which were oncology cases
(Mulford et al. 2016). Over time, many more
applications arose such as limb salvage procedures

where complexity is created with defects that are
not easily reconstructed with off-the-shelf sizes or
shapes of implants. 3D printing is advantageous
for the creation of patient-matched implants due to
its accurate shape and scale, as well as the ability
to print contralateral anatomy to use as a reference
for anatomical reconstruction.

Currently, there is a major shift away from
patient-matched implants being used solely for
the extreme, massive reconstructive surgery cases
toward these technologies being used for more
“everyday” types of surgical cases. For example,
one area that is now largely patient-matched is
cranioplasty for repair of large cranial defects. For
a defect over a couple of inches in diameter, a
very large number of these neurosurgery cases
worldwide involve prefabrication of a cranio-
plasty implant powered by 3D printing technol-
ogy (Roberson and Rosenberg 1997; Eppley and
Sadove 1998). Other even more common areas
such as knee replacement are now also beginning
to catch on, with patient-matched implant work-
flows being more commonly offered for partial or
total knee arthroplasty (Slamin and Parsley 2012).

9.2 Terminology

From a regulatory standpoint, the terminology
used to describe a patient-specific implant is
important. Historically, the word “custom” has
been used to describe 3D printed implants made
for a specific patient using medical image data.
However, from the US FDA’s perspective, the
term “custom” is closely affiliated with the
Custom Device Exemption (FDA 2014), a very
specific, defined regulatory path for use of a sin-
gular device in the treatment of a singular patient.
Such devices have many restrictions, the most
major of which is that no other commercially
available device is available to treat the patient’s
condition. Other major drawbacks to using the
Custom Device Exemption for provision of an
implant, from a device manufacturer’s stand-
point, are related to the fact that there is a strict
five units per year limit and that no marketing
may be performed, both which severely hinder
the ability to provide implants on a widespread
basis under the Custom Device Exemption.
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The FDA has recommended the use of the ter-
minology “patient-matched” in an effort to make
more clear the delineation between devices which
go through a rigorous marketing clearance pro-
cess such as a 510(k) or Premarket Approval
(PMA), patient-matched, and those which are
used on more of a one-off basis for a truly unique
surgical situation, custom devices (FDA 2016).
Patient-matched implants going through the
FDA’s traditional regulatory pathways for mar-
keting clearance are much like regular, off-the-
shelf-sized implants; however, instead of the
FDA clearing the implant size, shape, etc., the
FDA is clearing the “system” of design which
leads to the final design. The system concept
would talk about the inputs such as medical
imaging studies and design constraints. The final
design must fit into a bounding box that the
company determines up front, allowing for test-
ing at the extents of thickness, size, expanse, and
material, among other considerations.

9.3 Medical Imaging and Digital
Design of Patient-Matched

Implants

Modern volumetric medical imaging studies can
produce high-quality images that are usable for
patient-matched implants. Most implants made
for reconstruction of bony anatomy are designed
with the aid of preoperative computed tomogra-
phy (CT) scans. Typical workflows for medical
image processing to extract the exact area of
anatomy in question are performed by qualified
technicians using specialized software tools.
When the anatomy in question has been seg-
mented, the workflow can proceed in a number of
different ways depending on the patient-matched
implant needs. This could look as simple as an
anatomical model being 3D printed or as com-
plex as a manufacturing mold being output or
even direct output of the implant via 3D printing
in a biocompatible material.

Although medical imaging has long been
ready to support patient-matched implants, the
software tools for digital design of the implants
themselves have not always been robust enough
for these tasks. It was only following the year

Fig. 9.4 An engineer uses Geomagic Freeform software
to design a patient-matched cranioplasty. The tool in his
left hand provides force feedback, giving the designer the
sensation of “touching” the design he is working on.
Courtesy 3D Systems, Rock Hill, South Carolina, USA

2000 that software tools which would allow for
precise manipulation of very organic shapes
became available. Many of those tools are still
widely used today for implant design, tools such
as Geomagic Freeform (3D Systems, Rock Hill,
SC). Freeform is somewhat unique in that it com-
bines organic manipulation software with haptic
feedback, so the user can actually “feel” the
model they are working on in digital space
(Fig. 9.4). For many patient-specific implants
which are anatomically designed (i.e., meant to
mimic the shape of the anatomy they are replac-
ing), this tool has been incredibly powerful.
Other design tasks in different industries like the
footwear industry also rely heavily on organic
modeling software, which can be used to design
very complex geometries for things like shoe
soles. Digital design is most powerful in design-
ing net-shape (final, perfect design) designs
which can be directly built using digital fabrica-
tion techniques like 3D printing. In addition,
digital design can also be used to design near-net-
shape (close to final design) parts for surgeon
input, further design, and rough design
iterations.

This is an exciting time for patient-matched
implants from a design software standpoint. In
the past, only very “one-off” implants were cre-
ated with 3D printing, and these were primarily
designed by hand, even when a designer would
do this work digitally. Today the tools exist to
almost totally automate many of these design
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tasks, taking what has been labor intensive and
making it effortless once the system is developed.
In addition to saving time and money on labor,
other benefits of automation of design include
reproducibility and standardization, both of
which are much more predictable with automa-
tion of design. Watch this space for the coming
5 years to see automation totally change the eco-
nomics and timeframes and accessibility of truly
personalized, patient-matched design.

9.4  How 3D Printing Fits In

There is no single tool or method that fits the
needs for all types of patient-matched implants.
3D printing supports the creation of patient-
matched implants in a variety of ways including:

1. Anatomical model as a baseline for a design
which is performed manually (i.e., with wax
or clay)

2. Anatomical model as a template for preparing
an off-the shelf implant by hand during or
before surgery

3. Different types of models as manufacturing
tools following digital design of the implant
(molds for forming materials or sacrificial
wax patterns)

4. Digital design and 3d printed fabrication of
these implants directly in an implantable
biomaterial

1. Anatomical Models as Baseline for Manual
Design
In this scenario, the anatomical model is 3D
printed and is used for the surgeon and engi-
neer to develop an implant design. Many bone
reconstructive, implantable devices have been
designed in this way, allowing the surgeon to
visualize the anatomy clearly in hand and to
make needed modifications to the anatomy
such as removing bone spurs and existing
implants before design of a patient-matched
implant (Fig. 9.5). The design of the implant
could be as simple as creating a wax pattern of
the implant on the model. Later this design
could be investment cast into metal, machined

Fig. 9.5 A 3D printed trial implant (blue green) on a
patient-specific bone model for a patient-matched hip

reconstruction case. Courtesy P. James Burn, MD and
Paul Morrison, Ossis Ltd., Christchurch, New Zealand

by tracer mill, or digitized for computer
numerical  control (CNC)  machining.
Historically, without digital design tools, this
has been the most common method to create a
patient-matched implant; however, given the
tools today available for digital design, this
method has been surpassed by these more
digital techniques.

2. Intraoperative or Immediately Preoperative
Bending/Fitting by Surgeons
Many times models or templates are used to
create patient-matched implants by the sur-
geon doing the fabrication using the model
and the implant (think of a reconstruction
plate being bent). This is also very common
for personalizing implant hardware which is
fairly straightforward and easy for the surgeon
to modify in fitting to the patient’s anatomy.

3. Models as a Manufacturing Tool/Pattern
If implant design is carried out digitally, there
will be a need to output that design into physical
form. Many methods exist, but the two main
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methods include (a) the digital design of the

implant is produced as a sacrificial pattern for

investment casting and (b) the digital design is
subtracted from a box and output as a two-part
mold for injection molding of the implant.

(a) Sacrificial Pattern 3D Printing of the
Implant Design. In this scenario, one
could imagine a proximal total knee com-
ponent being digitally designed with the
target material being cobalt-chrome (Co-
Cr) alloy. Co-Cr is typically investment
cast for these applications using a sacrifi-
cial wax pattern invested in plaster. In this
case, the digitally designed, patient-
matched implant is 3D printed in wax or
another investment casting-friendly mate-
rial. Once printed, the pattern is used in
the more traditional workflow for invest-
ment casting and subsequent finishing and
polishing of the implant.

(b) 3D Printing of a Mold for Injection
Molding. In this scenario, the implant may
be polymeric and in a material that is not
yet easy to directly 3D print. The net-shape
designed implant would be digitally sub-
tracted from a box, which would then be
cut to form a two-part mold, with a cavity
inside where the implant would be formed.
Sprues and channels can be added to the
digital model before being 3D printed in a
material conducive to injection molding of
the final implant material. Once the mold
is 3D printed, the injection molding (i.e.,
injecting material into the mold to form
the shape of the implant) is completed, and
the implant is finished, packaged, and
readied for use. This method is common
for implant materials which are not yet
suited for direct 3D printing.

4. Digital Design and 3D Printing of Implants

Directly in an Implantable Material

The most direct route to production of a
patient-matched implant would be to directly
3D print it in a suitable biomaterial. Today
there exist 3D printing techniques to produce
implantable parts in various biocompatible
metals and plastics. Most common direct metal
applications are produced by powder bed

fusion techniques (EBM, DMLS, SLM, DMP)
in titanium, titanium alloys, and cobalt-chrome
alloy. In polymers, most of the implantable
work to date has been performed using laser
sintering of polyether ether ketone (PEEK) and
polyether ketone ketone (PEKK) materials,
with others like silicone and polyethylene
being researched. 3D printing of titanium and
other implant biomaterials has been going on
for the last 10+ years with the first FDA clear-
ance for a titanium, 3D printed implant in 2010
(FDA 2010), and the first FDA clearance for a
polymeric, 3D printed implant in 2013 (FDA
2013). Regardless of these approvals, many of
the patient-matched implants created today are
still produced by machining, investment cast-
ing, or injection molding versus 3D printing.

9.5 Patient-Matched Implant
Examples

A few examples of patient-matched implants are
included below for illustration of the scope of
procedures benefitted and general use of 3D
printing technology.

1. Facial Augmentation with Silicone Implant.
Patients requiring augmentation of soft tis-
sue or bony deformities of the face can ben-
efit from the use of patient-matched silicone
implants (Fig. 9.6). These implants may be
designed by hand or digitally against the
patient-matched bone model.

Fig. 9.6 Silicone genial implant for a patient requiring
augmentation of the chin. Courtesy of Implantech
Associates, Ventura, California, USA
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Fig. 9.7 Hemi-pelvic reconstruction using a patient-
matched 3D printed titanium alloy implant. Note areas of
the design which are porous for planned adhesion of
tissue. Courtesy P. James Burn MD and Paul Morrison,
Ossis Ltd., Christchurch, New Zealand

2. Hemi-Pelvis Reconstruction with 3D Printed
Titanium Implant. Oncology patients often
require substantial reconstruction following
removal of large sections of cancerous tis-
sue. Directly 3D printed titanium alloy
implants (EBM, Powder Bed Fusion) com-
bined with fully digital design take advan-
tage of the ability of 3D printing to produce
complex, organic shapes. Notice the porous
section of the flange, specifically designed
for greater muscle adhesion (Fig. 9.7).

3. Revision Hip Arthroplasty. Roughly 15% of
all total hip arthroplasty procedures per-
formed annually are revision procedures,
with an increasing number of patients on
their second or third revision. Each revi-
sion removes more of the good, baseline
bone that is required for optimal fixation of
the acetabular cup. When extensive bone
loss is encountered, a patient-matched
implant may be an optimal solution,
designed for contact with the patient’s
anatomy in optimal locations. Direct pro-
duction by 3D printing in titanium alloy
(EBM, Powder Bed Fusion) is accom-
plished after the implant is digitally
designed (Figs. 9.8 and 9.9).

Fig. 9.8 Patient-matched design of a revision acetabular
component allows for precise locating of screw trajectory
and placement (yellow). Courtesy P. James Burn MD and
Paul Morrison, Ossis Ltd., Christchurch, New Zealand

Fig.9.9 Patient-matched 3D printed titanium implant for
a patient requiring revision hip arthroplasty. Courtesy
P. James Burn MD and Paul Morrison, Ossis Ltd.,
Christchurch, New Zealand

4. Directly 3D Printed Cranioplasty in PEKK.
Direct output of implantable polymers with
FDA clearance has only been available since
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Fig.9.10 Cranioplasty implant 3D printed in PEKK bio-
material for a patient with a large cranial defect. Courtesy
Oxford Performance Materials, South Windsor,
Connecticut, USA

2013. Oxford Performance Materials using
their unique PEKK (polyether ketone ketone)
biomaterial have paved the way in this area. In
this example of a cranioplasty implant, the
patient has a large defect in the skull, likely
due to trauma or previous surgical intervention
(Fig. 9.10). Digital design of the implant is
carried out and direct 3D printing of the
implant in PEKK biomaterial is performed
(Laser Sintering, Powder Bed Fusion).

5. TMJ and Mandibular Reconstruction. One
of the early, most common applications for
patient-matched implants was in the area of
total temporomandibular joint (TMJ) recon-
struction (Worford et al. 2015). Many times
the implants will be produced traditionally
(i.e., CNC machined or formed without 3D
printing), but the 3D printed anatomical
model will be key to the process of personal-
izing the design (Fig. 9.11).

