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It ain’t what you don’t know that gets you into trouble. It’s what you know for sure
that just ain’t so.

Mark Twain

True and accurate comprehension of cardiac anatomy in a patient with
complex congenital heart disease is essential for appropriate presurgical
planning. Although this concept is clearly not a point of debate, the dis-
cussion of whether or not one can truly grasp a patients three-dimensional
(3D) anatomy from two-dimensional (2D) imaging data may be a point of
contention. The current mainstay of diagnosing congenital heart disease and
eliciting the details of intracardiac spatial relationships is 2D echocardiog-
raphy. The evolution of echocardiography over the last 50 years has been
tremendous, progressing from M-mode, to 2D echocardiography, color
Doppler imaging, and 3D echocardiography. Pediatric cardiology trainees are
taught to deduce anatomic relationships in space, as did their predecessors,
using sweeps of the transducer from different positions on a patient’s chest.
In patients with complex congenital heart disease, such as double-outlet right
ventricle, the path of a potential left ventricle to aortic baffle is primarily
determined based on careful examination of a sweep in the subcostal view.
The theoretical path is deduced on 2D images from posterior and inferior
structures to those which are anterior and superior. While these images are
presented in surgical conference, the assumption is that the audience, which
consists of pediatric cardiologists, not all of whom are trained in imaging,
surgeons, fellows, and echocardiography technologists are all recreating the
same virtual cardiac anatomy in their mind. Given the lack of true 3D rep-
resentation, it is difficult to imagine that this assumption would be accurate,
especially given that people vary in their ability to translate 2D data into 3D.
In cases for which further anatomic data are needed, cardiac computed
tomography or magnetic resonance imaging is often applied. Although these
modalities certainly offer the advantage of providing clear whole-heart
datasets, we are again faced with the challenge of translating 2D imaging data
or 3D renderings presented on a 2D screen. The advent of 3D printing
technology allows for creation of 3D physical models using the method of
stacking thin layers on top of one another to create a height, width, and
length. When performed in a precisely defined pattern, a complex 3D
structure can be printed. Using imaging datasets that possess 3D cardiac
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spatial information, a virtual cardiac model can be used to create a physical
model on a 3D printer. Given the significant time commitment needed to
arrive at the final product, these models do not necessarily provide vital
anatomic information for all patients with congenital heart disease. Those
with the most severe anatomic abnormalities benefit the most at this time.

With the application of this technology within the realm of cardiac disease
growing rapidly, I am confident that this text will serve as an informative
reference guide. The topics covered speak to a diverse audience including
pediatric and adult cardiologists, cardiothoracic surgeons, radiologists,
biomedical engineers, and imaging technologists, many of whom may play a
role in the workflow of 3D printing cardiac models. The wide range of
expertise of the authors who contributed to this work serves to enhance the
experience of the reader, offering insights ranging from the history of 3D
printing and details of different additive manufacturing techniques to its
applications in specific disease states and potential for utility in printing live
tissue. I am hopeful that the enthusiasm of each contributor for this tech-
nology comes across to the reader, so that it strengthens the fervor of those
who support it and persuades those who remain skeptical regarding its
applications and substantial presence in the future of advanced cardiac
imaging.

I would like to express gratitude to all the contributors who worked so
hard toward putting this text together. We are thankful to Springer, for
agreeing to publish this book and all the Springer staff, especially Tracy
Marton, who helped in its production. I am indebted to my numerous mentors
who each had a hand in uniquely shaping my career, most of all Dr. Robert
Pass who has wholeheartedly supported me from the beginning.

Kanwal Majeed Farooqi, MD
Newark, NJ, USA
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Carlos A. Gonzalez Lengua, MD

History of Rapid Prototyping

The field of 3D printing or rapid prototyping as
we know it today is relative young. Its major
developments were in the early 1980s but it
gained more visibility a decade later. Much of the
initial work was done by two pioneers in the
field, Professor Hideo Kodama from Japan who
is considered the first to develop a method of
rapid prototyping and Charles Hull from Cali-
fornia who invented the stereolithography appa-
ratus (SLA) [1, 2].

In 1997, a report on rapid prototyping in
Europe and Japan, sponsored by the US gov-
ernment and administered by the Japan Tech-
nology Evaluation Center/World Technology
Evaluation Center (JTEC/WTEC), and lead by
Friedrich B. Prinz from Stanford University,
focused on the advances of rapid prototyping in
the USA compared to Europe and Japan. The
panel focused its investigation on a technology of
rapid prototyping called solid freeform fabrica-
tion (SFF) [3]. In the report, the authors claimed
that the idea of creating a 3D object in layered
fashion was not in fact new at all and could be
traced back to the ancient civilizations in Egypt,

C.A.G. Lengua (X))

Department of Medicine—Cardiology, Icahn School
of Medicine at Mount Sinai, Mount Sinai St. Luke
and Bronx Lebanon Hospital, New York, NY, USA
e-mail: carlos.gonzalezlengua@mountsinai.org
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including layered manufacturing of the pyramids.
In the nineteenth century, two other techniques
were developed which are considered to have
formed the foundation of rapid prototyping.
These two methods include creation of 3D maps
in topography and the photosculpture [3].

Topography

At the end of the nineteenth century, J. E. Blanther
patented a method to create 3D maps using
topographical contour lines on a series of wax
plates. This involved cutting, staking, and
smoothing them to produce 3D surfaces that cor-
responded to the terrain surface variation [4].
Similar techniques were developed later in the
twentieth century, starting with Kenji Matusubara
in Japan who invented a topographical process
that resembles the modern process of rapid pro-
totyping. While working at Mitsubishi Motors, he
developed a process using photopolymer resins
coated in refractory particles. The resins were
sprayed in layers onto a surface and a mercury
vapor lamp caused them to harden. The unhard-
ened portion was dissolved with a solvent and
finally, the layers were stacked together [3]. Two
years later Paul L. DiMatteo started to apply the
same technique to fabricate items such as pro-
pellers and air foils. Finally, in 1979 at the
University of Tokyo, Professor Takeo Nakagawa
began to use this lamination process to fabricate
devices such as press forming tools, blanking
tools, and injection tools that are key in the
modern manufacturing industry [3].
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Photosculpture

Photosculpture was invented in 1859 by French
painter, sculptor and photographer Frangois
Willeme. The goal of this technique was to create
a 3D object out of multiple photographs that
were taking simultaneously. The object or person
to be recreated was placed in the middle of a
circular room. Twenty-four cameras were placed
surrounding the object, each separated by 15°,
and a photo was taking simultaneously from
these different angles. To create the actual 3D
object, each image was projected onto a screen.
Using a pantograph attached to a cutter, he
translated the image into the movement that
would be required to create each individual layer.
Willeme traced each profile with one end of the
pantograph while a blade simultaneously cut a
sheet of wood with the exact same movement to
recreate the traced profile. Once each layer had
been recreated, the layers of wood were

assembled to create the photosculpture
(Figs. 1.1 and 1.2) [5]. Photosculpture enjoyed
brief success but the technique was soon aban-
doned due to it being a very labor intensive
process. Different versions of this technique were
later designed in an attempt to make the process
less laborious by Carlo Baese in 1904 and later
by Isao Morioka in Japan.

More recently, the development of modern
techniques was influenced by the work of two
men, Otto John Munz and Wyn Kelly Swainson.
Otto John Munz was born in Czechoslovakia,
moved to Canada in the late 1930s and later
settled in Alexandria, Virginia in the 1940s. He
was an inventor and patent lawyer. He patented a
system called Photo-Glyph Recording, which
consisted of creating multiple layers of a photo
emulsion to replicate a 3D structure that came
from a scanned object. Using a piston in a
cylinder, the photo emulsions were added to
create a 3D object. Subsequently, this object
could be manually or photochemically carved to
create the final 3D object [6].

Fig. 1.1 Interior of Willeme’s studio with pantograph,
lantern projector and example of photosculpture including
photosculpture of Willeme himself ca. 1865. Reproduced
with permission from George Eastman House museum

Fig. 1.2 Admiral Farragut seated on a dais, posing for a
photosculpture ca. 1862. Reproduced with permission
from George Eastman House museum
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The other pioneer was Wyn Kelly Swainson
from California. In 1968, he proposed the
“Method, Medium and Apparatus for Producing
Three Dimensional Figure Product”. This
method consisted of creating a 3D figure in a
volume of medium which includes an intimate
mixture of at least two components selectively
sensitive to dissimilar parameters of electro-
magnetic radiation. The medium was then
exposed to two beams of radiation guided in
response to an image description and having
dissimilar electromagnetic parameters matched to
the medium. In this manner, the path of the first
beam with a specific parameter of activation
resulted in the first component being formed. The
path of a second beam with a second parameter
of activation resulted in another part of the object
being completed [7].

As was mentioned at the beginning of the
chapter, Hideo Kodama and Charles Hull are
considered the fathers of “modern™ rapid proto-
typing. In 1981, while working in the Nagoya
municipal industrial research institute in Japan,
Professor Kodama published a paper on a pho-
topolymer rapid prototyping system entitled
“Automatic Method for Fabricating Cubic
Shapes,” as a 3D information display method. In
his method, Kodama described a way to fabricate
solid models by building layers using a 3D
plastic model with photo-hardening polymer [1].
A 2 story house piling up 27 layers of 2 mm
thick layers of resin was built using this method
and is likely the first ever 3D printed object in
history (Fig. 1.3). Professor Kodama presented
his work in national and international meetings.
However, he was unsuccessful to get the atten-
tion of the scientific community causing him to
abandon the project. He started to file a patent
but never completed the application. His work
therefore remained unrecognized for several
years, until 1995, when he was awarded the Rank
Prize, a privately funded British award for out-
standing inventors. He shared the prize with
Charles Hull.

Charles Hull was born 1939 in Clifton, Col-
orado. He received a Bachelor of Science degree
in engineering physics in 1961 from the
University of Colorado. In 1984, he invented a

Fig. 1.3 First object printed by Kodama using the
automatic method for fabricating a three-dimensional
plastic model with photo-hardening polymer

system for generating a 3D object using succes-
sive, adjacent, cross-sectional laminae of the
object. A fluid medium capable of altering its
physical state in response to appropriate syner-
gistic stimulation was used to create the layers.
Each successive lamina was automatically inte-
grated onto the previous ones to recreate the
desired 3D object. He called this method stere-
olithography apparatus (SLA) [2]. He filed and
obtained a patent in 1987 for this innovative
method, similar to the one described by Kodama.
Hull founded a company called 3D systems in
Valencia California and sold the first SLA in
1988. The company continued to grow, and Hull
remains the chief technology officer. He has been
recognized internationally as great inventor and
was included in the hall of fame for inventors in
2014. Figure 1.4 shows the first SLA and the first
object printed using the machine, a cup that took
months to finish. (Photo courtesy of 3D system,
Inc.).

Around the same time, in the late 1980s, Carl
Deckard at the University of Texas was in his
freshman year of college and sought to develop
an automated process to create casting patterns
out of computer-aided design (CAD) models to
fabricate machinery parts [8]. After a few years
of working on the project, under the guidance of
professor Joseph Beaman, he was able to create a
new method. His method consisted of using a
directed energy beam (such as a laser or electron
beam) to melt particles of powder together to
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Fig. 1.4 First SLA machine build by Charles Hull in 1983, and the first object printed in that machine a cup that took

months to finish. Courtesy of 3D System, Inc

make a part or object. Deckard called this method
selective laser sintering (SLS). With a budget of
$30,000 he and his team built the first SLS
machine, called Betsy [8]. This same technology
was later bought by 3D systems [8].

Around the same time Scott Crump and his
wife invented a method called fused deposition
modeling (FDM) after experimenting with mix-
ing wax and plastic in the family kitchen. FDM
consists of building an object by depositing
multiple layers of a material in a fluid state onto a
base. The material is selected on the basis that it
has the ability to liquefy at a specific temperature
and then solidifies instantaneously upon extru-
sion. Crump and his wife founded the company,
Stratasys. Their company along with 3D system
and EOS are the world leaders in rapid proto-
typing [9].

In 1989, Dr. Hans J. Langer and Dr. Hans
Steinbichler founded Electro Optical System
(EOS) in Grifelfing near Munich, Germany.
They were commissioned by German car maker
Bayerische Motoren Werke (BMW) to develop a
stereolithography machine to help the company
with its innovation projects. They built their first
3D printer, the Stereo 400, that worked using an
argon laser and epoxy as the print material. Their
real success came later in 1992 when they
developed the laser sintering technology

(LST) that worked with powder material. In the
years that followed, the company focus evolved
from using resins to metals [10]. EOS is currently
one of the leading suppliers of equipment,
materials, and solutions in the field of LST.

In 2005, Adrian Bowyer at the University of
Bath in the United Kingdom, founded the
RepRap project. The project was created with the
goal of making an affordable 3D printer that
could print its own components. This involved
creating an open source method of rapid proto-
typing called fused filament fabrication (FFF).
The technique was very similar to FDM invented
by Scott Crump. The RepRap project is now an
international project with hundreds of people
contributing to it. The first four official 3D
printing machines of the RepRap project were
“Darwin”, released in March 2007, “Mendel”,
released in October 2009, and “Prusa Mendel”
and “Huxley” released in 2010 [11].

By end of 2009 the concept of more afford-
able desktop 3D printers started to gain popu-
larity. 3D systems created the BfB RapMan 3D
printer built with a similar concept as the
RepRap. Another company, Makerbot, also
began marketing relatively low cost desktop
printers. Makerbot was later bought by Stratasys.
These two were the first companies to offer low
cost desktop 3D printers. Currently, Makerbot
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TOPOGRAPHY PHOTOSCULPTURE
Blanther patent filed 1890 1860| wi i
Perora patent fled 1937 1902 | Baose patont filed
Zang patent fed 1962 1922 | Monteah patent filed
Gaskin patent filed 1871 1933 | Modoka patent filed
Matsubara patont filed 1972 1940 Modoka patont filed
DiMatteo patont fled 1974 1951 | Munz patent fed
Makagawa laminated 1579

Isbrication of tocls
1983 |Swainson patont filod

1972 |Ciraud disclosure
1979 |Houshcider patant filed
1981 |Kodama publication

1982 [Horbon publcation

1584 [Maruntani patent flod, Masters patent filed,

Andro patent filed, Hull patent fied

1985 |Helisys founded

Denken venture started

1986 |Pomorantz patent filed, Foygin patent filed

Dockard patent filed, 3D founded,Light Sculpting startad
1987 |Fudim patent filed, Arcolia patent fied, Cubital founded
DTM founded, Dupont Somos venture started

1968 | 15t shipment by 30, CMET founded, Stratasys founded

1969 |Crump patent filed, Helinski patent fled

Marcus patent filad, Sachs patont fled

[EOQS founded, BPM founded

1890 |Levent patent fled, Cuadrax lounded, DMEC lounded
1991 | Taijen Seid vanture stared

Foackela & Schwarze founded, Soligen founded
(Maiko founded, Mitsul vonture started

1992 |Penn patent filed, Ouadrax acquired by 30

Kira venture staried, Laser 3D foundad

1994 |Sanders Prolotyping stared

1995 | Aarofiex venturo started

Fig. 1.5 History of rapid prototyping. “Solid freeform
fabrication chronology”. Reproduced from Ref. [13]

offers a great variety of desktop printers starting
at $1375. These printers use a polylactic acid
(PLA) filament made of corn that comes in a
variety of colors [12].