6. Machined PEEK  Zygoma  Implants.
Personalized reconstructive facial prostheses
like this zygoma plus orbital floor implant
are gaining popularity in the plastic surgery
and oral and maxillofacial surgical commu-
nities. Patients that have had a traumatic
injury many times will require some aug-
mentation to the bony structures to again
regain their normal appearance. For some of
these cases, the globe of the eye may also be

Fig.9.11 Patient-matched total temporomandibular joint
(TMJ) replacement with temporal extension covering a
larger than normal defect. 3D printed model integral to the
design and manufacturing process. Courtesy TMJ
Concepts, Ventura, California, USA

Fig. 9.12 Machined PEEK implants are produced by
milling from a digital design. 3D printed anatomical mod-
els form a basis for the design and quality control of these
components. Courtesy KL.S Martin, Jacksonville, Florida,
USA

in a suboptimal position. Using digital design
and machining of PEEK (polyether ether
ketone), these implants can be output utiliz-
ing a “puzzle-piece” design to allow for opti-
mal stability after implantation (Fig. 9.12).
7. Directly 3D Printed Titanium Mandibular
Reconstruction Plate. A fairly common
application for digital planning and patient-
matched implants are for mandibular recon-
struction. In this case, the titanium plate is
3D printed in titanium (Laser Sintering,
Powder Bed Fusion) for precise adaptation
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Fig. 9.13 3D Printed mandibular reconstruction plate
(gray) following a resection of the left mandible. Precise
screw locations and contour can be achieved by the com-
bination of digital design and digital output. Courtesy
KLS Martin, Jacksonville, Florida, USA

to the desired shape of the mandible follow-
ing resection of a portion of the mandible
(Fig. 9.13).

8. Patient-Matched Orbital Floor Implant.
Many times in facial fracture cases, the
patient will suffer an orbital floor “blowout”
whereby the thin bone of the floor of the
orbit fractures and is displaced into the max-
illary sinus, causing the globe to displace
inferiorly. A patient-matched implant such
as this 3D printed titanium (Laser Sintering,
Powder Bed Fusion) implant will be used to
perfectly repair the orbital floor while not
impinging on other areas that are sensitive,
such as the optic nerve (Fig. 9.14).

9. Salvage Ankle Fusion Cage Directly 3D
Printed in Titanium (Hamid et al. 2016).
There are many times that large defects
threaten the viability of a limb from a stabil-
ity and vascularity standpoint. Limb salvage
procedures are there to save the limb from
the possibility of amputation. In this case,
the patient presented with a comminuted
fracture of the ankle and was given several
options, including amputation of the foot
(Fig. 9.15). A patient-matched 3D printed

Fig. 9.14 A patient-matched orbital floor plate (gray)
which has been designed based on the patient’s CT scan
and digitally output by 3D printing in titanium. Courtesy
KLS Martin, Jacksonville, Florida, USA

titanium (EBM, Powder Bed Fusion) cage
was designed to allow her to keep her foot
and to be used in conjunction with adjacent
hardware (rod, screws).

10. Distal Humeral Resurfacing Implant
Directly 3D Printed in Titanium (Fig. 9.16).

11. 3D Printed, Bioresorbable Tracheal Splint
for  Tracheobronchomalacia (Morrison
et al. 2015). A patient-matched, 3D printed
tracheal splint was developed by the
University of Michigan to treat young chil-
dren with a rare condition called tracheo-
bronchomalacia (TBM), a collapse of the
airway. The splint is designed from the
patient’s CT scan of the airway using
Materialise Mimics software and 3D printed
out of a bioresorbable material. The intent
is the splint will support the bronchus
locally preventing airway collapse and will
eventually resorb once the patient’s airway
has remodeled. The company Materialise
and the University of Michigan are part-
nered to bring this breakthrough device and
technology through to commercialization
(Fig. 9.17).

Some of the examples shown are truly custom
devices as discussed earlier when talking about
terminology, and some are more commercially
available, having gone through a more formal
premarket clearance process [510(k) or PMA]
with the US FDA.
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Fig.9.15 (a) and (b) Large 3D printed titanium cage that was packed with bone graft to augment a missing area of
anatomy in the lower leg just at the ankle. Courtesy 4WEB Medical, Frisco, Texas, USA

Fig.9.16 (a) and (b) Distal humeral resurfacing implant  ingrowth and the highly polished joint surface area for
produced by 3D printing in titanium with additional tita-  articulation against the opposing, native bone. Courtesy
nium nitride coating. Note the porous area for bone 4WEB Medical, Frisco, Texas, USA
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Fig. 9.17 A patient-matched, 3D printed tracheal splint
was developed by the University of Michigan to treat
young children with a rare condition called tracheobron-
chomalacia (TBM), a collapse of the airway. The splint is
designed from the patient’s CT scan of the airway using
Materialise Mimics software and 3D printed out of a bio-
resorbable material. Courtesy Materialise USA, Plymouth,
Michigan, USA and University of Michigan, Ann Arbor,
Michigan, USA

9.6 Conclusions
Taking a survey today of the entire reconstructive
implant industry spanning many specialties, one
would find patient-matched implants being used
more than ever before with applications spanning
the entire body. There is a demonstrated utility
for patient-matched implant technology when
applying this to very uncommon and special
reconstructive surgeries. Over time, though, a
multitude of applications which are more com-
mon have arisen to make these personalized
implants useful to a greater variety of patients.
Mostly anecdotal reports of surgical time savings
when using patient-matched implants have
cemented their use for certain areas such as large
oncologic reconstructions. Further study is ongo-
ing to show that personalized implants applied to
areas like total knee reconstruction can provide
patient benefit in the long term, in addition to aid-
ing the surgeon’s technical job during surgery.
Personalized surgery is a growing topic and
will guide further growth and infiltration into
many areas where traditionally the “one size fits
all” approach has been used. Key to the further
widespread adoption of patient-matched technol-
ogy will be that it is not only better for the patient
and the surgeon but also better for the hospital
and the payer who is footing the cost. Today

when one mentions “patient-matched implants”
relative to cost, there is a thought that patient-
matched means expensive. Further software
automation and better direct implant output via
3D printing will be part of the solution to push
the expense for these devices down which will
push down their prices. The future is bright for
further adoption of patient-matched implant tech-
nology in many different areas of the body.
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FDA Regulatory Pathways and
Technical Considerations for

10

the 3D Printing of Medical
Models and Devices

James C. Coburn and Gerald T. Grant

10.1 Introduction

The advances in medical imaging, application of
interactive 3D design software, and advances in
additive manufacturing techniques have provided
an unprecedented opportunity for innovative and
customized patient care. These advances are not
only available to the commercial manufacturing
of medical/dental devices, but by their very nature
are scalable from institutions such as major medi-
cal centers to local medical and dental practices.
In the past 15 years, the application of digital
imaging, digital design, and digital manufacturing
(both subtractive and additive) has proven to
decrease operating times and provide better
patient outcomes in areas where customized sur-
gical (Fig. 10.1) and restorative plans were indi-
cated. These results have in many cases simplified
more complicated treatment options such as den-
tal implant placement and restoration and pro-
vided the opportunity to design and fabricated
complex structures for use emergent patient care,
such as airway assist devices in pediatric patients.
As the designer and manufacturer of these types
of devices that are often part of an institution or a
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Fig. 10.1 Medical model of tumor and vasculature

private office, there are now individuals fabricat-
ing devices that may not be aware of possible
regulation of devices or in some cases are reluc-
tant to use this technology for the same reason.
The intent of this chapter is to familiarize the
reader to the role of the FDA in medical device
development and regulation and to hopefully clear
up some misconceptions and provide guidance in
the application of these technologies in patient care.

10.2 The FDA’s Role
The FDA is charged with ensuring that medical

products sold in the United States, including
drugs, devices, and biologics, are safe and effective

97

EJ. Rybicki, G.T. Grant (eds.), 3D Printing in Medicine, DOI 10.1007/978-3-319-61924-8_10


mailto:james.coburn@fda.hhs.gov
mailto:gerald.grant@louisville.edu

98

J.C. Coburn and G.T. Grant

for their marketed use. 3D printing is an emerging
technology that has brought many new users to the
field who may not be familiar with the federal
regulations and requirements for medical device
clearance or approval. The FDA has a decade of
experience with 3D printed medical devices
across the industry, the FDA has worked with and
provided resources for small businesses develop-
ing medical devices. This chapter provides an
overview of the overall FDA regulatory frame-
work for medical devices. Discussion topics will
include how devices are classified by the agency,
premarket regulatory pathways, FDA guidance
for specific device types, and resources available
to help device developers, users, and clinicians.
It will also include a brief summary of
FDA’s Technical Considerations for Additive
Manufacturing of Medical Devices (FDA 2016a).
These considerations were published in a Draft
Guidance released in May 2016, pending finaliza-
tion. They are based on internal research per-
formed in the FDA’s Office of Science and
Engineering Laboratories, with direct input from
stakeholders (industry, academia, patient groups)
from FDA'’s first 3D printing workshop held on
October 8-9, 2014, and subsequent scientific con-
ferences and public meetings.

10.3 Brief Overview of FDA
Regulatory Pathways
for Medical Devices

Medical devices span a wide range of products
from tongue depressors, to total knee replace-
ments, to implantable cardiac defibrillators, all
regulated under the Center for Devices and
Radiologic Health (CDRH). A medical device is
defined in the Food Drug and Cosmetic Act
(FDCA Section 201(h)) as “an instrument, appara-
tus, implement, machine, contrivance, implant,
in vitro reagent, or other similar or related article,
including a component part, or accessory which is:

e recognized in the official National Formulary,
or the United States Pharmacopoeia, or any
supplement to them.

¢ intended for use in the diagnosis of disease or
other conditions, or in the cure, mitigation,

treatment, or prevention of disease, in man or
other animals, or

* intended to affect the structure or any function
of the body of man or other animals, and
which does not achieve its primary intended
purposes through chemical action within or on
the body of man or other animals and which is
not dependent upon being metabolized for the
achievement of any of its primary intended
purposes.”

The FDA evaluates devices using a risk-based
framework that outlines the premarket regulatory
requirements that a device must satisfy before
being marketed in the United States. Several fac-
tors in addition to risk help to determine the regu-
latory classification and evaluation; these include
but are not limited to the intended use and indica-
tions for use. These two terms are often conflated
but they are distinct, as clarified by FDA
Guidance, on the 510(k) Program: Evaluating
Substantial ~ Equivalence  in  Premarket
Notifications, Section D.1. “Intended use means
the general purpose of a device or its function and
encompasses the indications for use” (FDA
2014a, b). The more specific term, “indications
for use as defined in 21 CFR 814.20(b)(3)(i),
describes the disease or condition the device will
diagnose, treat, prevent, cure, or mitigate, includ-
ing a description of the patient population for
which the device is intended.” Understanding the
basic regulatory framework and terminology can
be useful for new device developers, engineers,
and clinicians.

10.3.1 Resources

Interacting with the FDA may seem like a daunt-
ing task, but in fact, 99% of the device
manufacturers that contact the FDA are small
businesses. Moreover, 74% of those businesses
have ten employees or fewer. The medical device
industry in particular is a place for small innova-
tive groups to develop new products and tech-
nologies. CDRH aims to provide resources to
foster that innovation. The FDA website contains
a wealth of information for new and experienced
medical product developers, manufacturers,
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sponsors,! and consumers. Websites referenced
throughout this document will be listed with their
hyperlinks in the Additional Online Resources
section. Specifically, the CDRH website includes
a section called “Device Advice” with compre-
hensive regulatory information and a series of
webinars called “CDRH Learn” that describe
FDA practices and regulations. Topics include
summary information and how to study and mar-
ket your device, special topics for specific situa-
tions, and postmarket activities. 3D printing has
its own set of pages on the FDA site which talk
about the types of medical applications for 3D
printing as well as providing more details on the
FDA'’s role. More generally, one of the most com-
mon ways for FDA to describe policies, interpre-
tations of regulations, and product-specific
concerns is through the release of guidance docu-
ments, available through a searchable database.
CDRH Guidance Documents describe the pro-
cess and requirements for each type of submis-
sion, recommendations for best practices, and
specific data that certain device submissions
require for thorough evaluation. It is often advan-
tageous to discuss potential devices or medical
products with the FDA early in the development
or testing process to understand what the FDA
will want to see for clearance or approval.

10.3.2 Classification

All medical devices that are currently marketed
in the United States are classified by the FDA and
can often be used as a guide to determine the
regulatory classification of new devices. This
information is found in the Code of Federal
Regulations (CFR), Title 21, Sections 800—1299
and maintained by the Government Publishing
Office website. Searchable information on the
classification of marketed medical devices can
also be found in the FDA’s Product Classification
Database. If a device does not fit into one of the
existing product classifications (presents a poten-
tial new intended use or may raise new questions
of safety or effectiveness), its regulatory

'“Sponsor” is the term FDA uses for any person, com-
pany, or institution that sends a submission to the FDA.

classification should be discussed with the
FDA. There is an official process, called 513(g),
established for sponsors to request a classifica-
tion of any product if none exists or if the classi-
fication is unclear (FDA 2012a, b).

Generally, devices can be divided into three
classes. Each class has a specific path to market,
requiring a different amount of data. To support
submission, there are several ways to formally
and informally communicate with the FDA to ask
questions about a specific product before it is
ready to bring to market (Fig. 10.2).

e Low-risk (Class I) devices which are gener-
ally exempt from premarket review.
e Moderate-risk or controlled risk (Class II)

devices which typically require review
through the Premarket Notification [510(k)]
process.

e High-risk or life-sustaining (Class III) devices
which typically require review through the
premarket approval (PMA) process. Most
require clinical study data gathered under an
investigational device exemption (IDE).

10.3.2.1 Classl

The vast majority of Class I devices are exempt
from the premarket review requirements of
Class II and Class III. Instead, these devices need
to comply with what are termed general controls
that include labeling, manufacturing quality
standards, and reporting requirements as well
as registration and listing with the FDA (FDA
2014a). One of the principle qualities of a Class I
device that is exempt from premarket review is
that it presents a very low risk to the patient.
However, if a Class I device is being marketed for
a new indication for use or employs a fundamen-
tally different technology to achieve the intended
use, then it may require a Premarket Notification
submission [510(k)] or premarket approval
(PMA) based on several factors including the risk
that the device may pose to the user or patient.

10.3.2.2 Class ll: Premarket

Notification [510(k)]
Class II devices include a wide variety of devices
that may present moderate risks to patients and
users and that do not sustain life. The agency
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Fig. 10.2 The three primary classifications of medical devices used by the FDA and their approximate correlation to

European classifications

expects that the risks these devices may present
can be mitigated through the use of device-
specific special controls. These controls describe
the data the FDA needs to effectively evaluate the
device as well as best practices for preparing a
device for market. They may include but are not
limited to preclinical bench testing, animal stud-
ies, risk assessment, and suggested labeling. In a
minority of cases, clinical data may be required if
other data cannot resolve questions of safety and
effectiveness brought about by new or different
technological characteristics. The majority of
Class I devices are required to submit a Premarket
Notification [510(k)] for review by the FDA
before they can be cleared for marketing in the
United States (FDA 2014a, b). Sponsors of 510(k)
submissions must demonstrate that their submis-
sion is substantially equivalent to a legally mar-
keted predicate, or previously cleared medical
device, that has comparable technological charac-
teristics, intended use, and indications for use.

10.3.2.3 Class lll: Premarket Approval
(PMA)

Devices in the highest-risk classification require

premarket approval that demonstrates the safety

and effectiveness of the device using all available

evidence: preclinical testing, animal studies if

applicable, and clinical trials. Risk for Class III

devices may come from a variety of sources, such
as their use of novel or untested technologies,
materials, or indications for use that make special
and general controls insufficient to ensure safety
and effectiveness.

10.3.3 Clinical Studies

All clinical studies must be performed with over-
sight from and approval of an Institutional
Review Board (IRB), and significant risk device
studies must be approved by the FDA through an
investigational device exemption (IDE). Factors
that determine if a study poses nonsignificant
risk include but are not limited to the type of
device, the type of intervention, how much the
intervention differs from standard clinical prac-
tice, and anticipated adverse events. The FDA is
the final arbiter of all clinical study risk determi-
nations. Sponsors may use pre-submission
meetings to discuss study protocols, risk deter-
mination, endpoints, or other relevant factors
that will help collect the correct data to support a
PMA or other regulatory submissions. IRB and
IDE approvals, as required, must be obtained
before enrolling subjects, and IDE submissions
should include a report of all previous investiga-
tions (e.g., preclinical testing, animal studies) of
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the device and an investigational plan among
other items. See CDRH’s Device Advice on
IDEs for more information. The CDRH Device
Advice website also contains information and
guidance on determining if a device is a signifi-
cant risk and how to apply for an IDE.

The speed of technological development is
increasing rapidly and with it, the potential for
innovation in medical devices. CDRH has imple-
mented early feasibility studies as a way to “allow
for early clinical evaluation of devices to provide
proof of principle and initial clinical safety data”
(FDA 2013a, b). As with all clinical studies, there
must be appropriate benefit-risk analyses and
human subject protections. However, unlike tra-
ditional IDE studies, early feasibility studies are
designed for devices in early development, often
before the design has been finalized. The subject
enrollment is typically small (ten subjects or
less), and the data collected may help gain insight
that is not available through preclinical testing or
to guide device modifications.

Perspective: Many times, the question is asked,
“How do we prove to the FDA that the benefits of
the device outweigh the risks and that there is rea-
son to believe the device will be effective?” While
the FDA is able to give the final legal approval for
a significant risk clinical study to proceed, they are
not the target audience for the device (only the
submissions). Patients are the beneficiaries and the
ones who will be most affected by the device. A
more appropriate question might be, “Would a
patient who is well informed about the function of
the device, the risks of the study, and the potential
benefit choose to participate?”” The FDA uses
benefit-risk analysis (FDA 2012b, 2016d) to make
its determinations including the submitted data on
the engineering safety, manufacturing controls,
potential effectiveness, and patient tolerance for
risk (Hunter and Califf 2015) among others. Most
devices require understanding a complex mix of
medicine, engineering, biology, and other sciences
that contribute to the manufacture, use, and
function of the device. The FDA staff includes
reviewers and scientists from a wide range of dis-
ciplines and expertise. In addition, each division
has an unmatched knowledge of the history of
devices in their area that give them a unique
perspective.

10.3.4 Pre-Submission Meetings

Sometimes sponsors may have questions about
their device, about the data that FDA may
require, or endpoints for their clinical study. Pre-
submission meetings (pre-submissions) allow a
sponsor to ask specific questions of the agency
about their device, study, or aspects of their sub-
mission (FDA 2014b). A sponsor can request a
pre-submission at any point in the regulatory pro-
cess including the preclinical testing phase or in
response to feedback from FDA about a device
submission. Early pre-submissions are especially
important for devices using a novel technology or
innovation because it gives the agency a glimpse
at the device before the marketing (e.g., 510(k),
PMA) or IDE submission. When the agency can
take time to understand the features and technol-
ogy in a very novel device, reviewers and
scientists are better able to evaluate it and ask
appropriate questions to assess safety and effec-
tiveness. This can also benefit sponsors by reduc-
ing the number of questions or review rounds
needed to come to a final decision.

10.3.5 Other Regulatory Pathways

Premarket notifications [510(k)], premarket
approval (PMA), and investigational device
exemptions (IDE) are the most common submis-
sions to CDRH for medical devices. There are,
however, other pathways that can be used for cer-
tain devices.
10.3.5.1 Humanitarian Use Device
(HUD)/Humanitarian Device
Exemption (HDE)

Some diseases affect small populations, and
some specialized treatments are only right for
small population within a more prevalent disease.
For these cases, the FDA has the HUD/HDE pro-
cess. Someone who has a potential treatment for
one of these small populations can request a
Humanitarian Use Device designation for the
patient population and indications for use of the
device. If the expected patient population is less
than 4000 per year (incidence) and other criteria
are met, then an HUD may be granted. Other
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requirements and restrictions are described on
the CDRH Device Advice website and in FDA
Guidance on Humanitarian Use Device (HUD)
Designations (FDA 2013a, b). Once an HUD is
granted, the sponsor may submit a Humanitarian
Device Exemption (HDE) to allow for the device
to be marketed in the United States. In this sub-
mission, a sponsor must show that the device is
safe and that the probable benefits of the device
outweigh the risks, typically with a clinical study.

10.3.5.2 De Novo

Technology is developing at a rapid rate and not
all devices with low or moderate risk will have a
predicate for a 510(k) submission. To address
this, congress and the FDA created a new regula-
tory submission through the 1997 Food and Drug
Administration Modernization Act (FDAMA)
(FDA 1997a, b) and the 2012 FDA Safety and
Innovation Act (FDASIA) (FDA 2016b). This
submission is called for de novo, Latin for “from
the beginning” or “newly started.” Any person
who has a device for which a Class III regulation
does not exist and has either “received a determi-
nation of Not Substantially Equivalent (NSE) in
response to a 510(k) submission” or “who deter-
mines there is no legally marketed device upon
which to base a determination of substantial
equivalence may submit a de novo request.” This
request reevaluates the automatic Class III desig-
nation of the device (FDA 2017). In order to
change the classification, data and testing should
show that the risk to the patient posed for the de
novo device is similar to that of a Class II or
Class I device. Likewise, the benefits and risks
should be understood well enough to be miti-
gated through use of general and special controls.
Once the reclassification is granted, a de novo
device can be used as a predicate to support
future 510(k) submissions.

10.3.5.3 Combination Products

Combination products typically use elements of
two or more regulated areas such biologic/device
or drug/device to function as a single product. The
Code of Federal Regulation defines a combina-
tion product more fully (21 CFR 3.2(e)). Some
research and development areas such as tissue

engineering frequently yield combination prod-
ucts due to the incorporation of cells within a
scaffold or other physical structure. The FDA’s
Office of Combination Products makes the final
determination if a product is a combination prod-
uct and which regulatory center has the lead
review role for that product based on its primary
mode of action. Other centers may use different
regulatory pathways than those described here.

10.4 Regulatory Landscape
for 3D-Printed Medical
Devices

10.4.1 Medical Implants
and Accessories

Medical device manufacturers were early adopt-
ers of 3D printing, but interest in 3D printing
medical devices has grown exponentially since
2010. As of 2016, the FDA has over a decade of
regulatory experience with 3D-printed products
with dozens of cleared medical devices
(Fig. 10.3). All of these clearances, approvals,
and authorizations have occurred under the exist-
ing regulatory framework.

Additive manufacturing is inherently a manu-
facturing process. The capability to make very
complex shapes increase the innovative potential
for designers is still only a part of the process of

Cleared medical
devices

m Orthopedic  m Surgical m Dental Other

T

Fig. 10.3 Distribution of 510(k) cleared medical devices
using 3D printing by discipline



10 FDA Regulatory Pathways and Technical Considerations for the 3D Printing of Medical Models 103

creating a device. As with any manufacturing pro-
cess, there are factors that must be considered in
the evaluation of safety and effectiveness, but it
does not necessarily change the categorization or
regulatory classification of a device. In fact, many
3D-printed devices have presented enough evi-
dence to receive 510(k) clearance as substantially
equivalent to a more traditionally manufactured
device. CDRH is organized into divisions that
specialize in certain product areas and have access
to expert scientists and clinicians.? This special-
ization allows reviewers to consider devices in
their current and historical clinical context.
Specialized consultants in areas like 3D printing
(additive manufacture) can bring expertise on spe-
cific technologies where needed.

10.4.2 Surgical Visualization Models

Software applications for clinical imaging and
anatomic visualization are Class Il medical devices
subject to premarket clearance. The anatomy and
data from those applications can be printed to aid
visualization, much like a 2D paper printout of an
echocardiogram or a 3D print of a heart with con-
genital defects. The printers and software used to
run the printer itself are not typically considered
medical devices. If the 3D prints are made for use
with a specific device or as a necessary aid to com-
plete a regulated procedure, they may require a
regulatory submission (Di Prima et al. 2016).
Several large hospitals have set up centers to facili-
tate printing of surgical models and visualization
tools. In addition, multiple material and color
prints are being used as training tools to practice
different surgical procedures and disease states
(Morris 2016; LaFrance 2013; PCHC 2017).

10.4.3 Prosthetics and Quality of Life
Accessories

Prosthetics are regulated devices under 21 CFR
890. Many are Class I and exempt from premar-

>The CDRH Organizational chart is available on the FDA
website.

ket submission, but still benefit from general
quality controls. A wide range of prostheses and
orthoses are categorized by the regulation, each
with its own description and classification.
Attachments for prosthetics such as specialty
hooks, button pushing devices, or holders for tab-
lets are not typically considered medical devices.
Of course, generalizations cannot capture the
specific details and differences for every device
and intended use. The FDA has final authority to
make decisions regarding the classification and
regulation of medical devices and provides
resources to help sponsors determine where they
are in the regulatory framework. Those making
prosthetics and these types of devices can search
the Device Advice website or Guidance Database
for information. They can also contact the
Division of Industry and Consumer Education® to
determine if answering their questions requires a
pre-submission meeting.

10.5 Printing Materials

Many types of materials can be additively manu-
factured, from metals, to polymers, to biological
molecules and cells. The intended use, the print-
ing technology, and post-printing steps all factor
into the decision of what material to use and what
testing to perform.

10.5.1 Characterization

Additive manufacturing builds a part in a way
that can melt, sinter, or adhere pieces of mate-
rial to each other. This can greatly change the
physical properties from what is expected from
a solid part made from the same material. As
always, there are such a variety of medical prod-
ucts that could be made additive manufacturing
that it would be impossible to describe the ideal
characteristics or specifications for all applica-
tions. Most importantly, designers and manu-
facturers should know as much as they can

Contact DICE by email: DICE@fda.hhs.gov or by phone
at 1 (800) 638-2041 or (301) 796-7100.