The technology of rapid prototyping has come
along way (Fig. 1.5) and is considered of crucial
importance as a tool to decrease duration of the
product development cycle and decreasing time
from an initial design to the final physical prod-
uct. The process has proven to be effective
regardless of complexity of the geometry of the

object suggesting that its future applications are
limitless.
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Introduction

The complexity of congenital heart disease has
led cardiologists and cardiothoracic surgeons to
search for innovative methods to understand the
spatial relationships in malformed hearts. The
treatment of congenital heart disease requires an
in-depth understanding of the three-dimensional
(3D) relationships of cardiovascular structures. In
the last several years, there have been significant
advancements in transcatheter interventions in
congenital and structural heart diseases [1].
However, the comprehension of abnormal car-
diac morphology is dependent on quality imag-
ing, namely cardiac computed tomography (CT),
cardiac magnetic resonance (CMR), and 3D
transthoracic (TTE) or transesophageal (TEE)
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echocardiography. In addition, the information
gained from post-processed imaging datasets
continues to be limiting as the 3D renderings are
visualized on a two-dimensional (2D) screen.
Interpretation of these images requires assump-
tions, where aspects of spatial relationships are
left to the imagination without a tangible model.
In this context, rapid prototyping, the technique
where 3D computerized models of anatomical
structures are converted into physical models,
plays a significant role in filling this gap in car-
diac medicine [1-7].

The management of congenital heart disease
relies heavily on accurate imaging of the mor-
phology and interrelationships between cardiac
structures. Virtual preoperative models of congen-
ital heart disease were first created from CMR
datasets in 1988. Surface reconstruction software,
originally developed for craniofacial and orthope-
dic surgical planning, was adapted for
post-processing of preoperative CMR datasets. The
reconstructions were consistent with echocardiog-
raphy, cineangiography, 2D CMR, and intraoper-
ative findings. However, they were not readily
adopted for clinical use due to low-resolution
images and lack of computing power [8].

3D echocardiography began to develop in the
1960s, and the first 3D scan of the heart was
reported in 1974 [9]. Over the next two decades,
improvements in resolution and computing
power transformed the visualization of congeni-
tal heart disease. Although multiple options for
3D imaging became available, the representation
of the 3D images on a 2D screen left depth and
spatial relationships to the imagination. Research
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into the ability of individuals to deduce spatial
relationships, and mental rotation reveals vast
intra-observer and inter-observer variability in
interpreting 3D data [1-7, 10]. Rapid prototyping
leaves no aspect of the spatial relationships to the
imagination, which can be invaluable in children
and adults with complex congenital heart disease
[3].

Rapid prototyping was introduced in the early
1980s and applied by the manufacturing industry
to design components for various products
including aircrafts, computers, and vehicles [1,
11]. For these industrial applications, rapid pro-
totyping has been utilized to assess the ease of
future product assembly and evaluate the feasi-
bility of developing newly designed products
prior to mass production [11]. In medicine, 3D
printing from radiological images to replicate
anatomical structures was initially used in
orthopedic and plastic surgery [1, 7]. The soft-
ware was later adapted to accommodate CT and
CMR datasets for rapid prototyping of cardio-
vascular structures. More recently, high-
resolution cardiac imaging has ushered in an
era where rapid prototyping or 3D printing of
congenital heart disease is more feasible [8].
Within one complex congenital heart diagnosis,
patients may have varied morphology and prog-
nosis depending on the specific anatomy or
associated comorbidities. 3D printed cardiac
models can enhance the management of patients

Fig. 2.1 Imported image
from a 3D echocardiography
dataset for 3D printing
performed for evaluation of
an atrial septal defect

J.J. Vettukattil et al.

by improving interventional and surgical plan-
ning and perhaps lead to individualized device
deployment targeting specific cardiac defects
[6-11].

Typically, high-resolution cross-sectional CT
and CMR are used as the source datasets to
derive whole heart 3D printed models [10, 11].
3D printing derived from 3D echocardiographic
imaging is also feasible and accurately reflects
cardiac morphology, albeit focusing on one part
of the anatomy (Figs. 2.1, 2.2, 2.3, and 2.4) [12,
13]. The integration of multiple imaging
modalities for hybrid 3D printing is an addi-
tional technique which can be used when one
modality is insufficient to give a complete pic-
ture of the pathology [9, 14]. This technique
utilizes the strength of each imaging modality to
be incorporated separately into one model
improving the accuracy of the hybrid 3D
printedheart model.

A 3D printed heart model may be used to
teach patients and their family members about
the congenital heart defect and plan for repair.
Currently, a 2D representation, such as a drawing
on a piece of paper or whiteboard, is used to
explain the procedure to patients and their family
members. The visual and tactile feedback pro-
vided by 3D printed heart models markedly
improves the understanding of complex struc-
tural heart defects and may be beneficial to teach
medical students, residents, nurses, and other
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Fig. 2.2 The atrial septum
was segmented using
Materialise Mimics®
Innovation Suite

Fig. 2.3 Mimics® Innovation Suite was used to recon-
struct a 3D rendering of the atrial septum, which is shown
with the visible atrial septal defect

medical professionals about specific congenital
heart defects [1, 6-9, 11-16]. The 3D printed
heart model is expected to enhance professional
training, enable practicing procedures before
performing them, and help design precise pros-
theses prior to an interventional or surgical pro-
cedure. In complex anatomical repairs where

Fig. 2.4 Materialise Heart Print® Flex 3D printed model
of an atrial septal defect from 3D echocardiography

expert opinion is required, the 3D virtual and
printed models can be shared rather than incon-
veniencing the patient to travel long distances.
The cost and time needed to create 3D printed
models may vary widely depending on the
complexity of the lesion and quality of the
material used for printing. As a result, it is
important to consider the indications or degree of
complexity of congenital heart defects for 3D
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printing to maximize its utility and reduce com-
mercial misuse [9].

Patient Selection and Image
Acquisition

The field of congenital heart disease has under-
gone major treatment improvisations over the last
4 decades. For example, the arterial switch
operation has been the treatment of choice for
transposition of the great arteries for the past
30 years [17]. This congenital defect was previ-
ously managed by the Mustard or Senning pro-
cedure, which could functionally correct the
altered hemodynamics. The Fontan operation as
the final procedure in the common single ven-
tricle pathway has also undergone major revi-
sions in the past 40 years [18]. However, these
patients who underwent palliative procedures in
the past are now presenting with cardiac com-
plications and require advanced imaging to help
form a complete picture of their clinical status. It
may be difficult for cardiologists and surgeons
new to the field, or who are not trained in
imaging, to interpret the cardiovascular images
obtained by conventional modalities in these
patients. 3D printing of such complex repaired
defects facilitates the understanding of the
anatomical substrate. 3D printed models help in
planning the appropriate interventions well in
advance, which can improve the interventional-
ists’ or the surgeons’ preparation for the proce-
dure. The utility of 3D printing in planning
catheter intervention in pulmonary venous baffle
obstruction in Mustard repair has recently been
demonstrated [11]. The size of devices, size, and
shape of conduits or patches, and the accessory
equipment required during the intervention can
also be planned, contributing to the procedure
going smoothly. This may reduce procedure time
and risk of radiation exposure and aid in the
prevention of inadvertent complications. Some of
the specific congenital heart defects for which 3D
printing can make significant differences in the
management are described below.

Determining the morphology of the superior
and inferior bridging leaflets as well as

J.J. Vettukattil et al.

identifying any imbalance of the valve opening
into the ventricles is critical in determining the
suitability for biventricular repair in atrioven-
tricular septal defects (AVSD) [19]. Ventricular
size can be underestimated due to foreshortening
on conventional imaging modalities. Visualiza-
tion of AVSDs by hybrid 3D printing can pro-
vide insight into the actual ventricular volumes,
the relationship of the bridging leaflets to the
ventricles, presence of straddling leaflets, and
associated anomalies. The size of the patch
required and strategies to repair the left-sided
cleft valve to prevent later regurgitation can also
be planned [20]. 3D hybrid segmentation and
printing is especially relevant in this setting given
that valvular structures are best re-created using
3D echocardiographic images.

Double-chambered right ventricle (RV) is
another congenital heart defect for which 3D
printing may be useful. It occurs due to muscle
bundles separating the RV inlet and outlet (pul-
monary artery) from the body of the RV [21].
This malformation is found in up to 10% of
patients with ventricular septal defects (VSD) on
long-term follow-up. The RV is difficult to image
and quantify because it does not conform to the
geometric assumptions made for the left ventri-
cle. The cardiothoracic surgeon requires vital
information regarding how much extra volume
may be added to the RV once the muscle bundles
are resected, especially in patients with corrected
complex congenital heart disease or 1’4 ventric-
ular repair. The tangibility offered by 3D printed
models provides the surgeon with a hands-on
experience of the actual muscle resection prior to
the procedure. This can have far-reaching
implications such as choosing between 1% ven-
tricular repair versus biventricular repair
(Fig. 2.5a—¢) [22].

Corrective surgery in double outlet right
ventricle (DORV) may involve baffling of the
VSD to the aorta or performing an arterial switch
operation. One of the factors that influence the
approach is the proximity of the ventricular
septal margin to the aorta. However, DORV with
subpulmonary VSD (Taussig-Bing anomaly)
requires baffling of the VSD to the pulmonary
artery followed by an arterial switch procedure.
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Fig. 25 a A 4-chamber view from CMR showing
muscle bundles in the mid-right ventricle in a patient
with pulmonary atresia intact ventricular septum palliated
with a bidirectional Glenn anastomosis. b A 3D TEE
showing the tricuspid valve. ¢ A 3D rendering of the

Commitment of the VSD to one of the great
vessels (pulmonary artery or aorta) is mandatory
for successful biventricular repair. 3D printed
models of the heart provide accurate visualiza-
tion of the relationship of the VSD to the outflow
tracts so that treatment decisions regarding
routability can be made [23].

Considering the complications and late failure
of the Fontan procedure, Fontan conversion or
takedown may be considered in some cases [24].
Hybrid 3D printed models of these complex
hearts provide excellent representation of the size
and relationship of the chambers and the valvular
anatomy. There are recent reports of the utility of
3D printed models of the RV outflow tract in the
accurate selection of patients for pulmonary
valve implantation [25]. It is critical to evaluate
the size and orientation of the outflow tract and
possibly test out the surgical intervention on a 3D
printed model prior to undertaking such complex
interventions. 3D printed models of the heart and
the great vessels have been found to be useful in

integrated CMR and 3D TEE datasets. d A hybrid 3D
printed model showing the LV and the obstructing muscle
bundles in the RV. e A hybrid 3D printed model
corresponding to an echocardiographic apical 4-chamber
view

preoperative and pre-interventional planning of
stent sizes in coarctation of aorta, branch pul-
monary artery stenosis, and caval valve implan-
tation techniques [16, 26]. Custom-sized patent
ductus arteriosus stents in hybrid procedures for
hypoplastic left heart syndrome may also be a
potential application of 3D printing.

It is important to have proper guidelines for
the effective use of this technology when it is
integrated into routine clinical practice. The time
and risk involved in obtaining the necessary
images, performing segmentation, and the cost
for printing must be taken into account. Patients
with simple heart defects wherein the routine
imaging modalities provide a straightforward
diagnosis, and appropriate treatment strategies do
not require 3D printed heart models, although
models of these defects may still be useful for
educational purposes. These include simple atrial
and ventricular septal defects, tetralogy of Fallot
without associated defects, and simple transpo-
sition of the great arteries.



Image acquisition is the most important step
in the process of creating a virtual model to be
used to print a physical model. A significant
determinant in patient selection for 3D printing is
the availability of high-quality images. Currently,
the imaging modalities used to derive 3D printed
models include cardiac CT, CMR, and both 3D
TEE and TTE. Each imaging modality has dif-
ferent strengths and weaknesses that impact the
quality and accuracy of the 3D printed model [9].
The visualization of extracardiac anatomy and
“blood pool” imaging is enhanced by CT [27].
However, nephrotoxic intravenous contrast is
often required for acquisition of cardiac CT
imaging datasets and exposes patients to ionizing
radiation. Cumulative medical radiation is of
concern and can have important health implica-
tions for young patients [28, 29]. CMR is supe-
rior to other imaging modalities for the
quantification of ventricular volumes and
myocardial architecture [4]. For CMR, intubation
and general anesthesia are often necessary in
pediatric patients. Gadolinium-based contrast
may also be required for acquisition of
high-resolution imaging datasets. Scanning is not
possible in patients with implanted devices that
are incompatible with CMR. In contrast, 3D
echocardiography is a bedside tool, which is safe
for severely ill patients as they do not require
transportation or positioning in a scanner. Intu-
bation and sedation are also not required except
when 3D TEE is utilized or if the patient’s age
makes it difficult for them to lie still for a pro-
longed period of time [30]. The best visualization
of cardiac valve morphology is provided by 3D
echocardiography when compared to other
imaging modalities [31]. However, there are
several limiting factors that may affect valve
visualization by 3D echocardiography. Image
acquisition focuses on one aspect of the anatomy,
and a whole heart image dataset cannot be
acquired. Technical settings including frame rate,
gain, compression, and depth must be set by the
echocardiographer to clearly define the blood—
tissue border and to distinguish valve anatomy
from artifact. Furthermore, hardware and soft-
ware limitations in current ultrasound systems,
specifically those affecting temporal and spatial
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resolutions, may not provide sufficient image
quality for a 3D printed model. These limitations
affect both 3D TTE and 3D TEE imaging.
Availability of appropriate sized probes for TEE
may be a limiting factor in young patients with
complex congenital heart disease. However, 3D
TEE has better image resolution and frame rates
[20] and is preferable as a source dataset for 3D
printing. Image acquisition is discussed in detail
in subsequent chapters.