104

J.C. Coburn and G.T. Grant

about the 3D printing process they are using.
That will form a basis to decide which charac-
teristics of their raw material are essential to
achieve consistent results. For instance, in pow-
der bed fusion systems, the size and shape of the
powder is extremely important for achieving
even spreading across the powder bed and con-
sistent melting when energy is applied.
Similarly, the powder may change over time as
it is used, so the number of reuses and the mix-
ture of new and used powder can be very influ-
ential on the final product properties. Equally
important are environmental effects such as
humidity, exposure to light and heat, or material
age. These types of questions are not unique to
powder bed fusion systems. All types of print-
ing materials will have their unique set of fea-
tures that will change with printing method,
time, or application and must be characterized.
Achieving consistency is one of the primary
goals of a manufacturing quality system. There
are different techniques to fully assess a manu-
facturing process including a Process Failure
Mode and Effects Analysis (PFMEA). A
PFMEA can assist in systematically identifying
possible points of failure or variability in a sys-
tem and then determining the appropriate miti-
gation strategies to use based on the risk of each
failure mode. See the Engineering Tools section
for more details.

It may seem like materials that are already
used in medical products such as titanium alloy
(Ti6Al4V) would be the same for subtractive and
additive manufacturing. In fact, in this particular
case, the heat of the powder bed melting process
can preferentially volatilize aluminum (Mukherjee
et al. 2016) and change the composition of the
final alloy. Characterization of material proper-
ties, including its chemistry, is especially impor-
tant for polymers and biologically derived
molecules where many parameters can be affected
by the printing process. Some material compo-
nents such as residual monomers, additives, or
contaminants may adversely affect tissues if they
are not appropriately handled during processing
or removed from the final part. Characterizing the
raw materials and the process steps can help
elucidate where undesirable variability or

contaminants may occur, and it may facilitate
implementation of mitigation strategies.

10.5.2 Biological Suitability

Some 3D printing materials are almost identical
to materials used in other types of manufacturing,
while others have been developed especially for
3D printing. However, just like other forms of
manufacturing, this does not mean that all print-
able materials will be suitable for use in medical
products. Materials should be matched to their
intended use for physical, chemical, and biologi-
cal properties. There is a common misconception
that FDA clears materials for specific medical
uses. This is typically not the case. CDRH evalu-
ates the materials used in a device in the context
of the device and its intended use.

For example, total joint replacements are often
made from titanium alloy (Ti6Al4V) which has
been used very frequently. Overall, it is consid-
ered to be biocompatible for this use. However,
Ti6Al4V has not been approved for brain aneu-
rysm clips because the aluminum in the alloy can
specifically be toxic to brain cells. In this case,
titanium alloy would not be very biocompatible
for this use. The longer clinical history a material
has in a specific device area, the more data and
experience is available to show the safety and
effectiveness of that material. Sometimes new
materials are developed for a particular applica-
tion like joint implants, new data emerges about
existing materials like titanium alloy, or new fea-
tures and technologies are integrated into previous
designs. The new information can then be incor-
porated into future evaluations of the material.

Once a material set of possible materials are
chosen for a particular application, they can be
tested for adverse biological effects using the
International Standard ISO 10993 “Biological
Evaluation of Medical Devices.” In June 2016,
the FDA finalized guidance on the use of the
standard (FDA 2016c¢). It has 20 parts that each
focus on a different aspect of biocompatibility
testing, applicable to a very wide range of materi-
als and applications. The FDA publishes infor-
mation on its website about the general



10 FDA Regulatory Pathways and Technical Considerations for the 3D Printing of Medical Models

105

application of standards and other guidance doc-
uments that may have device-specific require-
ments or recommendations. Among other factors,
the duration of contact with the body and the risk
posed by the device will influence the type and
rigor of testing that is needed to show
biocompatibility.

Some information on raw materials may con-
tain the words “medical grade” or terms related
to medical use. This is not an indication that the
material is FDA approved or cleared. Rather, it
may mean the manufacturer has subjected the
material to ISO-10993 standard tests or the older
USP Class 6 testing. Material suppliers should be
able to provide all test results on their products
and the lab(s) where they were tested through
their website or upon request. Third-party testing
by a recognized independent lab is one of the best
ways to ensure that the results will be consistent
for a product and comparable across different
products. Sometimes an assessment of patient
exposure to a material coupled with the existing
testing is enough to show that the material is bio-
compatible for a specific application. Materials
that have been used in previously cleared or
approved medical devices often have a master file
with the FDA (FDA 2002). This file gives the
FDA confidential access to proprietary informa-
tion that the material supplier may not wish to
share publicly or with customers. It is a mecha-
nism to protect intellectual property and ensure
the FDA has enough information to evaluate a
product. Many material specifications and tests
may be stored in the master file. However, as
described, there are many elements to these stan-
dards, and the material supplier may not have
completed exhaustive testing. The printing pro-
cess or other production steps may also modify
the material through additives, physical expo-
sure, or chemical treatment, thereby altering the
biocompatibility profile and necessitating addi-
tional testing.

Material characteristics of the raw material,
including biocompatibility, are important, but a
medical product functions and is evaluated based
on the final finished device. That means that each
step of the product workflow must be taken into
account when evaluating the suitability of a

material, and the final device itself will often be
the subject of many of the performance and safety
tests.

10.6 The Design Process

Medical devices cover such a wide range of
technologies that it is nearly impossible to
describe all the workflows, design processes,
and manufacturing controls in one place. Each
step in design and manufacturing processes are
interdependent on the others, and sometimes it
is not easy to determine what variables or steps
are most critical to quality. Frameworks such as
a Process Failure Mode and Effects Analysis
and user-centric design help evaluate processes
in a methodical way. The FDA published guid-
ance specifically on structuring the design pro-
cesses to practically implement quality
assurance (FDA 1997a, b).

Modern software packages can easily make
intricate features such as lattice structures, porous
coatings, and patient-specific designs, but it is up
to the designer, sometimes collaborating with a
clinical team, to determine if those structures and
features meet performance and safety specifica-
tions. By considering best practices, documenta-
tion, and clinical use throughout the entire
research and development process, designers can
identify hurdles early, make iterative improve-
ments, and even help navigate the regulatory
process.

10.6.1 Engineering Tools

There are several engineering methodologies
that can help designers develop products that
anticipate possible risk factors, build in mitiga-
tions, and ensure that features critical to the
quality of the device are adequately controlled.
These processes can be used for the design of
the device, evaluating steps in the printing pro-
cess and even assessing the interactions
between users/patients and device or part.
Some examples of those tools are described
below.



106

J.C. Coburn and G.T. Grant

Failure Mode Effects

Analysis (FMEA)

The Quality Toolbox (Tague 2005) defines FMEA
as a step-by-step approach for identifying all pos-
sible failures in a design, manufacturing, or
assembly process or product. Importantly, this
method requires an interdisciplinary team that
understands all aspects of the product from design
to end use, including the end users. A large table
is assembled with one failure mode on each line.
Once identified, the risk posed by that failure, the
probability of it occurring, and possible mitiga-
tion strategies are listed on that row (Table 10.1).

10.6.1.1

10.6.1.2 User-Centric and Patient-
Centric Design

Intuitive or user-friendly designs are increasingly
used in modern technology and applications, but
device designers are often not clinicians or
patients. Knowing exactly how a device is used in
the real world by clinicians and how it will affect
the patient is an important part of ensuring the
device is both safe and effective. FDA’s Guidance
on “Applying Human Factors and Usability
Engineering to Medical Devices” outlines gener-
ally how to apply these principles for regulated
products (FDA 2016d). In addition, The U.S.
Department of Health and Human Services main-
tains usability.gov, which provides tools, surveys,
and best practices for how to perform user prefer-
ence and performance. In these contexts, there can
be many types of users, for example, the image
processing personnel, part designers, printer oper-
ators, clinicians, and patients. Going through these
exercises can bring out small tweaks that may
make a process more streamlined, instructions
clearer, device features more comfortable, or even
adapt visual features to bring attention to a particu-
lar function at an appropriate time.

10.6.2 Patient-Matching Workflow

Making a device patient-matched entails apply-
ing a set of steps or changes to a design that will
yield products with the very similar performance
and safety profiles, but that fit a specific patient’s
anatomy or physiology. The quality of patient

imaging can be especially important for these
devices because standard clinical CT or MRI
scans may or may not provide enough resolution
or contrast to define essential anatomic features
to perform patient matching. This is again a situ-
ation where fully understanding the process and
the design needs can help determine the correct
strategies, whether that is using a different imag-
ing method or defining stricter imaging proto-
cols. Once the image volume is captured and the
anatomy is isolated or segmented, the patient-
specific design features can be placed. This may
involve interactions with a clinical team in a local
or remote location. As designs are iterated it is
important to track design versions and maintain
patient privacy according to Health Insurance
Portability and Accountability Act (HIPAA) reg-
ulations (DHHS 2005). Documentation and iden-
tifying marks may help prevent an old version of
a file being printed for a patient or the wrong
patient’s device being sent.

10.7 The Manufacturing Process

10.7.1 Software/Hardware
Interactions

Every software and embedded firmware has its
own quirks and idiosyncrasies. Many groups
across many industries “freeze” software and
hardware updates after validating particularly
complex processes. This ensures that there will
not be any unexpected changes or errors in
outputs caused simply by updating versions.
Even changing something as simple as the
smoothing algorithm used to generate files can
alter outputs depending on the type of device and
features it contains. Maintaining a set of test cou-
pons or other parts that represent the edges of the
design envelope can facilitate reevaluation of the
software workflow.

Most printer types build each layer in a ros-
tered (like an old television screen) or linear
fashion where a single point of energy or mate-
rial delivery is moved across that layer of the
build volume. This build path takes time to tra-
verse an entire layer and can affect the way
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each part is made, for example, the cooling
time between when an outer layer and adjacent
layer can affect their adhesion. Likewise, if a
contour is always started and stopped at the
same location, there may be a seam in the part
that can affect the mechanical properties of the
final part. For printing that involves cells, this
can be even more important as time can be lim-
ited. Control of the build path is sometimes
embedded within the printer and sometimes is
handled by third-party software. In either case,
having an understanding of what is happening
while each layer is being built can help trou-
bleshoot problems and facilitate consistent
results.

10.7.2 Building a Part

Many of the unique aspects of additive manu-
facturing arise when preparing a part to be built.
It is important to understand the limits of a
printer before using it for production because
each printer may require slightly different set-
tings to make acceptable parts based on the
material, hardware, local environment, or other
factors. For all printer types and models, there
are several important factors that can help
achieve consistent results. The following sec-
tions describe some of these factors that may
not always be in the forefront when planning or
assessing build processes. Each printer and pro-
cess will have a unique set of steps or parame-
ters that are critical to quality (CTQ) for the
intended use.

Part Orientation and

Location in the Build Volume
One of the most obvious differences between
additive manufacturing and other types of manu-
facturing is that mechanical strength and struc-
tural integrity between layers (in the z direction)
is typically lower than within a layer. Therefore,
the orientation of a print becomes an important
factor in determining if it meets specifications.
In addition, the proximity of parts in the print
space can also adversely affect performance by
allowing energy delivered to one part to be
absorbed by another part, and the management

10.7.2.1

of orientation and heat distribution is critical to
the accuracy of devices in metal additive
manufacturing.

10.7.2.2 Support Materials

Many printing processes require support materi-
als to be added so that the layers of material can
be built up without collapsing. These supports
must then be removed after printing to obtain the
final part. Too few supports can lead to unstable
or poorly fused sections of material, whereas too
many supports can make removal and surface fin-
ishing more difficult. Whether automated or
manual algorithms are used to place these sup-
ports, they can affect the surface finish and per-
formance of the final part. Careful consideration
of the remove method (physical or chemical) can
help prevent residues of the removal process
being left on the part.

10.7.2.3 Machine Parameters

The printers themselves also have software or
firmware that can affect the way a part is built.
Parameters such as set temperatures, dwell times,
and print speed may all be controlled and moni-
tored by the machine itself. The variability
allowed in these parameters could affect the con-
sistency of the build process. In addition, the
aforementioned build path may be set in the
machine as well (e.g., rotating the start coordinate
with every layer or drawing the outer contours
before the inner fill). The machine parameters
necessary to keep build quality consistent can also
be affected by input parameters that have to be
monitored and controlled separately. For instance,
the ambient environment (e.g., humidity, temper-
ature) of the printer may have a great effect on the
materials. Likewise, the raw material characteris-
tics discussed in the previous section can change,
also affect the machine performance.

10.7.2.4 Post-Processing

Almost all parts made with additive manufac-
turing will require some type of post-process-
ing. This may be support removal, heat
treatment, cleaning, sterilization, or a variety
of other machining tasks to make the part take
its final shape. Each of these steps can have
effects on the residual stress in the part, surface
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finish, or residues. Geometric, mechanical, and
biological characterization of any part after all
post-processing steps are completed will
ensure that those effects are taken into account.
For specific tests in specific circumstances,
there may be no additional benefit to perform-
ing it after all post-processing, and those can
be evaluated on a case-by-case basis to make
the process more efficient.

10.8 Verification and Process
Validation

Two key principles that undergird any quality
system are verification and validation.
Verification is the measurement of a feature or
property to assess whether or not it falls within
a specified nominal range or tolerance. If every
part is checked for that feature, it is said to be
fully verified. Some properties cannot be
checked without damaging or destroying a part
such as mechanical strength or fatigue life. In
that case the system must be validated.
Validation would occur on the production
equipment using the final production process.
Inputs such as environmental conditions, raw
material characteristics, operating parameters,
etc. are all monitored closely, and each product
is then tested (verified) to evaluate all the nec-
essary specifications. Once a process is vali-
dated, it means that if the input criteria are
within a defined range, then the output product
will meet nominal specifications and does not
have to be fully verified. Validation is reevalu-
ated through statistical sampling or other test-
ing methods.

Validation becomes especially important in
additively manufacturing where there are many
variables that can affect the final outcome, some
of which are not currently possible to measure.
In addition, patient-specific devices may all be
slightly different so verification can be more
difficult or impossible. In these cases, it is
important to think about validation even in the
design stage where you are defining the “design
envelope” and determining the workflow that
will ensure patient-specific devices meet perfor-
mance goals.

10.8.1 Quality Systems

The FDA has developed a comprehensive set of
quality system regulations and guidance documents
to help small and large businesses develop and
maintain good manufacturing practices for medical
devices. These can help to ensure that medical
devices are continually produced to meet specifica-
tions time after time. The techniques are most often
used in manufacturing settings, but they can also be
used by researchers or clinicians who are develop-
ing techniques and products that may later be com-
mercialized. The quality system regulations are
made to be flexible so they apply to almost any
device and as many manufacturing scenarios as
possible (Tartal 2014).

10.8.2 Monitoring

Since every part made by a validated process is not
completely characterized (verified), monitoring
the system becomes an important part of ensuring
the quality of each part. Typically, samples are
taken from a manufactured group of parts (lot).
Those parts are then subjected to a full battery of
destructive and non-destructive testing. CDHR
Additive Manufacturing (AM) Working Group
makes it more difficult to determine how many
parts constitute a lot, and in the case of patient-
specific parts, there may only be one. Other meth-
ods can be used to still control the build quality
over time. These may include checks on the raw
materials, environmental monitoring, in-process
monitoring (e.g., temperature at energy delivery
point, machine status), and use of test coupons.

10.8.3 Test Coupons

Test coupons are pieces that represent a certain
feature or features of the final part and are made in
a way that replicates a worst-case scenario for the
final finished part. During validation, worst-case
locations and orientations in the build volume are
identified; test coupons can then be built at these
locations and evaluated for various performance
criteria. If the test coupons are representative of
the final part and they meet performance specifi-
cations at the worst-case build locations, it can
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increase confidence that parts made during the
same build will also meet specification. It can be
difficult to determine what makes a test coupon
“representative” depending on the complexity of
the part being produced. There may also be more
than one worst-case or “representative” test cou-
pon based on the tests being performed.

10.9 Conclusions

3D printing is a process, like any other manufac-
turing process; the wide range of technologies
available and the freedoms imparted may bring
many factors into the fore. Designers and manu-
facturers will continue to build their comfort lev-
els with their processes by following best
practices, quality systems, and other good manu-
facturing frameworks. Whether the end goal is to
market a product, perform research, or develop
new technologies, the best practices published by
the FDA, embodied in standards, and imple-
mented through engineering tools can be useful
for any person or group—no matter how small. In
the end, the risk profile of each product and pro-
cess will dictate what measures must be taken to
ensure that the final products meet specifications
time after time. Considering quality control and
quality system processes early in the development
process, even at the laboratory research phases,
can both help translation of product ideas into
commercial products and can also foster innova-
tion through improved process understanding.
FDA and CDRH both have innovation teams
and websites that can provide early assistance for
emerging technologies and to nontraditional inno-
vators. The FDA continues to build a knowledge
base for 3D printing and other emerging technolo-
gies through internal research, participating in
standards like the ASTM F42 Additive
Manufacturing Standards Committee and public-
private partnerships such as America Makes. FDA
personnel also attend academic, clinical, industry,
and user conferences (such as the Orthopedic
Research Society Annual Meeting, Radiological
Society of North America Annual Meeting, and
Special Interest Group Meetings, Society for
Manufacturing Engineers’ RAPID, and Additive
Manufacturing Users Group) to relate and learn

best practices across the industry. Increased access
to information and communication has been one
of the major topics during industry meetings, and
in some ways it has also been one of the strengths
of the 3D printing community. Gaining insight
from FDA’s website and publications, and con-
tacting the FDA early in your design or develop-
ment process can help streamline submission
logistics, experimental design, and trial design.
The FDA is working to foster innovation through
3D printing while maintaining the high quality of
safe and effective medical devices that patients
and clinicians have come to expect.

Additional Online Resources

e 3D Printing of Medical Devices: http://
www.fda.gov/3dprinting

* CDRH Device Advice: http://www.fda.
gov/MedicalDevices/
DeviceRegulationandGuidance

* CDRH Device Advice- Investigational
Device Exemption (IDE): http://www.
fda.gov/MedicalDevices/Device
RegulationandGuidance/
HowtoMarketYourDevice/
InvestigationalDeviceExemptionIDE

e CDRH Innovation Team: http://www.
fda.gov/AboutFDA/CentersOffices/
OfficeofMedicalProductsandTobacco/
CDRH/CDRHInnovation/

e CDRH Learn: http://www.fda.gov/train-
ing/cdrhlearn

* CDRH Offices and Organization: https://
www.fda.gov/AboutFDA/CentersOffices/
OfficeofMedicalProductsandTobacco/
CDRH/CDRHOffices

e Electronic Code of Federal Regualtions:
http://www.ecfr.gov/

e FDA Innovation Team: https://www.fda.
gov/AboutFDA/Innovation

e Guidance Documents Database: http://
www.fda.gov/Regulatorylnformation/
Guidances

¢ Product Classification Database (Medical
Devices): http://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfped/classification.
cfm
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and Frank J. Rybicki

Two related advancements are among the neces-
sary requirements for 3D printing to more com-
pletely realize its potential for clinical care: the
first is that models are reimbursed. The second is
that a complete quality and safety program must
be developed. This chapter will highlight
advances that the field has made collectively, and
it will also point out the deficiencies that should
be viewed as “action items” for current and
emerging leaders in the field to tackle. In some
ways, 3D printing can be considered as a new
method to display data, following the progression
in technology that the picture archiving and com-
munication system (PACS) made over the film
alternator, and then to supplement that data with
strategies to enhance care pathways. Regardless
of how the field is considered, we believe that a
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very useful strategy to envision the work to be
done is to follow the steps necessary to propel
this new technology to wider use in patient care.

Recently, the Radiological Society of North
America (RSNA) launched the Special Interest
Group for 3D Printing, emphasizing the impor-
tance of 3D printing in medicine and providing an
organizational infrastructure. The Guidelines
Subcommittee of the RSNA Special Interest
Group, led by Dr. Adnan Sheikh of the University
of Ottawa, is actively working to establish recom-
mendations that will represent important practice
parameters. This includes both the conversion of
DICOM images to Standard Tessellation Language
(STL) files and the design of nonanatomic STL
files (e.g., surgical guides) based on anatomy visu-
alized in DICOM images and the subsequent 3D
printing of models from those files.

One important pathway toward general accep-
tance, and ultimately reimbursement, for 3D
printing among specific clinical scenarios, is
the development of guidelines akin to those in
place American College of Radiology (ACR)
(Appropriateness Criteria® (AC). The RSNA
Special Interest Group is formulating an algo-
rithm to start, using well-established clinical
scenarios. The usual three categories of appropri-
ateness, as adopted by the AC, can be divided into
usually appropriate, maybe appropriate, and
rarely appropriate, and in general these have
become integrated to clinical decision support
engines. The role for appropriateness in 3D print-
ing is critically important since the assessment
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for each of the clinical indications can be vetted
among multidisciplinary groups, and the format
of appropriateness enables organization of the
literature.

Next to practice parameters and Appropriateness
Criteria, the ACR model addresses quality control
(QC) of a technology used for medical imaging.
For 3D printing used to assist anatomic visualiza-
tion, we believe QC will revolve around ensuring
accuracy and reproducibility. At present, a printer
producing anatomic models used for visualizing
anatomy is viewed as equivalent to a film printer,
making copies—albeit three-dimensional—of
DICOM images, and thus is not regulated by the
Food and Drug Administration (FDA) (Di Prima
et al. 2016). However, this view may change in the
future (Christensen and Rybicki 2017). It is how-
ever noted that 3D printer considerations are, and
will remain, within the FDA purview when a
printer is used in the process of manufacturing
medical devices (FDA 2016).

Independent of the future landscape of FDA
regulation, it is important to document the quality
and safety of physical models produced by a 3D
printer so that they can be most effective for their
intended use. The ACR defines QC as “distinct
technical procedures that ensure the production of
a satisfactory product (i.e., high-quality diagnos-
tic images)" (ACR 2012, 2015). These procedures
are implemented primarily via the use of resolu-
tion and contrast phantoms to test imaging system
fidelity. Similar to these QC testing guidelines, we
believe that quality control testing of 3D printers
will involve the use of specific phantoms that are
to be regularly printed in order to ensure the pro-
duction of a satisfactory product, in this case high-
quality medical models. Much work in this arena,
reviewed below, is currently underway to design
and validate such phantoms specifically for use in
clinical 3D printing. Whenever a digital reference
standard of the intended medical model is avail-
able, mathematical metrics can also be used to
establish procedures to determine the overall
accuracy of a 3D-printed model. More impor-
tantly, such mathematical measures of accuracy
can be used to develop interpretive quality assur-
ance processes for radiologists and technologists
involved in the creation of 3D-printed models

(George et al. 2017). This is an active area of
research in our group and elsewhere, and advances
in this developing arena are also reviewed below.
A final procedure that can be used for medical 3D
printing QC is surgical or pathological correlation
(Weinstock et al. 2015); this is also included in the
ACR QC procedures (ACR 2012, 2015). This is
straightforward for anatomic models that are
3D-printed for surgical planning or intraoperative
navigation. Measurements made on the printed
models can be directly compared to those made
on the surgically exposed tissues (George et al.
2017; Gelaude et al. 2008) or on cadaveric speci-
mens, a proviso that the source DICOM images
used to generate the 3D printed model were
acquired with the tissue in situ (George et al.
2017; Gelaude et al. 2008), to ensure that the seg-
mentation and processing procedures are identical
to those that would be used for in vivo images.
Below, we describe techniques and advances for
each of these QC procedures.

11.1 Phantom-Based Quality

Control

In the context of 3D printing equipment, quality
control is likely to rely on printer dimensional
accuracy. As discussed in Chap. 2, 3D printer
resolutions are typically significantly higher
(<0.3 mm in all three axes) than those of most
clinical imaging modalities. Resolution is the
smallest scale that a 3D printer can reproduce
and is only one factor affecting accuracy.
Accuracy instead refers to the degree of agree-
ment between the dimensions of the printed
object compared to those intended, that is, the
dimensions of the digital object stored in a STL
or AMF file (Braian et al. 2016).

A number of meticulous studies using both
geometric phantoms and anatomic models have
reported that dimensional errors with most 3D
printing modalities are <l mm and, with current
professional hardware, typically <0.5 mm
(Table 11.1) (George et al. 2017). For most medi-
cal applications, this level of inaccuracy can be
considered negligible. Furthermore, 3D printers
have high reproducibility, as is expected since the
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Table 11.1 Studies reporting 3D printer accuracy by comparison of design STL versus printed model dimensions

using commercial 3D printing equipment (>$5000)

Tested geometry Printing technology
Skull and mandible Professional FDM
(El-Katatny et al. 2010)

Skull and mandible SLS, polyamide

(Salmi et al. 2013) Binder jet

Material jet

Geometric models defined
in ISO 12836 for dental
restoration (Braian et al.
2016)

SLS, polyamide

Material jet (equipment A)

Material jet (equipment B)

Complex geometric SLS, stainless steel

model (Teeter et al. 2015)

Absolute difference;
mean = SD (range) [mm,
unless otherwise noted]
0.1 £0.1 (0.0-0.2)

0.9 + 0.4 (max: 1.9)

0.8 £ 0.53 (max: 1.7)
0.2 + 0.1 (max: 0.5)
Dimensions: 0.06 + 0.06
(0-0.2)

Angles: 0.56 + 0.47°
(0.07°-1.23°)
Dimensions: 0.02 + 0.04
(0.0-0.18)

Angles: 0.34 + 0.24°
(0.08°-0.64°)
Dimensions: 0.04 + 0.03
(0-0.09)

Angles: 0.53 +0.37°
(0.23°-1.05°)

0.01 £ 0.02 (0-0.09)*

Relative difference;
mean * SD (range) [%]

0.2 = 0.2% (0.0-0.6%)

0.8 +0.3% (max: 1.4%)
0.7 £ 0.4% (max: 1.6%)
0.2 £0.1% (max: 0.5%)
Dimensions: 0.9 + 1.2%
(0.04.1%)

Angles: 3.4 +2.73%
(0.4-7.2%)
Dimensions: 0.2 + 0.1%
(0.0-0.4%)

Angles: 2.0 = 1.4%
(0.5-3.7%)
Dimensions: 0.5 + 0.4%
(0-1.39%)

Angles: 3.2 +2.1%
(1.4-6%)

1.5 +3.2% (0-17.8%)*

Abbreviations: SLS selective laser sintering; FDM fused deposition material

“Excluding features <0.3 mm

components of well-calibrated, non-failing equip-
ment tend to function nearly identically across
runs. One study using SLA, for example, found
the reproducibility of printing a skull model to be
better than 0.07 mm in all three dimensions across
seven prints (George et al. 2017).