Post-processing to Virtual Model

A factor that significantly impacts the accuracy of
3D printed models is post-processing, the quality
of which may vary among cardiologists and
sonographers [20]. For this reason, there is a need
for a unified protocol. The images from cardiac
CT, CMR, and 3D ultrasound are usually
acquired in the Cartesian digital imaging and
communications in medicine (DICOM) format.
As traditional 3D echocardiogram post-
processing elements cannot be exported from
segmentation software, image acquisition settings
play an important role in determining the quality
of ultrasound datasets. A frame rate of 30 frames
per second (fps) is more than adequate for 3D
echocardiography datasets. If there is no fusion
artifact, 4 cardiac cycles provide optimal data for
post-processing. The gain and compression set-
tings must be optimized to get adequate visual-
ization of the tissue-blood separation point.
Visualization of the blood-tissue interface is also
dependent on the patient’s size and the frequency
setting of the ultrasound probe. A frequency of
5-7 MHz is usually adequate for acquisition of
3D TTE datasets for 3D printing in children.
After assessing the data for quality and clarity
and filtering for noise reduction, it is imported
into the segmentation software. We utilized
Mimics® Innovation Suite and 3-matic® (Mate-
rialise, Leuven, Belgium), a commercially
available post-processing software. Thresholding
and other interactive editing operations are then
performed using automatic, semiautomatic, and
hand segmentation methods. Thresholding is
used to isolate tissue with a specific signal
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intensity in different regions of the image dataset
to create anatomy-specific masks. In ultrasound
datasets, thresholding helps to identify the
blood-tissue border based on the intensity of the
cardiac structures’ echogenicity (echodensity).
For CMR and CT data, segmentation is used to
create a mask of the blood pool which is subse-
quently hollowed out to represent the intracardiac
anatomy and orientation. For example, a 2—4 mm
thickness may be provided to the model at all
blood-tissue interfaces to depict cardiac/vessel
walls in the rendered model.

For all three modalities, there are varying
degrees of manual editing required for proper
representation of cardiac morphology. Thin-walled
structures such as the interatrial septum may result
in “dropout” on a CT scan when other imaging
datasets do not support the presence of a hole or
defect. Careful attention must also be given to
artifacts in ultrasound datasets to reduce similar
errors in being represented in the 3D printed
models. We have not yet reached the state of
technological advancement required for fully
automated segmentation. A sound knowledge of
normal and abnormal intracardiac anatomy is
essential for appropriate segmentation and accurate
reproduction in the printed model. It is recom-
mended that the caregivers managing the patient be
involved in the segmentation process and be
familiar with all available imaging information.

Upon the completion of segmentation, a 3D
digital replica of the heart is rendered for visu-
alization and measurements. The segmentation
software is then utilized to prepare the digital
model for printing and exporting in stere-
olithography (STL) format. Prior to conversion
into STL file format, the 3D rendering is
smoothed to reduce pixilation and improve the
3D file quality. The surface of the STL file is
then prepped for printing by creating a surface
mesh model (Fig. 2.6a, b). The STL file can then
be printed on any 3D printer depending on the
choice of model material and detail needed [9,
12, 13]. Prior to 3D printing, the reconstructed
model can be dissected to display the region of
specific interest [9—14]. This step also relies
heavily on the contributions of the intervention-
alist or surgeon so that maximum information for

procedure planning can be obtained from the
model.

For hybrid 3D printing from two or more
imaging modalities, the 3D rendering must be
imported into dedicated post-processing software
for additive manufacturing such as 3-matic®
(Materialise). The datasets are imported into
segmentation software and integrated after indi-
vidual imaging segmentation has been per-
formed. It is important to identify the targeted
cardiac phases for rapid prototyping and ensure
that each imaging modality is in the same phase
prior to integration [9, 14]. After completion of
segmentation of the individual imaging modali-
ties as described above, the datasets can be
merged manually in 3-matic by superimposing
the datasets to create a composite mask
(Fig. 2.7a—c). After confirming that the mea-
surements of the virtual file correlate with the
original dataset, the merged dataset is exported
back into Mimics® Innovation Suite for opti-
mization. The 3D rendering is (Fig. 2.7d) then
converted to STL format for hybrid 3D printing
(Fig. 2.7e-g).

More recently, CT and CMR data segmenta-
tion has become less labor-intensive due to
automation of the segmentation function within
the 3D segmentation software. Comparatively,
3D ultrasound data segmentation continues to be
a long, manual editing process even for experi-
enced individuals. The ideal personnel for pro-
cessing data for 3D printing must be familiar
with both the segmentation software and con-
genital heart disease. For hybrid 3D printing,
additional time and experience is required for
proper alignment of modality datasets. Ideally,
anatomical markers such as a valve annulus can
be identified on each modality to assist with
hybrid model reconstruction.

Limitations of 3D Printing

A limitation of a 3D printed cardiac model is that
it is a static model of a dynamic organ, making it
difficult to deduce from it any hemodynamic
information. The various changes that occur
during the cardiac cycle are frozen in time and
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Fig. 2.6 a, b The surface mesh model utilized to fill in any signal dropouts or gaps in the 3D virtual model in

preparation for 3D printing

Fig. 2.7 a—c The integration of CT and 3D TEE in a
patient with congenitally corrected transposition of the
great arteries for hybrid 3D printing. d A 3D rendering
produced from integration of CT and 3D TEE in a patient
with congenitally corrected transposition of the great
arteries for hybrid 3D printing. e The HeartPrint® Flex
hybrid 3D printed model. The translucent material depicts
the extracardiac structures and the cardiac contour derived
from CT with the right (green) and left (pink)

atrioventricular valve morphology derived from 3D
TEE. f The right (green) and left (pink) atrioventricular
valve morphology derived from 3D TEE. The leaflets of
the systemic atrioventricular valve (pink) are clearly
defined; however, the mitral valve (green) was less
accurate due to the data acquisition being affected by
interference from pacing wires. g The Amplatzer septal
occluder device visualized in the atrial septum on the 3D
printed model
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space, lacking the function and hemodynamic
changes related to the functional morphology of
the heart.

Conclusion: Personalized Medicine
in Congenital Heart Disease

A 3D printed model that would be able to
replicate the anatomical and physiological chan-
ges that occur during the cardiac cycle would be
invaluable for diagnosis and management of
children and adults with complex congenital
heart disease. Further advancements in cardiac
imaging and computing power combined with
miniaturization of processors promise a new era
in advanced cardiac imaging. Visualization of 3D
images in 3D media with augmented reality will
define the future of personalized cardiac
medicine.
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Introduction

The quality of a 3D printed model is highly
dependent on the quality of the source 3D image
dataset. Although meticulous post-processing of
the 3D object created from a dataset can certainly
improve the appearance of a model, focus on the
image acquisition technique results in a dataset
that will result in a more accurate model with less
post-processing needed. The images used to
create a model can be 3D datasets from cardiac
magnetic resonance (CMR) imaging, computed
tomography (CT), or echocardiography. Each of
these modalities varies in its advantages, disad-
vantages, and applicability in different clinical
scenarios. In this chapter, we will describe the
techniques by which images can be acquired to
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create good quality 3D printed cardiac models
with acquisition considerations specific to each
modality.

Cardiac CT
Computed Tomography Angiography

Contrast-enhanced ~ computed  tomography
angiography (CTA) can provide very good
quality 3D datasets for rapid prototyping
(RPT) and has indeed been used for this purpose
[1-3]. Advantages over ultrasound include abil-
ity to depict vascular and non-vascular extracar-
diac structures and coronary anatomy with high
tissue contrast between lumen and myocardium/
vessel wall. CTA also offers superior spatial
resolution to MRI, is more widely available, and
can be acquired in shorter imaging times. How-
ever, CTA has lower temporal resolution,
requires contrast administration, and, impor-
tantly, involves ionizing radiation exposure, a
special concern in the typical age range of
patients with congenital heart disease (CHD).
Therefore, while CTA is typically considered a
third-line test in the evaluation of CHD [4], it
may be considered first line in pediatric patients
with CHD (or in adults with structural heart
disease) if 3D printing is intended. Typically,
only one single CTA dataset is acquired that
must contain all necessary information; thus, it is
vital for successful imaging that communication
exists between the referring clinician and the
cardiac imager regarding specific anatomy,
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shunts, prior repair, etc., so that the protocol can
be tailored to the individual patent. While
extracardiac vascular structures can be ade-
quately depicted with older generation technol-
ogy, today 064-slice or higher scanners are
recommended for cardiac CTA [5].

Patient Preparation

Intravenous (i.v.) access is required for contrast
injection. While for most non-CHD applications
the location of the i.v. is of limited relevance, in
patients with CHD it may need to be placed on a
specific side (left vs. right) or extremity (lower
vs. upper) depending on the presence of venous
obstructions, abnormal connections, or other
anatomic variants.

For patients who can cooperate, images are
typically obtained during an end-expiratory
breath-hold. If unfeasible (i.e., younger chil-
dren), most acquisitions can be performed during
shallow breathing, with or without sedation,
resulting in sufficient image quality. The excep-
tion would be depiction of the coronary arteries,
for which apnea is usually recommended and
which may require general anesthesia and sus-
pended respiration [6]. For coronary evaluation,
image quality is inversely related to heart rate so,
in the absence of contraindications, beta-blockers
and/or sublingual nitroglycerine are often
administered to decrease heart rate to less than
80 beats per minute and increase coronary lumen
[7]. In patients with pacemakers or defibrillators,
device reprogramming to ensure regular heart
rate during the examination may help improve
image quality [6].

Table 3.1 Recommended

T Gauge
contrast injection rates and
pressure limits according to 24 <2
different peripheral i.v. 22 <3
sizes 20 <4
18 <5

Injection rate (ml/s)

J. Sanz et al.
Contrast Protocol

Low- or iso-osmolar iodinated contrast agents are
the current standard for CTA. The contrast
injection protocol is dependent on the size of the
i.v. access, the target structure to be depicted/
printed, and the individual anatomy. The dose
is typically 1-2 ml/kg with an additional
0.5-1 ml/kg of saline flush if this is used. The
injection rate is determined by the desired dura-
tion of the contrast bolus, the peripheral i.v.
gauge, and the pressure limits deemed to be safe
for that gauge (Table 3.1). Injection through
central lines can be safely performed as long as
the position of the catheter tip in relation to the
vessel wall and myocardium is checked before
injection and manufacturer-specific pressure limit
recommendations are followed [8]. Alternatively,
a hand injection can be performed.

Asshownin Fig. 3.1, different combinations of
contrast and saline can be used depending on the
specific clinical scenario [6]. For most cases of

I contrast (5 mus)
I Contrast (2.5 ml's)

Saline (5 mis)
.| Contrastsaline (5 mls)
Dual-phase —

Single-phase

Triple-phase

Fig. 3.1 Schematic representation of different contrast
injection protocols. The variation in contrast injection
protocols is depicted, with relative volumes of contrast
versus saline specified

Pressure limits (psi)
<100
<300

Modified from Ref. [6]. psi pressure per square inch
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simple CHD (i.e., evaluation of systemic or
pulmonary vessels in the absence of shunts) or
adult structural heart disease, a relatively com-
pact bolus of contrast followed by a saline
chaser (dual-phase protocol) is normally used
(Fig. 3.2a). For many CHD cases where simul-
taneous opacification of both left and right car-
diovascular structures is desired, a triple-phase
protocol can be used (Fig. 3.2b). This typically
comprises a faster initial injection of contrast,
followed by a second slower injection and a
saline chaser; alternatively, contrast injection
can be followed for a mixture of contrast and
saline (i.e., 60:40) at the same rate plus saline.
These typically result in lower although suffi-
cient attenuation of the pulmonary chambers
compared to the systemic ones. Alternatively, a
prolonged injection either of contrast alone at
slower rates or contrast:saline mixture at stan-
dard rates (single-phase protocols) can result in
similar although overall lower biventricular
opacification. For cases where simultaneous
arterial and venous evaluation is intended, an
initial injection of contrast can be administered,
and after a 30-60 s pause, a standard dual-phase
protocol is performed, with the goal of obtain-
ing sufficient attenuation within the arteries from
the second injection and in the veins from the
initial contrast bolus (triple-phase venous
protocol).

Fig. 3.2 Examples of CTA in CHD. a 35-yo male with
dextrotransposition of the great arteries and prior Mustard
repair complicated with baffle stenosis treated percuta-
neously. The CTA demonstrates a widely patent stent
between the left atrium and RV (arrow). b 2-yo female
with double-outlet RV. The arrowhead indicates the
ventricular septal defect. LV Left ventricle; RV right
ventricle
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Image Acquisition

Timing of acquisition is determined by the arrival
of the contrast to the structure(s) of interest. In
most cases, a region of interest (ROI) is placed in
the target chamber and acquisition begins auto-
matically when attenuation within the ROI raises
above a certain threshold (automatic bolus
tracking). In cases when the path of the contrast
cannot be predicted because of unknown anat-
omy, a test bolus with a small contrast dose can
be first performed to determine the delay to its
arrival to the target structure, and subsequent
CTA is timed accordingly. Alternatively, contrast
can be tracked real time and acquisition initiated
manually when the contrast arrives to the ana-
tomic region of interest.

Although in the past images were often
obtained without electrocardiographic
(ECG) synchronization because ECG gating was
associated with markedly increased radiation
dose, today there are several ECG-synchronized
scanning modes that allow for comparable or
even lower doses [9]. Thus, we routinely perform
cardiac CTA with ECG gating because it reduces
motion artifact and improves image quality [9].
ECG-gated acquisition can be helical (spiral) or
axial [10]. In the former, the table moves con-
tinuously during acquisition, while in the latter
the table is stationary during imaging and moves
in between acquisitions. Four types of
ECG-gated CTA are currently available [10]:

e Retrospective ECG-gated helical scan: In this
scanning mode, radiation is given throughout
the cardiac cycle and images are retrospec-
tively reconstructed in the desired cardiac
phase of the cardiac cycle. It has the advan-
tages of allowing visualization of cardiac
motion (cine imaging) and being more robust
to arrhythmias; however, it requires higher
radiation dose.

e Prospective ECG-triggered axial scan: Images
are acquired in a single phase of the cardiac
cycle (at a time delay from the prior QRS
complex) over several heartbeats. It signifi-
cantly reduces radiation exposure since
X-rays are delivered in only one phase, but it
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Table 3.2 Dose reduction
tools

All scans

Retrospective helical
scanning

Prospective axial scanning

J. Sanz et al.

Limit scan length

Reduce FOV

Decrease mA

Decrease kV

Use iterative reconstruction

Use anatomic-based current modulation (if possible)
Use thicker slice collimation (if possible)

Use ECG-based current modulation

Narrow acquisition window

ECG Electrocardiogram; FOV field of view; kV kilovolts; mA milliamperes

is susceptible to arrhythmias and tachycardia.
When used for RPT, which phase of the
cardiac cycle is preferable should be deter-
mined in advance.

e Prospective ECG-triggered scan with a wide
detector array (volumetric target scan mode):
With a wide enough detector array (typically
320 detectors), the heart can be covered in
one single heartbeat. Similarly, to the previ-
ous mode, the cardiac phase needs to be
predetermined and quality is best with slow,
regular heart rates.

e Prospective ECG-triggered helical scan: In
scanners with two X-ray tubes, detection of
the QRS can trigger a high-pitch helical scan
that allows covering large anatomic areas in a
short time. This technique also requires slow,
steady heart rates.

Volumetric and prospective helical scans
afford the lowest radiation doses and should be
used whenever possible; however, both scanning
modes exist only in specific scanners. Prospec-
tive axial scanning, which is available in most
modern scanners, is the alternative of choice.
Retrospective gating is generally avoided unless
quantification of cardiac function or valvular
evaluation is desired.

Radiation Reduction

When performing cardiac CTA in general, and in
infants or children in particular, it is imperative to

aggressively reduce radiation exposure. As
summarized in Table 3.2, a number of tools are
available, and ideally as many of them in com-
bination should be employed whenever possible
[11]. Today, it is feasible to routinely perform
sub-millisievert (mSv) scans in children and few
mSv in adults [4, 11].

The main determinants of radiation exposure
are scanned length and X-ray tube output. As a
general principle, scanning should be limited to
the region of interest. Some scanners allow
additional dose savings if the field of view in the
transverse plane is reduced. Both tube current
(milliamperes or mA) and voltage (kilovolts or
kV) should be adjusted to body size for every
acquisition, including localizers and contrast
tracking sequences. Reducing kV is the most
effective way of decreasing radiation dose, and
the minimum value that affords diagnostic
signal-to-noise ratio should be used: This is
typically 70-80 kV for neonates, infants, and
young children, and 80-100 kV for older chil-
dren and most adults. Milliamperes should be
also minimized according to body size. Many
scanners currently provide anatomic-based cur-
rent modulation, by which mA, and in some
scanners kV [12], are automatically increased or
decreased based on the patient’s specific ana-
tomic information collected from the initial
localizers; however, this implementation may not
be available in ECG-gated studies. As mentioned
before, volumetric [13] or prospective helical
scanning [7] should be used whenever feasible. If
prospective axial scanning is employed [14],
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scanning window should be as narrow as possi-
ble. Retrospective ECG gating should ideally be
avoided; otherwise, ECG-based tube -current
modulation (an implementation that only gives
maximal dose during a certain phase of the car-
diac cycle and minimizes it during the remaining)
should be employed [7]. Newer iterative recon-
struction algorithms result in significant noise
reduction and allow additional reduction in tube
settings [15]. Finally, while thinner slice colli-
mations are preferred when imaging neonates or
smaller structures such as valves or coronary
arteries, other structures can be evaluated with
thicker slices that result in reduced noise and
similarly enable further dose savings. The details
of considerations relevant to the performance of
pediatric scans are covered in a later chapter.

Magnetic Resonance Imaging
Patient Selection and Preparation

When deciding whether CMR is the appropriate
image modality to be utilized, MRI compatibility
must be assessed of any implants, i.e., cardiac
pacemakers and implanted cardiac defibrillators,
or presence of metallic or ferromagnetic foreign
bodies that can be subject to both thermal and
mechanical forces during the scan. Other metallic
devices such as stents, coils, or sternal wires may
not be a contraindication to performance of the
CMR, but may cause significant image artifact,
rendering the dataset unusable to create a 3D
virtual model. In patients such as infants or
young children who are unable to breath-hold for
a good quality MRA image dataset, i.v. place-
ment with general anesthesia and intubation can
be utilized. In working with the anesthesia team,
an adequate breath-hold is used to allow lack of
movement artifact during image acquisition.
Patients who have acutely deteriorating renal
function, have had nephrogenic systemic fibrosis
or a previous anaphylactic reaction to a
Gadolinium based contrast agent are not candi-
dates to receive Gadolinium contrast and other
imaging modalities must be considered.

25
CMR Technique and Image Analysis

The ability to create 3D cardiac models from
CMR allows direct visualization of complex
anatomy prior to entering the operating room
[16-18]. Compared to cardiac CT, CMR offers
the advantages of lack of radiation exposure,
better temporal resolution, and good blood to
myocardium differentiation without the neces-
sary use of intravenous contrast. Both 3D bal-
anced steady-state free precession (bSSFP) and
magnetic resonance angiography (MRA) are
commonly utilized CMR 3D sequences and
either may be used to create a 3D model. Our
group compared the quality of models created by
these sequences, given that there was no pub-
lished data on the optimal CMR sequence for 3D
printed cardiac models [19].

The image datasets used for this study were
retrospectively collected. The settings used for
both MRA and post-contrast bSSFP at our
institution are detailed. CMR was performed on a
1.5-tesla General Electric scanner (GE Signa
HD®, GE Medical Systems, Waukesha, Wis-
consin). Gadolinium-enhanced MRA was per-
formed during respiratory suspension after
administration of 0.2 mmol/kg Magnevist®
(Berlex, Montville, New Jersey) at an injection
rate of 1.5-2.0 ml/s followed by a 10-20 ml
saline flush. Two acquisitions were performed
using a non-electrocardiogram (ECG)-gated, 3D
spoiled fast gradient-echo sequence, also known
as fast low-angle shot (FLASH), with the fol-
lowing parameters: echo time (TE) 1-2 ms,
repetition time (TR) 3-5 ms, flip angle 40°,
receiver bandwidth 62.5 kHz/s, rectangular field
of view, coronal orientation, acquired slice
thickness 2.4-3.0 mm interpolated to 1.2—
1.5 mm, and matrix size adjusted to produce
near-isotropic voxels with spatial resolution of
~1.6-2.8 mm. The typical breath-hold time was
15-30 s. The image acquisition was done after a
delay of approximately 10 s after contrast injec-
tion, with the goal of having the contrast present
in both sides of the heart.

After the contrast-enhanced MRA, ECG-gated
and respiratory navigated isotropic 3D bSSFP
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images were acquired in the following manner:
sagittal acquisition, 224 — 192 x 224 — 192
(frequency x phase) matrix, slice thickness 2.4—
3.0 mm interpolated to 1.2-1.5 mm, frequency
field of view 240-300 mm with 100% FOV in
the phase direction, TE 1.09-1.69 ms, TR 3.14—
3.6 ms, flip angle 60°, and receiver bandwidth
125 kHz/s. Acquisition was triggered to
mid-diastole, and temporal resolution was
adjusted for faster heart rates. The navigator was
set to acquire during end-expiration, with a
tracker length of 5-10 cm and an acceptance
window of 1-2 cm.

Comparison of Models by Image
Acquisition Sequence

Both blood pool and myocardial segmentation
were used to create a 3D model in each of our
patients from each set of either bSSFP or MRA
source images resulting in 76 models categorized
in four groups: Group 1—bSSFP/MS, Group 2—
bSSFP/BP, Group 3—MRA/MS, and Group 4—
MRA/BP (Fig. 3.3). In BP segmentation, a
1-mm-thick layer was created onto the 3D object
which represented the blood pool. The 3D object
was then “hollowed” internally, excluding the

1-mm layer, allowing for the intracardiac
Cardiac MRI
N\
Acquisition Strategy bSSFP MRA
A A
Segmentation Strategy MS BP MS BP
/NN
Group 2 Group 3 Group 4

Group 1

AR5

Fig. 3.3 Variations in acquisition and segmentation
strategy result in 4 virtual model groups. Magnetic
resonance imaging (MRI), balanced steady-state free
precession (bSSFP), magnetic resonance angiography
(MRA), myocardial segmentation (MS), and blood pool
segmentation (BP)

J. Sanz et al.

anatomy to be represented. For MS, the threshold
cutoffs of gray values were set to isolate the
myocardium. Once the models were created, the
quality of the models using bSSFP and MRA
was compared.

The overall quality of a model refers to the
ability to easily recognize cardiac anatomic land-
marks as well as lack of artifact. The lowest rating
of 1 (Poor) was given to a model with difficult
identification of heart borders and unclear origins
of great arteries and venous structures. The highest
rating of 3 (Excellent) was given to a model with
easily identifiable borders of the heart and clearly
recognizable origins of the great arteries, venous
structures and ventricles. The rating of 2 (Good)
was given to models with a quality that was
intermediate between these two. The number of
visualized vessels could range from 1 to 5 based on
whether the superior vena cava, inferior vena cava,
main pulmonary artery, ascending aorta, and at
least one pulmonary vein could be identified
(Fig. 3.4).

The overall quality rating of the models was
statistically higher for those models created using
BP segmentation with datasets from either
contrast-enhanced MRA or post-contrast 3D
bSSFP sequences. Overall, the average number
of vessels visualized was also greatest using BP
segmentation (Fig. 3.5).

This was a retrospective study, and as such,
there was some variability in the imaging pro-
tocols used in different patients. Although the
interpolated slice thickness for the datasets we
used was 1.2-1.5 mm, and many of the models
were of reasonable quality, the goal is to acquire
images with the highest spatial resolution while
maintaining adequate signal-to-noise and imag-
ing (breath-holding) times. Some protocols rec-
ommend a slice thickness as thin as 0.3 mm for
model creation. We only included two sequences
commonly used in clinical practice: non-ECG-
gated MRA and ECG-gated and respiratory
navigated bSSFP. We did not find significant
differences between these 2 techniques for image
quality or vessel visualization, which may be
related to sample size limitations. In theory,
bSSFP should be advantageous to use since
acquisition is typically ECG gated; therefore,
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(a)

Overall Quality Rating Scale

1-Poor 2 - Good 3 - Excellent
(b) Vessel Visualization (yes/no) | SVC IvVC | Ao | PA | PV

Fig. 3.4 Examples of models assigned to each rating
category for overall quality. a A sample model is shown
for each rating category with the quality increasing from

Overall Quality Rating

left to right, as viewed anteriorly (A) and posteriorly (P).
b The type of vessels evaluated for visualization is listed

i Rater 1, ANOVA p<0.001
i Rater 2 ANOVA #<0.001

3.5
p<0A05i
3
p<0.05[ T 1
2.5
k)
® 2
3
g
s
2 15
<]
1
0.5

0 Group 1 (SSFP-MS)

Group 2 (SSFP-BP)

Group 4 (MRA-BP)

Group 3 (MRA-MS)

MRI Sequence - Segmentation Strategy

Fig. 3.5 The results for ratings for overall quality and
vessels visualized are graphically demonstrated. Groups
with statistically significant differences in rating are
indicated with the red brackets. a The overall quality
rating for both Rater 1 (blue) and Rater 2 (red) is

intracardiac anatomy is more sharply depicted.
However, MRA may be better suited to depict
extracardiac structures given its inherent higher
contrast-to-noise ratio. Moreover, we cannot
extrapolate these findings to ECG-gated MRA

demonstrated. The BP Groups (2 and 4) had highest
overall quality (p < 0.05). b The BP Groups (2 and 4)
had had the highest numbers of vessels visualized
(p < 0.05)

techniques [20] or to pre-contrast bSSFP
sequences that would be expected to have lower
blood contrast-to-noise ratio [21].

We excluded patients that had severe artifacts,
as high-quality source datasets remain mandatory
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for successful segmentation. Finally, most of our
patients were cooperative adults with relatively
simple disease. The ability of CMR datasets to
generate successful 3D models in infants or small
children with complex disease has yet to be fully
explored and is a critical, active area of research.

Given these findings, it is reasonable to use
either post-contrast bSSFP or MRA as source
datasets for model creation in patients for whom
CMR is an appropriate study to perform. Spatial
resolution should be as high as is attainable with
consideration being given to signal-to-noise and
image acquisition time, with isotropic or
near-isotropic voxels. Whenever possible, it is
advisable to run both sequences allowing for
there to be options available to choose the dataset
of better quality for post-processing.

Echocardiography

3D echocardiography became a reality after the
year 2000 with the advent of matrix array
transducers [22]. Since then, its utilization has
become more routine in many practices. It is
being used for a wide range of applications,
including congenital cardiac abnormalities,
assessment of atrioventricular valves, septal
defects, and complex intraventricular baffles [23,
24]. Advantages to use of this technology have
been reported in the assessment of chamber size,
volume, segmental and global function, mor-
phology of valves, and valve function when used
in conjunction with color Doppler. Although 3D
echocardiography allows some assessment of
spatial relationships, the images are limited in
that they are displayed in two dimensions with
the perception of depth created using various
color scale alterations [24-26]. Applying 3D
printing technology to 3D echocardiographic
images offers visualization of cardiac anatomy in
true 3D [27, 28]. The steps involved in creating a
3D printed model from a 3D echocardiography
dataset are as follows:

1. Define details of the cardiac anatomy using
two-dimensional echocardiography.

J. Sanz et al.

2. Optimize the imaging window to negate any
artifacts and to get the best resolution image
of the region of interest.

3. Acquire a high-resolution 3D volume dataset
of the structure of interest incorporating an
adjacent anatomic localizer (example: aortic
valve with the ventricular septum).

4. The 3D image data at a single time point
(mid-systole or end diastole) can then be
further analyzed by converting to DICOM
format.

5. Image segmentation software is used to create
a 3D virtual cardiac model by highlighting
the region of interest [28-31].

6. The virtual file can then be exported in a 3D
file format, such as .STL, for printing.

Patient Preparation

Ensuring that the patient is calm and comfortable
are key in establishing minimal variations in
heart rate and respiratory motion. In an intubated
patient, imaging data can be optimized by sus-
pending respiration thereby minimizing transla-
tional motion of the heart as well as beat-to-beat
variability in cardiac cycle length. Younger
patients may require sedation to allow for good
quality image acquisition.

Image Acquisition

A high-resolution 3D dataset requires the data to
be captured over multiple cardiac cycles and
minimization of stitch artifact. Single-beat volume
acquisitions can also be performed, albeit at the
expense of frame rate and resolution. Data from
transesophageal versus transthoracic windows
have an advantage of minimal artifact and acoustic
interference from chest wall and lungs. Transtho-
racic 3D acquisition can be performed from the
window (apical, parasternal, and sub-xiphoid) that
provides the best far-field resolution and minimal
near-field noise and eliminates artifacts. Trans-
esophageal echocardiography, if and when
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available, provides excellent resolution for mitral
and aortic valve imaging but s limited inits field of
view.