Specific technical procedures that imple-
ment the basic methodology developed in these
phantom-based studies have already been
described in the medical literature toward
establishing an in-hospital clinical 3D printer
QC program (Matsumoto et al. 2015; Leng
et al. 2017; Wake et al. 2017). In these proce-
dures, QC phantoms containing features of
sizes and shapes relevant for medical 3D print-
ing have been digitally designed with precisely
known dimensions in a computer-aided design
(CAD) program. These digital QC models can
be printed either at regular intervals (for pre-
ventive maintenance) or along with every
patient model. Physical measurements of the
printed QC phantom are then compared with
the (design) dimensions of the digital model
(Matsumoto et al. 2015; Wake et al. 2017). The

first QC phantom proposed for medical 3D
printing (Matsumoto et al. 2015; Leng et al.
2017) contained 0.5-2 linear pair resolution
bars per mm (Fig. 11.1). “Second-generation”
phantoms have been developed to address more
complex shapes, including spherical, cylindri-
cal, hexagonal, conical, and spiral features,
both extruding and negative-shaped (i.e., holes
of the prescribed shape) (Leng et al. 2017).
Whenever possible, manual Vernier caliper
measurements should be replaced by more pre-
cise and more numerous dimensional measure-
ments of the printed phantoms, for example, via
the use of 3D laser scanning or CNC coordinate
measuring machines (Liacouras 2017).
Recently, QC phantoms composed of two
components that contain mirror features (i.e.,
positive and corresponding negative) have been
proposed (Leng et al. 2017). Such phantoms
enable a fit test to be used instead of physical
measurements (Leng et al. 2017), simply insert-
ing the positive half of the phantom (with fea-
tures extruding) into the negative side of the
phantom (with the corresponding depressions).
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Fig. 11.1 Example of phantom for implementing 3D printing equipment quality control procedures developed at the
Mayo Clinic. Reproduced with Permission from Leng S et al., 3D Printing in Medicine, 2017:in press

A successful fit with no visible gaps would pre-
sumably attest to printer accuracy. This
approach should not be used without some
physical measurements, as phantoms printed
with an incorrect scaling factor will still pass a
fit test. An alternative we propose is to have one
half of the fit test QC phantom manufactured
using legacy manufacturing (e.g., injection
molding, computer numerically controlled
[CNC] milling, or laser cutting) and printing
the other half with the 3D printer. A successful
fit of these two halves would additionally con-
firm dimensional accuracy of the printed model.

It is important that QC phantoms for medical
3D printing contain features that extend in all
three axes and that they also include overhangs
that extend in all three axes, as different printer
technologies have different accuracy character-
istics for such features (George et al. 2017; Pang
et al. 1995; Teeter et al. 2015). Furthermore, QC
phantoms should ideally be printed using the
same materials as the specific medical applica-
tion for which quality control is being per-
formed (Wake et al. 2017; Teeter et al. 2015),
including color (Wake et al. 2017) as this may
be achieved wusing different material
chemistries.

11.2 Mathematical Metrics
of Quality Control

Comparing agreement between two models of a
tissue is a second approach toward establishing
quality and safety of medical 3D printing. The
two models can be two STL models, each
derived from a different segmentation of a tis-
sue depicted in a single DICOM image data set,
for example each segmentation performed by a
different radiologist. This scenario is useful for
quality assurance (QA). The two STL files can
also be the initially designed STL to be printed,
and a digitized version of the printed model.
This scenario is useful for QC of the individual
print. A printed model can be digitized, for
example, using 3D laser scanning, or tomo-
graphic imaging such as CT, and potentially
even MRI (George et al. 2017; Mitsouras et al.
2017). Optical scanners are preferred as they
have much higher precision (<0.01 mm) com-
pared to CT and MRI, but they are limited to
only assessing the outer surface of a model.
Once the two STL models to compare are
obtained there are two mathematical proce-
dures that can be used to perform such
comparisons.
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11.2.1 Model Surface Distances

The first approach is to compare the “distance”
between STL models. Conceptually, there is a
minimum distance from an arbitrary point
located on one STL surface to the other STL
surface. This distance can be computed for any
number of representative points (typically the
nodes of the triangular STL mesh), thereby
yielding a distribution of distances that pos-
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sesses an average and standard deviation that
together convey a quantitative assessment of the
overall difference between the two models
(Fig. 11.2).

This approach provides a simple comparison
between STL models (George et al. 2017; Leng
et al. 2017; Mitsouras et al. 2017) that can be
used for QC of individual printed models.
Individual printed model QC is necessary since
an anatomic model may fail to print in a given

Segmentation 2

Segmentation 1

Distance (mm)

1.5.
1.0

0.5
0.0
-0.5

-1 .ol
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Fig. 11.2 Humerus segmented from CT by two different
operators; segmentation 1 was fully automated (bone 226
Hounsfield Unit threshold), while segmentation 2 was
manually edited. The former model is missing a portion of
the humeral head. Comparing the two models using an
STL distance metric to quantitatively assess model agree-
ment is not meaningful; the mean distance from model 1

to model 2 is —0.36 + 0.43 mm (range, —2.72-2.22 mm),
while that from model 2 to model 1 is 1.24 + 2.48 mm
(range, —3.28-16.41 mm). The metric can potentially be
used to readily determine qualitative agreement vs dis-
agreement using an acceptable cutoff (e.g., <|1.5| mm in
this figure)
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Fig. 11.3 Glenoid component models printed with bot-
tom-up stereolithography printer (left panel) and bilateral
renal artery aneurysms model printed with a binder jet
printer (right-hand panel) exemplifying the need for per-
model quality control procedures. A portion of the gle-
noid component failed to print (red arrows) due to large
forces exerted during detachment of the model from the
vat floor; additional supports (green arrow) enabled more
of the component to successfully print but a portion still
failed. Small renal artery in the binder jet model broke

printing technology (Fig. 11.3), for example, one
that requires appropriate support structures such
as SLA or FDM (see Chap. 2). The same model
may print successfully using a different technol-
ogy that fully surrounds the model being printed
with support material, such as binder jetting, but
forces exerted during cleaning of a model printed
with those technologies may then lead to break-
age of important anatomic features (Fig. 11.3).
Visual inspection of a printed model should
always be used as part of standard operating QC
procedures to ensure that each finished medical
model reflects the intended, segmented anatomy.
Visual inspection is nonetheless prone to opera-
tor variability. The distance metric between
STLs offers an alternative that is less prone to
operator error. Specifically, the printed model
can be scanned with CT in air, and the resulting
images can be segmented to produce an STL
model. This STL model can be aligned to the ini-
tial design STL that was sent to the 3D printer
and the distance between the digitized model
and original intended model calculated. Using,

during removal of the model from the printer. These fail-
ures are model specific and likely would not have occurred
if the models had been printed with different printer tech-
nologies; for example, the glenoid would not have failed
in a binder jet system, and the renal artery would not have
broken off if printed with stereolithography which uses
stronger acrylic-based materials. A QC phantom printed
at the same time as either of the models would have likely
printed correctly, failing to capture these model-specific
failures

for example, a prespecified distance cutoff that is
likely to capture missing anatomy (that failed to
print) can be used as a QC procedure to detect
bulk errors in the printed anatomy (Fig. 11.2).
This approach does however still have limita-
tions that render it inappropriate for many 3D
printing QC procedures (George et al. 2017).
One limitation is that different quantitative
results are obtained depending on which model
is compared to which. This is readily conceptu-
ally understood for a humeral head that has been
incompletely segmented by using a HU thresh-
old for cancellous bone (226 HU). In this exam-
ple, partial volume effects in locations where the
bone is thin reduce the otherwise high HU of
bone, and the resulting segmentation misses the
bone in those locations. The distance from points
on the incomplete bone to the manually fully
segmented bone is likely small, since for every
point on the incomplete bone model, there is a
corresponding point a short distance away on
the complete model. Reversing the order of
comparison, the distance from a point on the
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complete bone that is located in a region where
the bone is missing in the incomplete model can
be as far as the opposite side of the bone (Fig.
11.2). Another limitation is that digitization of a
printed model introduces the point-spread func-
tion as well as modality-specific artifacts of the
imaging modality, in addition to 3D printing
inaccuracies. For example, in one study that
imaged a printed model with both CT and MRI,
each modality led to a different distance to the
originally-designed STL model (Mitsouras et al.
2017). An important limitation, specific to using
medical imaging modalities (as opposed to
using an optical scanner) to digitize a printed
model, arises from the need to segment the
resulting images of the model. The resulting
digitized model is highly dependent on the seg-
mentation algorithm (George et al. 2017), even
if the model is imaged in air and using an HU
threshold in the range between that of air and the
printed material’s CT number. A study using
simple cube phantoms made of materials with
CT numbers equivalent to high-density bone
exemplified this limitation by assessing different
segmentation thresholds ranging from 25% to
95% of the difference between the HU of water
(=0) and that of the material (=1400 HU). The
difference between the physical phantom and its
3D-printed replica ranged from 1 mm larger to
I mm smaller than the phantom depending on
the threshold (Naitoh et al. 2006), an order of
magnitude larger effect than print reproducibil-
ity. Thus, a comparison of an STL model result-
ing from segmentation of images of the printed
model at any one given threshold will give a dif-
ferent result as to the distance between this digi-
tized printed model and the original STL model
sent to the printer. A final limitation of digitizing
a printed model for comparison to the initially
designed model is that it is necessary to align the
two STL models as the scan of the printed model
will inevitably use a different coordinate system
reference (landmark) than the patient scan.
Registration methods used for alignment, such
as CloudCompare (Russ et al. 2015) or the
global registration algorithm in 3-matic
(Materialise NV, Belgium) CAD software are
iterative optimization algorithms and may not

always find a single global minimum represent-
ing the best alignment. This precludes precise
comparison of the digitized model and the ini-
tially designed model toward, establishing
printer QC (which would need a precision
<0.5 mm in keeping with the resolution of typi-
cal clinical images), since different alignments
will lead to different assessment of the distances
between the models (Fig. 11.4).

11.2.2 Residual Volume

A second approach to assess the differences
between STL models relies on application of
mathematical set theory, considering the STL
models (or segmentations) of a tissue as mathe-
matical subsets of 3D space (George et al. 2017).
In this approach, a model is intrinsically consid-
ered to define a subset of the imaged volume (i.e.,
of three-dimensional space) that is interpreted by
the radiologist to be occupied by the tissue.
Mathematical set operations can be used on these
subsets to quantify differences and similarities
between models. For example, agreement
between two STL models can be defined by
set intersection (A N B) (George et al. 2017)
(Fig. 11.5). For two models of a tissue created
from interpretation of the same diagnostic images
by two independent radiologists, the intersection
of the two modelss simply the volume of space
that both readers agreed belongs to the particular
tissue. An important assembly of set intersection
and union (A U B) operations yields the so-called
residual volume (Cai et al. 2015, George et al.
2017) which can be used for medical 3D printing
QA. It is defined as ((A U B) — (A N B)) (Cai et al.
2015), or, in shorthand notation as ((A-B)+(B-A)).
This is the volume occupied by one or the other
model, but not both and directly quantifies the
disagreement between the two models (Fig. 11.5).

These two measures of agreement and dis-
agreement from set theory can in turn be used to
define parameters commonly used to assess diag-
nostic accuracy, such as true and false positives
and false negatives (George et al. 2017). For
example, if one model is a gold standard, the true
positive is the volume of space included both in
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Fig. 11.4 Scanning a printed model with an imaging
modality for comparison to the designed STL model
should not in general be used as a QC procedure. Beyond
introducing the point-spread function of the imaging

modality into the errors that are being measured, model
alignment algorithms are iterative optimization procedures
that may converge to a local minimum, leading to different
comparisons of the difference between two models
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Fig. 11.5 CT of patient with superior sulcus tumor. Two
qualified radiology staff members segmenting the tumor
differ in their interpretation of what tissue is tumor versus
what is not. The two STL models of the same tumor can
be analyzed mathematically using set operations on three-
dimensional space to define their disagreement and agree-
ment. If one model is a gold standard (model A in the

the test and the gold standard models, i.e., their
intersection (Fig. 11.5). The volume of space
included in the test model but that does not
belong to the tissue according to the gold stan-
dard model, i.e., (B-A), if B is the test and A the
gold standard model, is then a false positive
(Fig. 11.5). Finally, the false negative volume of
space is that occupied by the tissue according to
the gold standard model, but that is not included
in the test model (Fig. 11.5). A “true negative”
volume of space is not as readily defined for gen-
eral 3D printing, as it would involve the volume
of space that is negative for the presence of the
tissue. This could be taken to mean the entirety of
a scan volume, which in most cases would be a
large volume compared to that of the tissue (e.g.,
a single tumor seen in a chest-abdomen-pelvis
CT), and would thus carry little clinical signifi-
cance. However, in specific scenarios, it can be
meaningfully defined, for example, for a tissue

Agreement (A N B)

True positive

example shown), true positive, false negative, and false
positive measures are readily calculated in terms of vol-
ume (18.1, 1.3, and 4.3 cm’, respectively). Sensitivity
(true positive rate), false negative rate, and false discovery
rate for the interpreter producing model B are thus readily
calculated (18.1/19.4 = 93.3%, 1.3/19.4 = 6.7%, and
4.3/22.4 = 19.2%, respectively)

within an organ such as a renal mass. In this case,
the total kidney volume (including tumor) can be
used to define the entirety of space, for which a
true negative is meaningful. The volume of space
within the kidney that both the test model and
gold standard model agree is not tumor tissue
would be the appropriate definition of the true
negative volume in this example.

Using these definitions of true and false posi-
tives/negatives afforded by set theory, measures
familiar to medical practitioners such as sensitiv-
ity, specificity, and accuracy can be defined for
3D-printed models whenever a gold standard
(e.g., pathology findings or expert segmentation)
is available. An appropriate QC program for a
clinical 3D printing facility would calculate and
rely on these metrics to ensure its practices enable
the production of satisfactory medical models.
Alternatively, agreement and disagreement
between models, when neither model can be con-
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sidered a gold standard, is an appropriate QA
approach for a facility to compare different radi-
ologist’s interpretation in creating 3D-printed
models for individual cases. Furthermore, these
metrics can be used toward optimizing specific
protocols for specific indications of 3D printing
(George et al. 2017). An example is optimizing
CT radiation dose for generating accurate models
of the skull for maxillofacial surgery. Using the
residual volume, we found that the increase in
signal-to-noise ratio possible with iterative CT
image reconstruction does not increase accuracy
(i.e., does not reduce the residual volume) com-
pared to filtered back projection. Rather, accu-
racy (i.e., a small residual volume) is lost equally
when reducing radiation dose, regardless of the
image reconstruction technique used (Cai et al.
2015).

11.3 Self-Validating Models

When the intent is to perform QC procedures on
individual 3D-printed models, both mathematical
measures described above encounter the limita-
tion of alignment of the digitized model to the
initial designed model. A technique that can alle-
viate the need for registration to assess the accu-
racy of a printed model was recently proposed
(George et al. 2017). It involves embedding
markers in a prespecified pattern (such as small
spheres arranged in a unit-spaced Cartesian grid)
within the printed model. The embedded marker
pattern can be printed with a material of similar
mechanical properties as the medical model so as
to not interfere with use of the model for surgical
planning, but that has different radiographic
properties, for example, a different CT number.
Imaging the model with the corresponding imag-
ing modality in which the marker and model
material have different image intensities would
then allow assessment of dimensional accuracy
by ensuring that marker spacing reflects that
intended. Similarly, counting and/or matching
markers to those embedded in the particular
model can rapidly detect bulk anatomy missing
from the printed model due to printer failure.
This technique is likely to simplify printed model

QC as new printing materials that have different
opacities are currently being developed.

11.4 “End-to-End” 3D Printing

Quality Control

Phantom-based QC procedures can help ensure
and establish the accurate, safe function of a 3D
printer used to produce medical models, as well
as the quality of individual medical mod-
els printed with it. It should however be noted
that at present, 3D-printed phantoms should be
avoided for quality control of the entire “end-to-
end” process of medical 3D printing as under-
stood to include DICOM image segmentation,
STL generation, and STL post-processing. Three-
dimensional-printed materials do not produce
image intensities characteristic of human tissues
(Mitsouras et al. 2017; Mooney et al. 2017; Shin
et al. 2017; Bibb et al. 2011; Leng et al. 2016),
precluding the imaging of 3D-printed models
toward providing any assurances regarding the
quality and accuracy of DICOM image segmen-
tation. Furthermore, even if a QC phantom with
tissue-like image intensity characteristics is used,
any difference or lack thereof between the STL
model obtained by segmenting will depend to
some extent on the particular segmentation algo-
rithm (e.g., the Hounsfield unit [HU] threshold)
used. This is an innate limitation of all physical
imaging systems, which may not have a vanish-
ing full-width at half-maximum, complicating
the assessment of model dimensions with high
precision. To assess the end-to-end process of
medical 3D printing, legacy (i.e., ordinarily man-
ufactured) QC phantoms containing targets of
known dimensions and different contrasts, such
as the phantoms used in ACR QC procedures,
should be ideally used and then only in conjunc-
tion with specific imaging protocols and specific
segmentation algorithms (e.g., predetermined
HU thresholds) that have been preestablished to
be appropriate for segmenting each individual
target using FDA-approved software for DICOM
image segmentation (Di Prima et al. 2016). Such
phantoms and segmentations can be the topic of
future studies.
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11.5 Conclusions

Quality control procedures will involve the input
and research of multidisciplinary experts in the
field to ensure delivery of high-quality, safe mod-
els. Physicians and medical physicists should
play as strong a role as reasonable in the develop-
ment of these guidelines, following the general
format of those that have successfully enhanced
aspects of radiology practices.
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12.1 Introduction

Recent technological advances have increased
the quality and accessibility of compelling,
immersive virtual reality (VR) (Largent 2011),
motivating its wider adoption in the domain of
radiology and medicine in general. The ability to
effectively and flexibly visualize segmented
medical models as well as unsegmented image
data makes virtual reality an attractive modality
to complement a medical 3D printing program.
This chapter presents an overview of virtual real-
ity and its history, describes the current landscape
of modern VR technology, and describes current
and future medical applications including its
relationship to 3D printing.
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Virtual reality has been broadly defined as “a
high-end user-computer interface that involves
real-time simulation and interactions through
multiple sensorial channels” (Largent 2011).
Two hallmarks of virtual reality are visualization
and positional tracking. The real-time visualiza-
tion required for virtual reality has historically
been achieved primarily through head-mounted
devices (HMDs) that use small screens and lenses
to cover the user’s visual field or CAVE Automatic
Virtual Environments (CAVESs) that take the form
of cube-like spaces in which images are dis-
played by a series of projectors (Burdea and
Coiffet 2003). To relate the visual information
being displayed to the user to a simulated virtual
environment, the position of the user’s eyes (or
head) must be tracked in 3D space. Full posi-
tional (six degrees of freedom) or rotational-only
(three degrees of freedom) tracking have com-
monly been accomplished through the use of
inertial monitor units (IMUs) (Burdea and Coiffet
2003), computer vision (Foxlin et al. 1998),
laser-based tracking (SteamVR® Tracking 2017),
magnetic tracking (Burdea and Coiffet 2003), or
a combination of these technologies.

The terms virtual, augmented, or mixed reality
have recently become buzzwords following the
growing popularity of new consumer VR devices.
These sometimes confusing terms are clearly
explained and delineated by the concept of the
reality-virtuality continuum first introduced by
Milgram et al. (1994) and illustrated in Fig. 12.1.
On one end of the continuum, there are
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Fig. 12.1 Illustration of ‘
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environments consisting entirely of the real
world: reality. On the other, environments that
consist entirely of virtual objects: virtual reality
(VR). Mixed reality (MR), then, is defined as a
continuum between the two extremes where there
is some combination of real and virtual environ-
ments—augmented reality (AR) being a subset.
Augmented reality describes a simulation where
the majority of the environment experienced is
that of the real world, but with some amount of
added virtual objects or environments. The less
common concept of augmented virtuality (AV)
describes a fully immersive virtual environment
that has added elements of the real world (by
using live video input, for example).

12.2 History of Virtual Reality
12.2.1 Early Milestones

While the concept of VR dates back to early sci-
ence fiction writers, its history is rooted in the
idea of an “experience theater,” described by
Morton Heilig around 1950 (Burdea and Coiffet
2003). The focus of Heilig’s idea was a cinematic
experience for users involving all the senses
rather than just the usual 2D display with sound.
Twelve years later, in 1962, Heilig introduced the
Sensorama Simulator (US Patent # 3,050,870):
an arcade-style device for a single user that fea-
tured displays of 3D video feedback (obtained by
a pair of side-by-side 35 mm cameras), stereo
sound, a moving chair, wind effects via small
fans near the user’s head, and even odor produc-
ers. The Sensorama is considered the earliest
archetype ~ of  immersive,  multisensory
technologies.

Heilig may also be the first to propose head-
worn displays with his concept of a simulation
mask. He was granted a patent for his concept in
1960 (US Patent # 2,955,156), which featured 3D
analog displays encompassing the user’s periph-

Augmented
reality (AR)

. (

Virtual reality
(VR)

Augmented
virtuality (VR)

ery, optical controls, stereophonic sound, and
smells. In 1961, Philco Corporation introduced
their version of a headset device tethered to a
closed-circuit television system that could be used
by the wearer to transmit findings while navigat-
ing dangerous environments. However, it was
Ivan Sutherland who is credited with producing
the first example of a fully immersive head-
mounted display (HMD; sometimes called the
head-mounted audio-visual display). Released in
1966, and called the Sword of Damocles,
Sutherland’s HMD used two cathode ray tubes to
produce a stereoscopic display with a 40° field of
view. The device was suspended from a ceiling-
mounted cantilever—being too heavy to be sup-
ported by the wearer—which also tracked the
wearer’s viewing direction via potentiometers.
Sutherland later incorporated computer-generated
scenes to take the place of analog images with his
groundbreaking development of a scene generator
that produced primitive 3D wireframe graphics.
Introduced in 1973, Sutherland’s scene generator
was capable of displaying 200—400 polygons per
scene (frame) at a rate of 20 frames per second.
These scene generators are the precursors to mod-
ern graphics accelerators—a key component of
VR computer hardware.

Other important elements of immersive experi-
ences followed shortly after the emergence of
HMDs. In 1971, the first example of haptic feed-
back was demonstrated by Frederick Brooks Jr.
and his colleagues. This development, as well as
others, was incorporated into several iterations of
military flight simulations in the 1970s and 1980s
which was classified at the time. Other govern-
ment agencies were also pursuing their own inter-
ests in simulators. In 1981, the National
Aeronautics and Space Agency (NASA) created
an HMD that used liquid crystal displays with
optical controls to focus the images they produced
close to the eyes. The initial NASA device was
called the Virtual Visual Environment Display, or
VIVED. Their successor system, called the VIEW
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for Virtual Interface Environment Workstation,
was introduced in the late 1980s and boasted
upgraded computer hardware as well as an inter-
active glove for manipulating wireframe objects
that were spatially and mechanically tracked.

By the late 1980s and early 1990s, commer-
cial VR systems began to emerge. The DataGlove,
the same glove used by NASA’s VIEW system,
was introduced in 1987 by VPL Inc. and was the
first break from the standard keyboard and
mouse computer interface tools. VPL Inc. was
also the first company to release an immersive
VR solution consisting of an HMD (called, inter-
estingly, the EyePhone) that featured two LCD
displays to produce stereoscopic images, each
with a resolution of just 360 x 240 pixels. The
HMD was used together with their previously
released DataGlove, and their system was called
the RB2 system (Reality Built for 2). It retailed
for over $11,000.00, and the HMD weighed over
5 1bs. Nintendo later released an answer to the
DataGlove in 1993, called the Power Glove.

While hand-worn and head-mounted devices
were under development, other companies
focused on improving VR hardware and software
platforms. In 1991, Division Ltd. in the UK pro-
duced a scalable and integrated VR workstation
to support their line of VR products. On the soft-
ware side, the US company Sense8 in 1992
developed a library of VR-specific programming
functions, called the WorldToolKit. This was fol-
lowed by the Virtual Reality Toolkit (VRT3) soft-
ware framework by Dimensions International in
the UK.

12.2.2 Alternative Technological
Approaches

While head-worn displays are currently consid-
ered the de facto standard for fully immersive VR
and are the most practical technological solution
for consumers, previous limitations associated
with HMDs (e.g., weight) motivated the explora-
tion of other VR system concepts. One popular
example is the cave automatic virtual environ-
ment (CAVE) or its variations. A CAVE is a small
room enclosed by whole-wall displays of virtual
images produced by a series of video projectors.

A stereoscopic 3D effect can be achieved through
the use of positionally tracked active shutter
glasses worn by the occupants and synced with
the projectors. In active shuttering, the projected
image alternates between the views for the left
and right eye, while a shutter blocks the eye for
which the view does not apply, producing a 3D
perspective. CAVEs are commonly used in engi-
neering, manufacturing, and construction indus-
tries to prototype designs.

12.2.3 Historical Applications
in Medicine

The earliest applications of VR in medicine were
centered around visualizing medical images and
performing surgical planning (Chinnock 1994).
Since then, medical applications of VR have
expanded into the realm of medical education
and training, facilitated communication (between
clinicians or between clinicians and patients),
and in a variety of therapies, including the treat-
ment of phobias, PTSD, anxiety disorders, reha-
bilitation, and pain management. Interest in
medical applications of VR has also been steadily
accumulating. A recent search by Pensieri and
Pennacchini (2014), for VR-related articles in the
medical literature, uncovered nearly 12,000 pub-
lications as of 2012 using the most common
search terms representative of VR applications in
healthcare (but excluding “virtual environment,”
“augmented reality,” etc.). Rather than focusing
on the traditional applications of VR in medicine,
the rest of this chapter will focus on the current
landscape of VR technologies and how these
technologies may be used to enhance the domain
of 3D printing and the domain of 3D visualiza-
tion in general.