3D echocardiography at our center is routinely
performed using a Philips system and appropriate
3D transthoracic (X5-1 and X7-2) or trans-
esophageal (X7-2t) transducers (Philips Medical
Systems, Andover, MA). 3D transesophageal
imaging is limited to those with body weight
more than 20 kg. Identifying the specific anat-
omy of interest is paramount prior to image
acquisition so that the correct structural details
can be elicited. Imaging the heart as a
full-volume dataset will result in a lower frame
rate and temporal resolution. Optimizing tem-
poral resolution and not sacrificing spatial reso-
lution is key to obtaining a usable dataset. As
described in the publication by Olivieri et al.
[27], a full-volume acquisition of the heart yiel-
ded 4-5 frame rates of data. In cases where the
goal is to obtain images of a valve and the valve
apparatus, one can increase the temporal resolu-
tion (volumes per second) by minimizing depth
with focus on the region of interest, optimizing
sector width (narrow angle) and elevation, and
then doing a full-volume multiple beat acquisi-
tion. The disadvantage of a multiple beat
full-volume acquisition is the artifact produced
by respiratory and heart rate variations. Images
should be examined after acquisition for such
artifacts. In cases in which they are unavoidable,
a single-beat or a live 3D volume dataset will
need to be acquired. Adjusting the loop to a
specific segment of the cardiac cycle (i.e., dias-
tole) will also increase the temporal resolution.

After the structure that needs to be imaged for
3D printing is in view, optimizing the window
and adjusting the gray scale with the 2D image
should be a priority. The goal is to make the
blood pool as dark as possible to contrast with
the bright myocardium. This can be done with
manipulation of the dynamic range or compres-
sion (between 40 and 50 dB). Adjusting the
overall 2D gain will allow distant background
structures to have a blue tint and near-field
structures to be in well-defined chrome. Care
should be taken not to be overly aggressive about
increasing the tissue 2D contrast as one can lose

29

definition of fine chordal structures and bound-
aries of septal defects. Atrial and ventricular
septal anatomy as well as complex intracardiac
anatomy can be imaged using the i-crop mode
with full-volume acquisition or with narrow
sector 3D live or zoom mode on the Philips
systems. Once an acceptable 3D dataset has been
stored, it should be exported in Carte-
sian DICOM format and can then be imported
into post-processing software for virtual model
creation.
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Image Characteristics

3D models can be created from nearly any medical
imaging modality that produces volumetric data-
sets. The most common modalities used to make
3D heart models are computed tomography
(CT) and magnetic resonance imaging (MRI).
Less frequently used are echocardiographic (ul-
trasound, or US) images. All of these modalities
can be used for clinical imaging in even the
smallest and youngest of patients with congenital
heart defects (Fig. 4.1) [1, 2].

Modern digital imaging systems store images
primarily in DICOM format. Regardless of
modality, digital images are displayed as a matrix
of pixels. Pixels are two-dimensional (2D) boxes
that vary in brightness or attenuation based on
the characteristics of the tissue they represent.
The intensity of a particular tissue depends on the
imaging modality used. For example, blood is
bright on contrast-enhanced CT images, dark on
echo images, and on MRI varies by the type of
sequence used.

2D image slices are stacked in order to form a
3D volumetric dataset. 3D pixels are known as
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voxels. Isotropic voxels have equal or nearly equal
size in the x, y, and z dimensions. The cubical
nature of isotropic or near-isotropic voxels allows
for the image to be reconstructed in any plane,
including oblique views, without distortion.

Cardiac Imaging Modalities

Computed Tomography

Contemporary multidetector-row CT scanners
acquire stacks of thin axial slices with isotropic
resolution. CT angiography (CTA) employs
intravenously administered contrast to improve
visualization of blood-filled structures. CTA ima-
ges obtained on modern high-pitch scanners allow
for excellent visualization of cardiac tissue, vas-
culature, and extracardiac structures. CT has the
advantage of high spatial and temporal resolution.
Scan time is very short, resulting in increased
availability and the ability to scan younger patients
with minimal or no sedation. Two main disad-
vantages of CT are radiation exposure and the use
of iodinated contrast, which has important
nephrotoxic and allergic side effects [3].

Magnetic Resonance Imaging

Cardiac MRI examinations employ a wide
variety of imaging sequences. Most sequences
are obtained as bright-blood cine or black blood
still images in specific cardiac planes. These
images are typically non-isotropic and vary in

thickness from 3 to 10 mm. However,
high-resolution electrocardiogram (ECG)-gated
3D balanced steady-state free precession
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Fig. 4.1 Image types used for 3D modeling. a MRI 3D-SSFP. b MRA. ¢ MRI 3D-IR. d CTA. e 3D echo
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(3D-SSFP) and 3D inversion recovery (3D-IR)
sequences can be obtained isotropically.
Like CT, 3D-SSFP and 3D-IR datasets allow for
high-resolution visualization of cardiac tissue
and vasculature. Contrast-enhanced 3D magnetic
resonance angiogram (MRA) sequences can also
be reconstructed isotropically and tend to pro-
duce superior vascular imaging compared to
3D-SSFP and 3D-IR sequences. They do, how-
ever, suffer in delineation of intracardiac anat-
omy due to lack of ECG gating. Compared to
CT, MRI does not employ ionizing radiation, not
all sequences require contrast, and the contrast
used has a lower rate of idiosyncratic reactions.
MRI suffers from decreased spatial resolution
compared to CT. Imaging takes longer and often
requires sedation and general anesthesia in
younger patients. Images are also susceptible to
ferromagnetic and flow-related artifacts [4].

3D Echocardiography

Modern  commercial  echocardiographic
equipment now routinely has the capability to
obtain 3D volumetric datasets using both
transthoracic and transesophageal probes. Images
can be acquired in real time or can be stitched
together over multiple heartbeats to increase
temporal resolution and the size of the image
volume. In general, US has high temporal and
spatial resolution that allows for excellent visu-
alization of intracardiac anatomy, particularly in
pediatric patients. In particular, imaging of heart
valves is superior, and imaging of extracardiac
vascular structures inferior, to CT and MRIL. US
suffers from limitations due to poor acoustic
windows, limited penetration, and a relatively
small field of view. Compared to CT and MRI,
US is low-cost, portable, widely available, does
not require radiation or contrast, and does not
always require sedation in young patients. [5—7]

Traditionally, images from a single modality
have been used in preparing individual models.
More recently, groups have begun to describe
hybrid models making use of CT or MRI data for
the bulk of intracardiac anatomy, combined US
data focused on the heart valves [8].

Regardless of modality, images used for 3D
modeling should be isotropic or near-isotropic and
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high-resolution. Accurate and efficient modeling is
also dependent on uniform and clear image con-
trast. Thinner slices generally allow for higher
spatial resolution and decreased partial volume
effects; however, they may suffer from decreased
signal-to-noise ratio and also take longer to process.

Basic Principles of Segmentation

In order to create a 3D model, image data to be
used in the final model must be separated from
extraneous data. This is achieved through the
process of segmentation. Segmentation involves
assigning labels to individual pixels within a
DICOM image. Pixels representing a particular
tissue (e.g., blood pool, myocardium) can be
grouped together into masks, thus separating
them from pixels representing tissue that is not of
interest (e.g., bone, lung).

Successful segmentation relies on images with
high spatial and contrast resolution. Contrast
resolution is the ability to differentiate between
different tissue types. Blood pool must be dif-
ferentiated from cardiac tissues, and cardiac tis-
sues from adjacent structures such as thymus,
chest wall, lung, diaphragm, and liver. Image
contrast differs between imaging modalities, and
within modalities based on imaging technique
and sequence. For example, CTA may yield
higher  blood-myocardium  contrast than
3D-SSFP, yet 3D-SSFP may have higher myo-
cardium-liver contrast. Individual CTA exami-
nations may differ in myocardium—blood contrast
due to differences in technical factors such as
radiation dose, as well as timing, and density of
contrast administration.

Several approaches to segmentation exist and
vary based on the intended purpose of the model
(Fig. 4.2). Vascular only models tend to be the
easiest and most efficient to produce, as they only
require segmentation of the vascular lumen.
Segmentation here is simplified by the relatively
high contrast between blood and extravascular
tissue, particularly on CTA, 3D-SSFP, 3D-IR,
and MRA sequences.

The generation of models depicting intracar-
diac anatomy poses a different set of challenges.
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Fig. 4.2 Segmentation techniques. a Source image, axial
CTA. b Myocardial segmentation. Note how with
myocardial segmentation the border between the epi-
cardium and extracardiac tissue is difficult to distinguish,

Segmentation of cardiac tissue and myocardium
is possible but can be difficult and
time-consuming, primarily due to lack of contrast
between myocardium and adjacent epicardial
structures. This finding is true for both CT and
MR images.

One commonly employed method to circum-
vent this problem is the “hollow shell” method,
which relies on blood pool segmentation rather
than myocardial segmentation (Fig. 4.3). This
method is based on the principle that the outer
contour of an intracardiac blood pool mask is the
negative impression of the endocardial surface,
much in the same way that a cast is an impression
of the inner surface of the mold. If a shell (or
“mold”) is created around the outer surface of the
blood pool (“cast”), then the inner surface of the
shell will replicate the endocardial surface. The
blood pool mask is then removed to reveal this
surface. It is important to note that because the

particularly anteriorly and posteriorly. ¢ Blood pool
segmentation. d Errors in segmentation. Arrows point to
unmasked areas of atrial and ventricular septum. Once
modeled, these “bridges” will appear as septal defects

thickness of the shell is applied arbitrarily and
uniformly, it does not provide a true representa-
tion of the actual wall of the heart and the ves-
sels. However, the general shape of the heart and
vessel wall is maintained, and this creates an
aesthetically pleasing representation of the sur-
face of the heart.

Postprocessing Software

Software functionalities required for postpro-
cessing and creation of 3D models are DICOM
viewing, DICOM editing, DICOM segmenta-
tion, STL file creation, and STL file editing.
Image viewing is the ability to display and
manipulate DICOM images, and is an essential
component of all software packages mentioned.
Image editing is the ability to alter DICOM
images. The most common editing task is the
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(a)

(b)

(c)

Fig. 4.3 “Hollow shell” intracardiac segmentation
method. a STL model of the blood pool mask in a patient
with TGA and VSD. The blood pool is viewed from a
posterior angle. b A shell of arbitrary thickness is applied
to the outer surface of the blood pool. ¢ The blood pool
mask is removed. The inner surface of the shell represents
the endocardial surface, note the VSD*. Also note that the
exterior surface of the shell does not represent the true
epicardial surface

removal of unwanted portions of the image in
order to simplify segmentation. Segmentation
creates masks that are exported as 3D models
in STL format. The STL model may be fur-
ther edited and optimized for printing or
visualization using computer-aided design
(CAD) software.

These processes may be performed using a
variety of commercial and open-source software
packages. The most common programs reported
in the scientific literature are Mimics and
3-Matic, Windows-based commercial software
made by Materialise (Leuven, Belgium) [9].
Mimics has advanced manual, automated, and
semiautomated segmentation functions and the
ability to export STL files. 3-Matic is a CAD
software that performs advanced STL editing.

Other freeware and open-source software
solutions exist. Osirix (Pixmeo, Geneva,
Switzerland) is a freeware, a Mac-based
open-source image processing software. It per-
forms advanced DICOM viewing and editing
functions. It can also perform basic segmentation
and has the ability to export STL files.
ITK-SNAP (www.itksnap.org), 3D slicer (www.
slicer.org), and Seg3D (www.sci.utah.edu/cibc-
software/seg3d.html) are free open-source mul-
tiplatform solutions for segmentation of medical
images and STL creation. Meshlab (meshlab.-
sourceforge.net) and Netfabb Basic (www.
netfabb.com) are free open-source multiplat-
form solutions for STL editing.

Postprocessing Technique

The following section describes a sample process
based mainly on the use of Osirix and Materialise
software. As mentioned above, many other
software options exist that provide similar
functionality.

Initial Image Preparation

The original DICOM data is first displayed in a
multiformat display that can show standard
orthogonal (axial, sagittal, coronal) or oblique
planes as well as a maximum intensity projection
(MIP) and 3D virtual reconstructions (3D VR).
The task of image segmentation can be made
simpler and more efficient by employing basic
editing tools to remove large portions of
unwanted pixels from the medical image
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(Fig. 4.4). This simplifies the segmentation pro-
cess by confining less efficient advanced tools to
the area of interest. Depending on the software
used, edited data are either deleted entirely from
the source image, or kept and excluded from
further processing.

J-C.G. Mufiz
Cropping

Cropping is a basic task that removes the outer
portions of an image. Cropping can be applied
selectively in standard orthogonal planes to easily
remove unwanted structures in bulk from edges of

Fig. 4.4 Image preparation, a 3D Virtual reconstruction. b Cropping applied laterally and supero-inferiorly.

¢ Sculpting of sternum. d After sculpting of sternum
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the image. For example, lateral cropping is useful
for removing arms, rib cage, and peripheral vas-
culature. Antero-posterior cropping can remove
spine, sternum, and sternal wires. Supero-inferior
cropping can remove neck and abdomen. Care
must be taken to scroll through the entire region of
interest before applying cropping, as cardiac
structures may cross into the crop plane at dif-
ferent levels. Cropping can be performed in both
the 2D image space or on 3D VRs.

Sculpting

One limitation of cropping is that data removal
occurs in a linear fashion along the main
anatomical planes. Invariably, unwanted struc-
tures that exist in the same plane as cardiac and
vascular structures cannot be removed using this
technique. Sculpting is a tool that allows for
wholesale removal of portions of the image using
user-defined regions of interest (ROIs) that can
encompass more complex and irregular shapes.
3D sculpting is performed on a 3D VR and
extends the ROI removal through the entire
volume of the image, making the process less
labor-intensive than performing sculpting on
individual 2D slices.

Bone Removal

Bone displays very brightly (high Hounsfield
units) on CT images due to its high radiodensity.
Many commonly used postprocessing software
solutions allow for automatic bone removal
based on this property. Vascular structures dense
with contrast may have similar Hounsfield values
to bone, and care must be taken to not inadver-
tently remove these structures when performing
automated bone removal. In this case, bone
should be removed using sculpting techniques
mentioned above.
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Segmentation

Once the bulk of unwanted tissue is removed
from the original image, the process of segmen-
tation may proceed. As described previously,
segmentation is the process of assigning labels to
individual pixels within a DICOM image. Pixels
representing a particular tissue (e.g., blood pool,
myocardium) can be lumped together into groups
called masks. Individual masks may be com-
bined with other masks or split arbitrarily. For
example, all pixels representing blood on a CT
angiogram can be labeled in a large mask called
“blood pool.” This “blood pool” mask can be
further subdivided into smaller individual masks
such as “right atrium,” “right ventricle,” “pul-
monary artery,” “left atrium,” “left ventricle,”
and “aorta.” Conversely, individual masks such
as “left atrium” and “left ventricle” can be arbi-
trarily combined into larger masks such as “left
heart.”

LRI

Thresholding

Thresholding is usually the first step employed in
the process of image segmentation. This process
creates a mask that contains all the pixels in the
image within an adjustable range of intensity
(Hounsfield unit range). Thresholding is most
commonly applied in a range that selects either
blood pool or myocardial tissue (Fig. 4.5).
A limitation of this technique occurs when there
is low tissue contrast resulting in overlap
between different tissues such as myocardium
and thymus, blood pool and bone, or blood pool
and myocardium. The upper and the lower limits
of the threshold range can be manually adjusted
to remove such overlap. Usually, compromises
must be made in these adjustments. Broadening
the threshold range includes all target tissue at
the expense of including unwanted tissue.
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Fig. 4.5 Segmentation techniques. a Thresholding the
blood pool. If the range is set too broadly, then
myocardium and bone (asterisk) will be selected along
with blood pool. b If the range is set too narrow, then
myocardium is excluded at the expense of also excluding
portions of blood pool (asterisk). ¢ Region growing helps
to exclude portions of the mask that are not in continuity
with the area of interest. In this case region growing of the
blood pool has helped to exclude some bony structures

Conversely, narrowing will help exclude all
unwanted tissue at the expense of also excluding
portions of wanted tissue. In most cases, further
refinement of the mask is required, involving
techniques such as region growing, and manual
and semiautomated editing of masks.

and myocardial tissue (asterisk). Note also that the
prosthetic aortic valve (dagger) is now also correctly
excluded from the blood pool. Areas that cannot be
removed using automated techniques must be removed
manually. d, e A vertebral body (asterisk) is removed
using mask editing tools. f Once the STL file (represented
by the red contour) is created and edited, it should be
checked against the source image to ensure accuracy

Region Growing

When thresholding is applied to an image, it will
select all in-range pixels regardless of whether
they are in continuity with the tissue of interest or
not. Region growing tools allow for refinement of
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a threshold mask. A seed point is selected, and
only those parts of the mask in continuity with the
seed point are selected. “Floating” pixels and
non-continuous objects are thus excluded from the
segment mask. Non-continuous objects may
include sternum and ribs that share intensity values
that overlap with the blood pool on CT images.

Editing Masks

Once thresholding and region growing have been
performed, further refinement of the mask often
involves manual and semiautomated editing.
Manual segmentation at its most basic involves
using cursors of different sizes and shapes as
“paintbrushes” or “erasers” to either directly add
or remove pixels from a mask. More sophisti-
cated techniques add thresholding functions to
these cursors, i.e., unmasked pixels with intensity
within the specified range, will be added, and
masked pixels outside of the threshold range will
be removed.

Manual segmentation is often required for
very thin structures that are not recognized by
automated thresholding techniques. Such thin
structures may include the atrial septum, mem-
branous ventricular septum, valvar tissue, and
tissues surrounding areas of strong artifact such
as calcium. Limitations of spatial resolution and
partial voluming effects give these tissues inter-
mediate intensity between myocardium and
blood pool, leading to errors in segmentation. For
example, a thin portion of atrial or ventricular
septum erroneously included in the blood pool
mask will appear as a septal defect (continuity of
blood pool between left and right chambers)
upon modeling (Fig. 4.2d).

Another situation where manual segmentation
is useful arises when the blood pool mask needs
to be divided into separate anatomical regions,
such as separating pulmonary arterial from pul-
monary venous vasculature. Because of limita-
tions in spatial resolution, vessels in very close
proximity to each other will have connected
voxels, limiting the utility of region growing.
Manual removal of segmented voxels in areas of
continuity allows region growing to be applied to
separate regions.

39
Multiple Slice Edit

Manual segmentation of individual slices can be
tedious and labor-intensive, particularly on
high-resolution image sets where the area to be
edited spans multiple slices. Multiple slice edit-
ing allows single slice edits to be propagated
over multiple adjacent slices, thus reducing
editing time. Edits can be propagated without
alteration to adjacent slices, or interpolated in a
semiautomated fashion. In this feature, edits are
made manually on two non-contiguous slices,
and the software creates smart edits on the slices
in between the manually created slices.

Edit Mask in 3D

Manual segmentation can also be applied to a 3D
rendering of the segment mask, in a manner anal-
ogous to 3D sculpting. This allows for more effi-
cient cropping of complex shapes over large areas,
but in general, it is only useful for editing the outside
border of the mask rather than portions within it.

Exporting Segment Masks to CAD
Software

Once the desired mask has been created and
refined, it is exported as a 3D virtual model in an
STL file for printing or visualization. An STL file
contains a digital representation of a 3D object.
The 3D object is represented as a “mesh” com-
posed of multiple triangular faces. The mesh
solely describes the geometry of the 3D object
and does not contain information about color or
texture. The STL models produced by segmen-
tation software may be printed or visualized
as-is; however, they usually benefit from further
editing using (CAD) software. Among many
functions, CAD software allows for the follow-
ing: editing or cropping of unwanted areas of the
model, aesthetic refinement and smoothing of the
model surface, removal of imperfections in the
model surface, creation of “hollow shell”
intracardiac models, partitioning of models into
multiple pieces in order to allow visualization of
the inside of the heart, creation of hybrid models
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(b)

Fig. 4.6 Examples of uses of CAD STL editing. a STL
model of heart, thoracic vessels, and bony structures of the
chest wall. Supports have been placed to keep the sternum
attached to the model. b STL model of a heart after TGA
repair. The model has been split in two halves, which can
be separated in order to view the intracardiac anatomy

by fusing meshes created from different modali-
ties (e.g., CT and US), creation of support
structures to connect model pieces together (e.g.,
keep trachea and aorta together), and annotation
of text onto the model (Fig. 4.6).

Final STL Confirmation
Once the STL has been edited and refined, a

useful last step is to reimport the STL into the
segmentation software. The contours of the STL

mesh can be superimposed on the original image
data in order to confirm that the model is
anatomically accurate (Fig. 4.5f). The model is
now ready for 3D printing or visualization.
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Overview

Many people have only recently become familiar
with the concept of 3D printing, despite the fact
that 3D printers have been available for nearly
three decades. This fabrication method was
started by two companies in the late 1980s/early
1990s that are still the largest 3D printer com-
panies today: 3D Systems and Stratasys [1]. Each
developed different ways of additive manufac-
turing, a term that describes the principle behind
3D printing. Rather than subtracting (or cutting
away) from a block of a raw material, additive
manufacturing starts with an empty platform and
adds material layer by layer to form the printed
part. This enables more intricate geometries to be
produced than would be possible with traditional
subtractive or injection molding processes, and
without the need for custom tooling or complex
machining instructions.

Both 3D Systems and Stratasys had patents on
their respective 3D printing technologies that
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prevented competition for many years. The early
printers were cost-prohibitive and only viable for
industrial clients, with price tags over $100 K
and costly materials to match.

In the late 1990s and early 2000s, the expi-
ration of these patents and several other factors
led to a rise in 3D printing to the commercial,
and more recently, the consumer markets [2, 3].
Improved and more accessible computer-aided
design (CAD) software has allowed a wider base
of desigers to create complex 3D models quickly
and accurately—another factor that enabled 3D
printing to take a stronger hold in other markets.
The growth of the “Maker Movement”, its
open-source community, and the growth of
crowd-sourcing were especially helpful to further
their adoption and the improvements in their
design [4].

There are now many variations of 3D printing
technology available, and several of the major
3D printing technologies (Fig. 5.1) are reviewed
here. Hundreds of 3D printers in several of these
classes now fall in the under $5 K price range
and the number continue to grow [5]. These
printers are also constantly improving and are
capable of printing ever more sophisticated
models including accurate 3D models of organs
from medical imaging data. Different 3D printing
technologies hold various advantages for printing
these organs depending on the nature of the
model and the intended application. These tech-
nologies are reviewed below, followed by con-
siderations for deciding which type of printer is
appropriate for cardiac disease modeling.
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3D Printing

J. Borrello and P. Backeris
Fused Deposition Modeling (FDM)

Fused deposition modeling—also known as fused
filament fabrication (FFF) and plastic jet printing
(PJP)—was first developed in the early 1990s by
Crump [6], who went on to found the 3D printing
company Stratasys. While Stratasys still techni-
cally trademarks the abbreviation for fused
deposition modeling (FDM) over the past decade,
it has come to be ubiquitously associated with a
class of 3D printers that produce objects through
the successive layering of a thermoplastic, and we
will use that abbreviation for this chapter.

Powder
Fusion

Thermoplastics—Enabling
Technology of FDM

o
.2:
g5
£ 5
5 3
2

Thermoplastic materials are at the heart of FDM
technology. These materials are capable of being
repeatedly melted and re-solidified by the expo-
sure and removal of heat [7]. FDM takes
advantage of this property by feeding a thin
(typically 1.5-3 mm in diameter) filament of
thermoplastic into a heated nozzle (or printer
head) from which the melted plastic is then
extruded through an opening a few hundred
microns in diameter (most are 100-500 microns)
(Fig. 5.2a). Upon extrusion, the thermoplastic
material quickly returns to a solid state, which
allows FDM printers to achieve layer-resolutions
(layer heights) on the order of tens of microns.
Such a rapid transition from solid to liquid (or
semisolid) and back to solid is enabled by
keeping the temperature of the nozzle at or close
to the glass transition temperature of the material
being extruded. At this temperature, the ther-
moplastic is heated enough to flow through the
printer head of an FDM printer in a semi-liquid
manner, but also cool enough to rapidly return to
solid state temperatures once it is no longer in
direct contact with the heated extrusion
assembly.

In order to actually print with this method, the
printer head is attached to a mechanical chassis
comprised of motors that use belt and/or lead
screw systems to move the extrusion assembly in
a 3-dimensional, Cartesian system (i.e. X-, Y-,
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Fig. 5.1 The major 3D printing technologies reviewed in this chapter, organized hierarchically by enabling technology, delivery system and available materials for each system
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(a) (b)
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/

/

extruded filament

layer height ¢

Fig. 5.2 a A diagrammatic representation of the FDM
printing process, showing the extruder, print head and
print head motion, as well as the layering method used by
FMD and a schematic representation of a part that

and Z-axes). In addition to the three Cartesian
motors, a fourth motor is used to advance ther-
moplastic filament into the printer’s heated noz-
zle. Coordinated control of these four motors
(typically abbreviated as X, Y, Z, and E) by a
computer allows the printer head to rapidly move
through 3D space while continuously extruding
melted filament (Fig. 5.2a).

FDM Method of Printing
and Design/Manufacturing
Considerations

While an FDM printer head is capable of
simultaneously moving in X, Y, and Z, these
printers only print in two-dimensional layers at a
time. To produce a three-dimensional model,
FDM printers print successive layers of thermo-
plastic that can be thought of as two-dimensional
cross-sections of the whole three-dimensional
model. The first layer of an FDM print is
deposited onto the bed of the 3D printer—which
is typically made of metal, ceramic, or hard
plastic—and each successive layer is deposited
on top of the printed layer beneath it. Thus, at
any given time, an FDM 3D printer is usually

(c)

dense rectilinear infill

sparse hexagonal infill

includes overhang and supports. b, c Two examples of the
trabecular-structured infill used by FDM 3D printers.
b shows a dense, rectilinear infill pattern while ¢ shows a
sparser, hexagonal infill pattern

printing only a 2D layer on the X/Y plane for
some Z height, only briefly pausing extrusion to
advance one-step up to the next Z height to print
that layer’s 2D cross-section.

An important manufacturing contingency for
this method of successive layering requires that
the material deposited on each layer has some-
thing to rest upon beneath it, be that the printer
bed or a previous layer of material. If a signifi-
cant portion of a subsequent layer has no material
to rest upon from the previous layer, typically
referred to as “overhang,” that portion of extru-
ded thermoplastic will be unable to maintain its
intended structure and instead “droop” down-
wards. Since, by design, some 3D models must
include overhanging structural features, FDM
printers are capable of additionally printing struts
of material beneath these features for support, as
depicted by the lighter colored, vertical bars in
Fig. 5.2a. These struts, known as “supports,” can
be printed from the same material as the model
and then removed after printing using cutting
tools and brute force. They can also be printed
from a soluble thermoplastic that is deposited by
a second extruder during the print, if present,
allowing the supports to be dissolved in a par-
ticular solvent while leaving the model intact.
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FDM Output Considerations—Layers
and Infill

Overhang and supports are two of several man-
ufacturing considerations that are involved in the
determination of how to print a 3D model using
FDM (and other types of 3D printers as well).
Two other important output parameters include
the height of each layer and the amount of infill
material printed on each layer.

Layer height directly translates to the
amount of distance the Z-axis motor will move
the head upwards per cross-sectional layer of
the model. For example, a layer height of
0.2 mm means that after printing each 2D
section, the printer head will move up 0.2 mm
and then begin printing the next layer of the
model. Layer height can also be thought of—
and is often easier to translate back to a 3D
model—as the spacing between the planes that
will slice the 3D model into its respective 2D
cross-sections. As one might expect, the larger
the layer height, the lesser the printed model
can capture small changes in the profile of a
model. A 3D model with a sinusoidal profile
will be smoother when printed with a layer
height of 0.1 mm versus that same model when
printed with a layer height of 0.3 mm, since
more points along the sinusoid can be captured
if the model is printed in increasing increments
of 0.1 mm versus increasing increments of
0.3 mm. In exchange for a loss of resolution,
however, a model will take less time to print
using a larger layer height compared to that
same model on a smaller layer height, since the
printer head will have to make fewer passes in
order to complete the total height of the model.
In several other forms of 3D printing discussed
later on in this chapter, layer height is also a
printing parameter than can be adjusted for
each printing job. As is the case with FDM,
there is a degree of tradeoff between time and
model accuracy that accompanies a given layer
height.