12.2.4 A Technology Outpaced
by Vision

Despite the pace of early development, as well as
considerable amounts of media attention, VR com-
panies in the 1990s failed to secure a widespread
consumer base. Early systems were prohibitively
expensive, with the fastest available graphics work-
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station by Silicon Graphics Inc. costing over
$100,000, and were plagued with performance and
reliability issues. As such, the VR industry
remained small and largely contained to corpora-
tions, government institutions, and universities
despite several attempts by the video game industry
to generate interest in VR systems. Eventually, the
rise of the internet claimed the public’s attention
and, subsequently, interest in VR technologies
waned when the few remaining companies failed to
deliver on media hype (Stone 2006).

12.3 Modern Commercial Virtual
Reality Technologies

12.3.1 Renewed Interestin VR

A new era of affordable virtual reality technology
has recently emerged—driven primarily by the
video game industry and enabled by breakthroughs
in smartphone display technology, graphic pro-
cessing units (GPUs), and tracking technology.
VR recaptured significant public attention in 2012
largely due to the successful crowd-funding cam-
paign for the Oculus Rift (Oculus VR, Menlo Park,
CA) (Largent 2011; Kickstarter 2012). The cam-
paign presented a prototype of a rotationally-
tracked HMD wusing IMUs and smartphone
displays. Following two developer kits and acqui-
sition of Oculus by Facebook (Largent 2011), the
Oculus Rift consumer version was released in
March of 2016—consisting of a high-resolution,
low latency head-mounted display. Six degrees of
freedom positional tracking of the HMD is facili-
tated by a proprietary tracking system called
Constellation which uses IMUs and optical cam-
eras that track infrared (IR), patterned LED mark-
ers. Tracked handheld controllers were later
released for the Rift in December of 2016.

While Oculus received the bulk of public
attention throughout its development of the Rift,
the emergence of modern VR technology resulted
from the work of a number of players. One nota-
ble example is Valve Corporation (Bellevue, WA)
who are credited with the development or discov-
ery of a number of key components that facilitate
immersive VR (e.g., the necessity of low-

persistence displays) (James 2015). Following an
early collaborative relationship with Oculus,
Valve partnered with HTC Corporation (New
Taipei City, China) to produce the HTC Vive—
released 1 month after the Oculus Rift. The Vive
was released with tracked controllers and uses a
full room-scale, 360° tracking system called
SteamVR® Tracking. SteamVR Tracking uses
IMUs in conjunction with two “base stations”
that regularly sweep the room with IR lasers
(which are detected by photodiodes on the
tracked objects) and boasts high-frequency sub-
millimeter tracking accuracy within a 5 m corner-
to-corner volume (SteamVR® Tracking 2017).

Together, the Oculus Rift and HTC Vive represent
the first widely available, modern, PC-based, con-
sumer VR platforms. However, the new landscape of
VR devices is rapidly evolving with other offerings
such as Razer OSVR, FOVE, MindMaze MindLeap,
and Vrvana Totem which all present interesting tech-
nological variations (Largent 2011). With many
choices available, and certainly more to come, early
adopters of modern VR will likely be concerned with
compatibility both now and in the future. To this end,
Valve has made their SteamVR® software platform
open to all hardware manufacturers through the
OpenVR software development kit and application
programming interface and have even gone so far as
to freely license the use of SteamVR® Tracking so
that any hardware manufacturer can make use of
their tracking system (SteamVR® Tracking 2017,
Lee 2017). The future of VR technology compatibil-
ity will also likely be greatly facilitated by the devel-
opment of OpenXR: a cross-platform open standard
for virtual reality and augmented reality applications
and devices created in collaboration with a group of
companies under the direction of the Khronos Group
(Khronos Group 2017).

12.3.2 Mobile VR

Beyond advances in PC-based or “tethered” vir-
tual reality technology, modern developments
have also introduced a new domain of mobile VR
driven primarily by smartphones. These devices
take the form of custom lenses mounted in cases
of various designs that hold compatible smart-
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phones. Software is run on the smartphones
themselves, and tracking—accomplished by
relying on the phone’s internal IMUs or mounted
IMUs—is generally limited to rotational (three
degrees of freedom) only. Current examples of
mobile VR at the time of writing are the Samsung
Gear VR (Samsung, Seoul, South Korea), Google
Cardboard (Google, Mountain View, CA) (sim-
ply a handheld cardboard shell with lenses), and
Google Daydream (Wiederhold 2016).

Considering that the computational ability of
smartphones is significantly less than that of
high-end PCs and that mobile VR is generally
limited to rotational-only tracking, the experi-
ences available with mobile VR have been com-
paratively limited in capability to date. Despite
this, mobile VR has already been used in medical
roles such as anatomical education (Moro et al.
2017), ophthalmic image display (Zheng et al.
2015), surgical training (Gallagher et al. 2016),
and patient education (Forani 2017).

With various classes of VR experiences avail-
able—from simpler mobile experiences to high-
end PC experiences with external tracking
systems—it is useful to distinguish between dif-
ferent levels of HMD-based VR experiences by
the sophistication of their visualization and track-
ing. The most basic, perhaps, are 360° videos.
These experiences are created from video record-
ings where a view in every direction is simultane-
ously recorded using an omnidirectional camera
or a collection of cameras. The VR user then con-
trols viewing direction with rotational-only head
tracking (Forani 2017), and since the video is
monoscopic and parallax is impossible, there is
no perception of depth by the user. With more
sophisticated video recording technology, 360°
videos can be recorded with stereoscopic cam-
eras adding the perception of depth to the video
viewing experience. However, translation of head
position is not reflected in the experience and
interaction with the environment is not possible.

When the position and orientation of the user’s
head is tracked in 3D space, the convincing sen-
sation of being present in a fully immersive
virtual space can be realized. However, this pre-
cludes the use of prerecorded video, and virtual
experiences must now be generated in real time

by a 3D rendering engine. Including tracked hand
or controller positions increases the level of inter-
action available and creates an even more immer-
sive experience (Cameron et al. 2011).

12.3.3 Augmented Reality

The new enthusiasm for virtual reality has also
increased the attention given to augmented real-
ity. This technology has recently taken the form
of handheld experiences using smartphones and
tablets where digital models are superimposed
onto the real world (Moro et al. 2017); video
pass-through headsets where forward mounted
cameras are placed on the front of virtual reality
headsets and stereoscopic video of the real world
is superimposed with virtual images (Largent
2011; VRVana 2017; uSens Inc. 2016; Abrash
2012); and see-through glasses—most notably
illustrated by the Microsoft Hololens develop-
ment kit (Microsoft® 2017)—where virtual ele-
ments are superimposed on clear glasses or
visors with additive blending (Largent 2011,
Abrash 2012).

While augmented reality technology holds
great promise for medical practitioners, and cur-
rent solutions are being used by some groups
(Cui et al. 2017; Weng and Bee 2016; Garon
2016), the communication from leaders in the
field suggests it may be several years before
augmented reality headsets see widespread pro-
liferation (Brennan 2017). This is largely due to
the current limitations and greater challenges
that the technology faces compared to virtual
reality.

For video pass-through AR, the experience is
diminished by the fact that video has a lower
dynamic range and resolution than real-world
vision. Additionally, the eye is not free to focus
on any part of the real world since focus is con-
trolled by the cameras. The need to overcome
latency introduced by capture, processing, and
display of the real-world images can also be a
challenge (Abrash 2012).

The challenges concerning perceiving the real
world are bypassed in see-through AR methods
where the real world is simply viewed directly.
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However, tracking for see-through headsets is
generally accomplished through inside-out, com-
puter vision solutions which introduce some
latency, especially for mobile form factors. Since
there is no delay associated with visualizing the
real world, small lag in the positioning and visu-
alization of virtual elements—which often must
interact with real-world objects—is more easily
noticed. See-through AR also faces the challenge
of only being able to display virtual elements
through additive blending, which means that
visualization is necessarily translucent and pure
black cannot be generated (Abrash 2012). Finally,
current implementations of see-through display
technology result in small fields-of-view for vir-
tual element visualization, resulting in a limited
ability to blend virtual elements with the real
world in a convincing manner (Ren et al. 2016;
Kreylos 2015).

12.4 Maedical Virtual Reality
and 3D Printing

Due to new levels of robust performance, acces-
sibility, and low cost, the emerging ecosystem of
modern virtual and augmented reality technolo-
gies promises to revolutionize the practice of
medicine in ways that previous technological
iterations did not. Modern computer graphics
hardware allows for the real-time, fluid visualiza-
tion of computationally intense medical data.
New, cost-effective, and robust tracking systems
open the door for intuitive human interactions
with virtual medical models. Finally, advances in
computer vision and holographic visualization
technologies increase the accessibility of mixed
reality  tools  for facilitating  medical
interventions.

While virtual reality has a rich history of
being researched (see Sect. 12.2.3), until
recently, medical VR applications have seen
relatively limited clinical adoption. However,
there is currently a booming interest in many
different medical uses of VR. For example, the
domain of medical training and education has
seen a recent increase in publications (Matzke

et al. 2017; Zilverschoon et al. 2017; Rahm
et al. 2016; Hackett and Sttc 2013; Herron
2016). Much of what makes 3D printing attrac-
tive as a teaching tool can be applied to the visu-
alization of medical models in virtual reality.
What VR visualization methods lack in their
inability to be interacted with as physical
objects, they make up for in flexibility: anima-
tion, varying transparency, resizing, movable
cut planes, etc. are all possible with the same
sense of depth and 3D understanding that comes
with handling 3D-printed models.

Virtual reality is also likely to make a signifi-
cant impact on patient education. It has already
been used to alleviate patient anxiety toward
medical procedures (Forani 2017) and can be
used, much like 3D-printed models, to explain
pathology and medical details to patients
(MediVis 2017).

Due to its ability to flexibly simulate the
medical data related to patients or immerse cli-
nicians in a realistic environment, there is a
renewed interest in using virtual and augmented
reality to improve surgery and surgical plan-
ning. Several systems for surgical training are
currently available or in development (Osso VR
2017; BioflightVR 2017; 3D Systems 2017),
and several systems for augmented reality-
guided interventions are being researched or
used (RealView Imaging Ltd. 2017; Baum et al.
2017) with many more likely to emerge in the
coming years.

Of particular interest to adopters of medical
3D printing is perhaps the use of VR for medical
image visualization (MediVis 2017; Surgical
Theater LLC 2017; Cattin 2016; EchoPixel 2017;
Vizua Inc. 2017). In contrast with 3D printing,
virtual reality can be used to visualize unseg-
mented image sets through volume rendering
(Zhang et al. 2011). Applying volume rendering
techniques in VR is likely to be an active area of
research in computer science since the computa-
tional requirements (two images for stereoscopy,
high frame rate requirement, high resolution) for
virtual reality increase the demands on what is
already a relatively high computational load.
More sophisticated volume rendering techniques
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Fig.12.2 Example of interacting with volume rendering image sets (fused MRI and CT) using a handheld virtual plane

to navigate through the image set in any arbitrary orientation

(Dappaetal. 2016) will likely require modification
or optimization before they can perform at a high
enough frame rate for fully immersive VR. In
addition to the realistic perception of depth and
scale that virtual reality provides, the use of
handheld tracked controllers allows for intuitive
manipulation of medical images as illustrated in
Fig. 12.2, which shows the use of a handheld
visualization plane being used to interact with a
CT-MRI fusion.

VR can also be used to visualize segmented
medical models. The STL or other object files
generated for 3D printing take little to no effort to
import into accessible 3D rendering engines such
as Unity (Unity Technologies, San Francisco,
CA) or Unreal Engine (Epic Games, Cary, NC).
With VR system plugins for these engines being
freely available, there is very little overhead for
developing simple medical VR applications for
research or clinical use. The flexibility that vir-
tual reality provides when interacting with 3D
models provides a useful parallel avenue to 3D
printing for the clinical use of medical models
(see illustration in Fig. 12.3), and a wide range of
innovative and impactful VR applications will
likely develop from this new creative space.

Virtual reality may well become a facilitator
for future medical 3D printing practices.

Fig. 12.3 Example of interacting with medical models in
virtual reality illustrating the benefit of controllable varia-
tions in transparency

Recent software developments outside the
medical domain have already shown a diverse
number of examples of VR effectively facili-
tating sculpting and modeling (Oculus VR
LLC 2017; MakeVR 2017; Brinx Software
2016) with the resulting models often being
physically realized with 3D printing (MakeVR
2017; Brinx Software 2016; Strange 2017). It
is easy to imagine that with the ability to effec-
tively visualize 3D scan sets and intuitively
manipulate 3D models, the medical model cre-
ation workflow could be greatly enhanced by
virtual reality.
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12.5 Conclusions

Previous iterations of virtual reality technology
suffered from premature enthusiasm and mostly
failed to live up to expectations. However, a
recent confluence of technological innovations
has led to a new environment of rapid develop-
ment and growing adoption which suggests that,
this time, VR is here to stay. Forward-thinking
medical professionals would do well to pay close
attention to what promises to be both a strong
complement to 3D printing and a transformative
technology in its own right.
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