FDM printing also provides users with the
capability to adjust how a printer will pattern
each layer of a model. Since the material from
which the model is constructed is only deposited
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from the printer head, a 3D model does not need
to be made out of solid thermoplastic. Rather, a
semi-hollow, trabecular structure (Fig. 5.2b, ¢) is
often used in FDM in order to reduce the weight
of the part and the amount of material needed to
produce it while also maintaining strength and
form. The density of that trabecular thermoplastic
structure (infill) can be adjusted by the user
depending on the function and performance of
the printed model. With the exception of the first
few and last few layers, which are printed as
solid thermoplastic, all other layers of an FDM
printed model are produced by first tracing out
the perimeter of that layer and then filling in the
space enclosed by that perimeter with an alter-
nating pattern of material and space. The most
common patterns used by FDM printers are
hexagons (Fig. 5.2c), rectangles, and parallel
lines (Fig. 5.2b), but more playful internal pat-
terns, such as cat outlines [8], can also be pro-
duced (if desired). As layer height corresponds to
model resolution, infill density corresponds,
generally, to model strength—a model printed
with an infill density of 100% (effectively solid)
will be able to withstand more mechanical stress
than that same model printed with an infill den-
sity of only 10% (90% of the internal space of the
model is empty).

FDM Materials

FDM is one of the most versatile forms of 3D
printing, with respect to materials selection.
Unlike other forms of 3D printing, which are
limited to a single class of polymeric compound,
the exclusively physical phase changes associ-
ated with FDM materials allow the technology to
make use of a wide array of materials with vastly
different properties with minimal adjustment to
the 3D printer. Fundamentally, any thermoplastic
is a candidate material for FDM (of which there
are about a dozen available) including poly-lactic
acid (PLA), acrylonitrile butadiene styrene
(ABS), polycarbonate (PC), thermoplastic ure-
thane (TPU), and polystyrene. For the purposes
of descriptive modeling where material proper-
ties are less important than model geometry, the
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laser

C))

powder
feedstock

printed model

Fig. 5.3 a A diagrammatic representation of the laser
sintering method of additive manufacturing primarily
employed for SLS. The diagram shows how the powder is
spread by a roller from a containing chamber into the
build chamber and is then selectively fused by a laser
tracing 2D cross-sections of the model. b In ColorJet
printing, or CJP, an adhesive—typically

most common materials such as ABS and PLA
will usually be sufficient.’

Final Thoughts on FDM

Although it cannot offer the high resolutions or
mechanical complexity that other 3D printing
methods can produce, FDM is advantageous for
being a relatively quick and cheap form of 3D
printing with a wide selection of materials
available for users. Within the scope of printing

't is worth pointing out that, while the elastic moduli of
many tissues in the body range from kPa in magnitude to
MPa, materials currently available for 3D printing—both
FDM and otherwise—typically range from a few dozen
MPa to several GPa in elastic modulus. As a result, the
average 3D printed part, even in the softest available
material, can be about 100-1000 times more rigid than
the tissue or organs being studied. For this reason, it is not
currently practical to expect a 3D printed model of a
soft-tissue organ to accurately mimic the mechanical
properties of the organ. Models consisting of several
different materials with different material properties can
be printed for illustrative purposes, but a truly meaningful
mechanical characterization will not be possible.
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cyanoacrylate-based—is used to glue together very fine
particles of gypsum and, recently, acrylate-based pow-
ders. Just as an inkjet printer is capable of printing color
images by combining cyan, magenta, yellow, and black—
ColorJet printers are capable of printing full-color models
by including dyes of those same colors in the adhesive
material

out models for structural reference, as is often the
case for presurgical planning, the most com-
monly available thermoplastics—primarily ABS
and PLA—are usually sufficient. In certain cases,
particularly those involving highly intricate or
complex structures, FDM may only be adequate
as a preliminary print to a model produced by
higher-resolution printing technologies (to be
discussed next), or may not be suitable at all. In
many cases, though, the output of an FDM
printer is more than sufficient to convey the
information needed by clinicians and surgeons to
inform interventional approaches and methods.

Powder-Based Printing

One of the largest and most varied 3D printing
methods works by selectively fusing very fine
particulates of material, deposited in thin layers
within a print bed (Fig. 5.3a, b). This fusion is
achieved through a variety of means, and cur-
rent methods make use of adhesives, aqueous
sugar solutions, or high-power lasers. While the
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means of fusing the powder particulates varies
widely between these technologies, the method
of depositing the layers of powder remains
similar. In all cases, the powder material is
deposited onto the print bed in thin (~ 100 pm)
layers. As each layer of powder is deposited, a
fusing agent—be it adhesive, laser, water, or
another catalyst—traces out each layer of the
model, fusing only those particles that will
make up that layer. All remaining unfused
particles act as the supporting structure for the
printed part, allowing highly complex structures
to be printed with very little need to consider
specific geometric orientations and their impact
on the manufacture of the part. Furthermore,
because this supporting powder is left unfused
and is made of the same material as the model,
it is capable of being reused by the printer once
a print is finished. As such, powder printers
include vacuum systems to recycle the material
—making this form of 3D printing among the
most efficient and sustainable, at least in terms
of material consumption.

Selective Laser Sintering (SLS)

SLS was the first powder-based 3D printing tech-
nology developed and patented in the late 1980s to
mid-1990s by Deckard and Beaman [9]. It uses a
highly focused infrared laser to sinter powder
granules together at high resolution (Fig. 5.3a).
Since it is fusing the powder together through a
sintering process, no additional binding chemicals
are required in the process. SLS materials are typ-
ically nylon or nylon composites with superior
mechanical properties over other printing methods.

ColorJet Printing (CJP)

Shortly after SLS was developed, another form
of powder printing was invented that used a very
similar method of laying down material layers,
but a disparate method of fusing those particles
together. Commonly referred to as ColorJet
printing, or CJP, this form of powder printing
was created several years after SLS. In this
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method, an adhesive—typically cyanoacrylate-
based—is used to glue together very fine parti-
cles of gypsum and, recently, acrylate-based
powders. To achieve very precise deposition of
the adhesive, standard 2D inkjet printing systems
were repurposed to print adhesive onto powder
the same way a typical inkjet would deposit ink
onto a piece of paper. Additionally, just as an
inkjet printer is capable of printing color images
by combining cyan, magenta, yellow, and black
—ColorJet printers are capable of printing
full-color models by including dyes of those
same colors in the adhesive material (Fig. 5.3b).
It is important to note, though, that only certain
file types and 3D modeling software are capable
of producing models that will properly encode
color for a ColorJet 3D printer.

Photopolymerization-Based Printers

Photopolymers are light-curable resins that are
liquid at room temperature and harden almost
instantaneously when exposed to light of a certain
intensity and wavelength (normally in the UV
range), making them ideal for applications such as
dental composites, medical adhesives, and 3D
printing. The advantage of photopolymer-based 3D
printing is primarily two-fold: higher resolution
without sacrificing speed (and in some cases being
faster) and thermoset plastics (which do not melt).
Essentially, a photopolymer is a mixture of three
components: an oligomer/monomer compound, a
cross-linker, and a photoinitiator, each component
lending a property to the final, printed material [10].
The oligomer, which is usually some form of
acrylate molecule, provides the bulk material
properties, including optical transmission, color,
and reactivity. The cross-linker provides the
mechanical structure that holds together the long
chains of polymerized molecules; varying its con-
centration in the resin mixture allows modulation
between hard and soft printed polymers. Photoini-
tiator molecules, while not directly responsible for
the properties of the printed polymer, are the com-
ponents that actually make 3D printing with these
materials possible. Incident light of the proper
wavelength band (usually in the UV spectrum) will
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cause the photoinitiator molecules to catalyze both
the lengthening of polymer chains from
oligomer/monomer precursors, as well as the per-
pendicular attachment of cross-linker molecules. Of
the three components of this “recipe,” only the
levels of photoinitiator must be kept steady to
assure the proper rate of polymerization. The levels
of oligomer and cross-linker (relative to each other)
can be adjusted to produce a polymer with variable
mechanical strength and stiffness.

SLA-Based 3D Printers

Stereolithography (SLA) is considered to be the
first 3D printing technology, developed in the
mid-1980s by Chuck Hull [11] who went on to
found 3D Systems. Despite its age, SLA is still
one of the gold standards of additive manufac-
turing and is still used today in a wide range of
printers at both consumer and industrial-grade
levels. The process works by selectively curing
successive layers of resin with a highly-focused
UV laser. There are three main components to
SLA printers: a vat of photopolymer resin, a
build platform to which the printed part adheres,
and a laser scanner (Fig. 5.4a). The build
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platform starts at the top or bottom of the vat, and
the laser emits from the opposing end. The 3D
model to be printed is sliced in software to form a
stack of cross-sections, which are scanned in
sequence by the laser. Each time a single layer is
scanned; the platform moves a distance equal to
the layer height, allowing the next layer to be
scanned and fused to the previous layer. Support
structures in the form of thin pillars, similar to
the struts in FDM printers, are added to provide
support to overhanging features in the model,
which are removed during post-processing.

One disadvantage of SLA is the inability to
combine multiple materials, which limits the
complexity of printable geometries, although it is
also known for its exceptional surface smooth-
ness compared to other 3D printing modalities.

DLP-SLA

DLP-SLA 3D printers are a new type of pho-
topolymer 3D printers that work similarly to
SLA printers but replace the laser scanning light
source with a UV lamp (using either a custom
UV-LED assembly, or by integrating an
off-the-shelf projector into the system) that
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Fig. 5.4 a There are three main components to SLA
printers: a vat of photopolymer resin, a build platform to
which the printed part adheres, and a laser scanner.
b DLP-SLA 3D printers work similarly to SLA printers
but replaced the laser scanning light source with a UV
lamp—using either a custom UV-LED assembly—or by
integrating an off-the-shelf projector into the system—that
reflects light off a DLP chip and focuses it onto the build

platform. ¢ PolyJet™ and MultiJet™ printers make use of
inkjet technology to deposit a large array of model
material and/or build material, which is then cured by a
UV lamp in order to build models layer by layer. The
primary difference between these two printing technolo-
gies is the movement of the print head and build platform,
represented by the two colors of arrows in the diagram
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directs light into a DLP module that reflects and
focuses it onto the build platform (Fig. 5.4b). In
this way, an entire layer is cured simultaneously,
increasing print speed. The DLP module contain
a chip comprised of an array of tiny mirrors,
representing the pixels of an image that are
switched on or off to create an image pattern that
can be focused onto the build platform. This
system has advantages of being lower cost, with
printers in the sub-$5 K range, but is currently
limited by its smaller build area.

Photopolymer Inkjet (PolyJet™/
MultiJet™)

Photopolymer inkjet 3D printers utilize piezo-
electric inkjet technology to dispense tiny dro-
plets of photopolymer onto a bed, creating a thin
layer that is cured after each layer is deposited.
The terms PolyJet™ (trademarked by Stratasys)
and MultiJet™ (used by 3D Systems) refer to
similar processes of depositing two materials
simultaneously: a photopolymer build material
that comprises the model and a photo-curable gel
(Stratasys) or wax (3D Systems) that acts as a
removable support material that enables diverse
and complex features to be printed (Fig. 5.4c).
The printers can print at resolutions similar to
SLA but with rougher surface finish. The addi-
tion of support material to the printed model
allows for virtually any solid volume of any
geometry to be printed, including moving
assemblies. There are a variety of build materials
that can be printed with this technology, with
some printers able to print more than one type
simultaneously, and with the ability to mix two
different resins together at controllable ratios to
provide tunable stiffness.

Considerations for Cardiac Printing

The majority of 3D printing technologies, espe-
cially those discussed here, are suitable for
printing heart models from clinical image data if
properly processed for the particular printer.
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However, depending on the purpose or applica-
tion of the printed heart, one printer technology
may be more appropriate than another may. It is
important to consider several factors when
deciding on which type of printer to purchase or
print from to create the best models for a par-
ticular application. These factors include printer
and material costs, minimum feature size, over-
hang support, speed, etc. FDM printers, although
having larger minimum feature sizes, have lower
costs for both materials and printers on average
and are capable of printing perfectly suitable
models for many presurgical planning applica-
tions. SLA, while having much smaller minimum
feature sizes and higher resolution—has higher
costs and limited ability to print complex or
extended overhanging features that may be pre-
sent in a heart model. It would, however, provide
options for optically translucent parts that may be
useful for certain applications. PolyJet™/Multi-
Jet™ printers from Stratasys or 3D Systems
preserve the feature resolution of SLA and allow
the most complex internal structures to be pro-
duced. However, the printer and material costs
are much higher, with entry-level printers starting
at 50 K and going upwards toward $500 K, and
materials costing over $300 per kg. These
printers may be necessary when printing a 1:1
scale model of a heart with small, thin features of
interest that would not be possible with SLA or
FDM.

Powder printers of the ColorJet printing
technology provide for some interesting appli-
cations where the researcher or physician may
wish to highlight any number of features on the
model in color. This could be to highlight a
surgical cut path, the anatomy of arteries and
veins, congenital defects, infarct regions, or any
other area of interest in the model that can be
colored in software prior to printing.

This overview serves only as introduction to
the wide variety of 3D printing technologies now
available. The pace by which these printers are
improving across many categories including
costs, ease-of-use, print quality, and material
options is accelerating and will enable the cre-
ation and scaling of existing and new applica-
tions of 3D printing for cardiac disease modeling.
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Introduction

Rapid prototyping of cardiac models relies upon
the acquisition and segmentation of 3-
dimensional, isotropic digital imaging and com-
munications in medicine (DICOM) source ima-
ges. Standard 2-dimensional echocardiography,
the mainstay of congenital cardiac imaging, is
not sufficient to generate these datasets. Instead,
more advanced imaging modalities, including
magnetic resonance imaging (MRI), computed
tomography (CT), and more recently, 3D
echocardiography are typically used to generate
3D printed heart models.

Utilizing these more advanced imaging
modalities can be challenging in the pediatric
population. Compared to adults, children have
faster heart rates, smaller anatomic structures,
and, depending on their developmental stage, can
have difficulty limiting their motion and sus-
pending their breathing in order to acquire ima-
ges of diagnostic quality. Sedation is often
required in younger children to avoid motion
artifact, which can be of particular risk in chil-
dren with unrepaired or partially palliated con-
genital heart disease (CHD). And exposure to
radiation during CTs or contrast agents during
MRIs and CTs remains a particular risk to
children.
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One of the most difficult decisions for the
clinician obtaining an anatomical dataset for
rapid prototyping can be weighing the benefits
and risks of these imaging modalities to choose
the most appropriate study for a given patient.
Once an imaging modality is chosen, it is equally
important to then perform the test using the most
appropriate technique to minimize the risk of
harm to the patient. This chapter outlines some of
the technical considerations and unique chal-
lenges involved in performing cardiac MRIs,
CTs, and 3D echocardiograms to create 3D heart
models in children.

Cardiovascular MRI

The use of cardiac magnetic resonance imaging
to evaluate complex congenital heart defects has
grown rapidly over the past two decades and has
increasingly supplanted the use of invasive
catheterization-based angiography [1, 2]. Its
non-invasive, radiation-free images provide not
only detailed volumetric and anatomic informa-
tion, but also functional and hemodynamic data
that may be of complementary use to surgeons
planning complex intracardiac repairs in patients
undergoing rapid prototyping. For example, in
deciding whether to pursue a single- or
two-ventricle repair, cardiac MRI can provide
data on ventricular volumes, quantify systemic
and pulmonary blood flows, and assess atri-
oventricular valve regurgitation [3]. It is MR
angiography, however, either contrast-enhanced
(CE-MRA) or non-contrast respiratory-navigated
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3D steady-state free precession (SSFP), that is
used as the source data for 3D printing.

CE-MRA is a typically non-ECG-gated,
T1-weighted sequence that is obtained after
administration of a gadolinium-based intra-
venous contrast agent [4]. Gadolinium, a para-
magnetic compound, shortens T1 relaxation time
by disrupting spin-lattice interactions between
protons, thereby enhancing the contrast between
myocardium and blood pool [5]. By imaging the
contrast-enhanced blood pool as it fills the car-
diac chambers and vessels, CE-MRA creates an
isotropic 3D dataset of the entire cardiac vascu-
lature. This DICOM dataset can then be pro-
cessed and segmented into a stereolithography
file. The entire acquisition typically lasts under
30 s, particularly when parallel imaging tech-
niques such as Array coil Spatial Sensitivity
Encoding (ASSET) or Sensitivity Encoding
(SENSE) are used [6].

Unlike CE-MRA, non-contrast volumetric
datasets can be obtained without the use of
gadolinium-based contrast using 3D SSFP,
which has been reported by some groups as a
preferred source dataset for rapid prototyping [7].
3D SSFP, a T2-weighted sequence, is ideal for
use in the pediatric population because it does
not require the use of contrast, placement of an
IV catheter, or breath-holding. It is both
ECG-gated, acquiring images during a specified
rest period of the heart (which may be in
end-systole for patients with rapid heart rates),
and respiratory-gated through the use of a navi-
gator beam that tracks diaphragm motion and
obtains images at end-expiration [4]. Preferred
spatial resolution of these sequences for 3D
printing purposes should be approximately
1.5 mm slice thickness or less.

A number of practical and safety considera-
tions must be addressed in order to obtain ade-
quate CE-MRA or 3D SSFP data for 3D cardiac
modeling, though any well-equipped pediatric
cardiac MR facility should be able to ensure that
these needs are met. 1.5 Tesla MRI scanners are
the mainstay of pediatric cardiac MR and are
available at most pediatric centers. Some centers
have begun to adopt the use of 3 Tesla (3T) MRI
for clinical scanning in children. The higher
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signal-to-noise ratio of 3T imaging and more
rapid acquisition times are ideal for contrast
angiography in young children, but increased
field inhomogeneity in 3T imaging, especially at
the high heart rates seen in children, can worsen
artifacts, particularly those related to devices [4,
8, 9]. Markl and colleagues have reported using
3T cardiac MR angiography to generate a rapid
prototype of the thoracic aorta in an adult patient,
but 3T-based 3D cardiac printing has not yet
been reported in children [10].

The process of setting up a patient in the MRI
scanner can pose unique challenges in the pedi-
atric population. MRI scanners require a cool and
low-humidity environment to function optimally,
which can make it difficult for children, particu-
larly neonates and infants, to maintain an ade-
quate body temperature. Attention must be paid
to completing the scan efficiently while moni-
toring patients for hypothermia [11]. It may also
be difficult to position ECG monitoring leads on
small children to ensure a sufficient signal. Also,
respiratory bellows may not adequately detect the
shallow breathing of infants and toddlers. Imag-
ing coils must be appropriately sized and placed
to optimize the signal-to-noise ratio over the
thorax. For small infants, cardiac coils may be
too large or heavy, and adult-sized head or knee
coils are often used instead. At the other end of
the pediatric size spectrum, it may occasionally
be difficult for obese teenagers and young adults
to comfortably fit into a standard 60 cm MRI
scanner bore, though the use of wider bore
scanners is growing among the pediatric
population.

Another major consideration in pediatric car-
diac MRI is ensuring that children can remain
motionless and comply with breath hold
instructions during long scans. Many children
under the age of 7 years or older children with
developmental delays or significant claustropho-
bia require sedation. This often involves general
endotracheal anesthesia with neuromuscular
blockade and suspending ventilation to minimize
motion and respiratory artifact, particularly dur-
ing contrast angiography, to ensure that images
are of adequate quality for 3D printing [12].
Unfortunately, in recent years, safety concerns
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have arisen about deleterious long-term effects of
general anesthesia on neurocognitive function in
the developing brain [13, 14]. More acutely,
children with congenital heart disease are at
increased risk of cardiac arrest during general
anesthesia and also have higher arrest-associated
mortality than in children without CHD [15].
One solution used in very young infants to avoid
anesthesia is the “feed and wrap” technique, in
which young infants are fed just prior to being
placed in the scanner and swaddled to induce a
deep sleep. This method is generally most suc-
cessful in infants under two months of age,
though it has been reported in infants up to
6 months old [16]. However, this technique does
not control for respiratory motion, which is not
ideal for images used in rapid prototyping.
Sedation can also be avoided in some young
school-aged children who might otherwise
require anesthesia by utilizing child life thera-
pists to help prepare patients emotionally for the
MRI scan [17]. A more recently introduced
technology using MRI-compatible audiovisual
systems to show movies for distraction has been
shown to decrease the need for sedation in chil-
dren [18].

Many children with complex CHD referred
for MRI may also have implanted devices from
previous surgeries and catheter-based interven-
tions. These may include pacemakers, implan-
table defibrillators, stents, coils, and non-cardiac
devices such as cochlear implants or orthopedic
rods. Newer pacemakers and implantable car-
dioverter defibrillators have been introduced that
are considered to be conditionally MRI safe, but
even implanted devices considered safe, i.e., not
ferromagnetic, may cause significant suscepti-
bility artifact [12].

One of the most significant considerations in
performing cardiac MR angiography for 3D
printing in children is the use of intravenous
contrast agents. Gadolinium-based contrast
agents, though considered “off-label” for pedi-
atric MRI use in the USA, have been used for
several decades now for CE-MRA. Gadolinium
contrast has also been noted to be of use in 3D
SSFP imaging, as it helps to increase blood pool
to myocardial contrast. Newer blood pool
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contrast agents that remain in the intravascular
space instead of distributing through extracellular
fluid, such a gadofosveset trisodium (Ablavar),
have been popular especially for use in small
children. These agents will remain in the blood-
stream for up to an hour of imaging, limiting the
risk of uninterpretable images [19, 20].
Gadolinium remains associated with a risk of
developing nephrogenic systemic fibrosis (NSF),
a widespread progressive tissue fibrosis seen
mostly in the skin of patients with severely
reduced renal function and a glomerular filtration
rate <30 ml/min/1.73 m? [21, 22]. Fortunately,
NSF is quite rare in the pediatric population and
has been reported fewer than 20 times in children
as of 2010 [4]. Other acute adverse events from
gadolinium such as anaphylaxis are exceedingly
rare, occurring at an approximate rate of 0.001%
[23].

Recently, new concerns have been raised
about possible neurotoxicity from repeated use of
gadolinium. Multiple reports have described the
deposition of gadolinium in the brains of patients
who had received greater than four doses of
intravenous gadolinium contrast, despite normal
renal function and an intact blood—brain barrier
[24]. This finding has been of particular concern
given that cardiac MRI typically requires double
dosing of gadolinium contrast. Other studies
have found differences in deposition by kinetic
stability of various gadolinium-based contrast
agents, with the lowest deposition in more stable
versions of gadolinium (such as gadoteridol and
gadobutrol) that may be slower to dissociate into
the bloodstream [25, 26]. Although the long-term
clinical effects of these findings are not yet well
characterized, these findings raised enough con-
cern to prompt the US Food and Drug Admin-
istration to issue a formal safety warning in 2015
advising clinicians to minimize their use of
gadolinium contrast [27].

Cardiovascular CT
With growing concerns about the neurodevel-

opmental effects of general anesthesia and
gadolinium toxicity in children undergoing
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cardiac MRI, and rapid advances in CT tech-
nology that have dramatically reduced radiation
exposure, cardiac CT has become an increasingly
popular choice for acquiring 3D datasets. Unlike
cardiac MRI, cardiac CT provides a static ana-
tomic image without incurring significant radia-
tion exposure, albeit one with superior spatial
resolution compared to MRI. Modern multide-
tector row CT scanners are capable of isotropic
submillimeter slice thickness. Advantages of CT
include the fairly short acquisition time, lack of
artifact caused by implants such as stents or coils,
clear assessment of extracardiac structures such
as the airway and lungs, and that it may be per-
formed without sedation in compliant patients.
The most important consideration in using
cardiac CT for 3D printing, particularly in pedi-
atric patients, is exposure to ionizing radiation.
Older CT scanner technology traditionally
required significant amounts of radiation, with
effective doses often upwards of 10 millisieverts
(mSv) per study [28]. By comparison, a routine
PA and lateral chest X-ray generally exposes
patients to approximately 0.1 mSv of radiation,
equivalent to about 10 days’ of exposure to
natural environmental background radiation in
the USA, or atmospheric radiation exposure from
two round-trip flights from New York to Los
Angeles [29]. Despite the significant radiation
exposure from these older scanners, utilization of
CT in the pediatric population has skyrocketed in
recent decades. In 2000, it was estimated that
children under the age of 16 years accounted for
over 11% of CT utilization in the USA, and
radiation from CTs accounted for 67% of the
pediatric population’s radiation exposure that
year [29]. This increase in radiation exposure is
of particular concern in children, who compared
to adults are inherently more radiosensitive and
also have more years of remaining life during
which a malignancy may develop [30].
Children with CHD are subjected to repeated
radiation exposures in the form, not only of
cardiac CT, but also X-rays, cardiac catheteriza-
tions, lung perfusion testing, and nuclear stress
tests. Johnson and colleagues recently reported
on cumulative radiation exposure in a cohort of
children aged six years and under at their center

A. Chelliah

who had undergone surgical repair of a major
cardiac lesion. They found even at this young
age, a median radiation exposure of 2.7 mSy,
with a range of up to nearly 77 mSv and an
estimated lifetime attributable risk of cancer of
up to 6.5% [31]. A similar study at a large CHD
center reported that over 5% of young patients
were exposed to more than 20 mSv/year of
medical radiation during treatment for cardiac
defects [32].

Fortunately, in recent years the medical
community has placed increased emphasis on
minimizing radiation in children. Efforts like
Image Gently, an international campaign funded
by multiple pediatric and radiology organiza-
tions, have promoted the radiation safety concept
of “ALARA,” or “As low as reasonably achiev-
able,” as a guiding principle in performing
pediatric imaging studies like cardiac CT [33,
34]. These efforts have been supported by rapid
developments in cardiac CT scanning in recent
years. One technique that has made a significant
contribution to the efforts of radiation dose
reduction has been the introduction of prospec-
tive ECG gating. This technique involves the
X-ray beam being turned on only during quies-
cent parts of the cardiac cycle, typically
end-diastole, though end-systole is often used in
patients with high heart rates, rather than
throughout the cardiac cycle. This technique has
been reported to reduce radiation exposure dur-
ing cardiac CT by as much as 77%, compared to
retrospective gating, without affecting image
quality [35]. Additional technologic advances,
such as use of multidetector technology, faster
gantry rotation speeds (lowering exposure time),
higher pitch (table distance traveled in one gantry
rotation), and more recently, dual-source
(“flash”) CT scanners simultaneously employ-
ing two X-ray tubes, have also impressively
decreased radiation by decreasing acquisition
time and increasing temporal resolution [36, 37].
Other techniques such as iterative reconstruction
algorithms that improve image quality in
post-processing have allowed the use of lower
X-ray beam energy (kVp) and tube current
(mA) without significantly sacrificing
quality [38]. Many groups are also aggressively

scan
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Fig. 6.1 a Segmentation of a 1-day-old infant prenatally
diagnosed with complex DORYV, uncommitted VSD,
d-malposed great vessels, and coarctation. CT was

moving to limiting scan coverage in the z-axis to
the area of interest rather than the whole heart or
chest [39]. While there is wide variation in
clinical practice and therefore in pediatric cardiac
CT dosing, many groups have reported average
radiation doses of less than 1 mSv in children
with CHD [40-42]. At our center, using a
64-slice scanner with prospective ECG gating, an
80 kVp protocol with aggressive mA reduction
and iterative reconstruction algorithms, we typi-
cally achieve 0.625 cm slice thickness images
with dose-length-products less than 15 mGy-cm
and, multiplying by a conversion factor of 0.03,

obtained with 0.2 mSv radiation dose. b 3D digital
rendering and printed cardiac model (performed using
Mimics software, Materialise NV, Plymouth, MI)

effective radiation doses of less than 0.5 mSv.
An example is shown in Fig. 6.1.

Aside from radiation, other unique considera-
tions, both risks and benefits, are involved in per-
forming cardiac CTs on pediatric patients. A major
benefit of the increased temporal resolution of car-
diac CT is that the need for sedation is minimized.
Children over the age of 3 years can usually remain
still for the brief time needed for CT acquisition.
Breath-holding may not be required for volumetric
or high-pitch scanners, though it is still needed for
imaging acquired over several heartbeats or coro-
nary artery imaging [39, 43]. At our institution, for
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3D printing purposes, we typically administer at
least moderate sedation to patients under 3 years to
avoid blurring from motion and minimize stair-step
artifact on our step-and-shoot CT scanner. In neo-
nates, in whom anatomic structures are small and
spatial resolution is important, we will consider
intubation, paralysis, and suspending ventilation to
acquire very high-quality datasets for prototyping.
Often, neonates facing the prospect of complex
surgical repair requiring 3D modeling are critically
ill and may be already intubated in the neonatal
intensive care unit.

As previously mentioned, cardiac CT does not
require the use of gadolinium, but does require
intravenous injection of iodinated contrast at doses
of about 1-2 mL/kg. Though not associated with
neurotoxicity, CT contrast can induce nephropathy
in patients with decreased renal function. This is
often a concern in children with CHD and pediatric
patients who have undergone a heart transplant.
Patients may benefit from pre-hydration and treat-
ment with protective agents like n-acetyl cysteine
[44, 45]. Contrast extravasations are rare, even
when using a power injector in a 24-gauge IV in a
neonate [46]. Risk of iodinated contrast allergy is
higher than that of gadolinium-based agents but is
typically less than 0.5% in children [47, 48]. In
patients with aortopulmonary shunts or a Fontan
palliation, it is particularly important to tailor con-
trast injection protocols to a patient’s specific anat-
omy and circulation pathways. When imaging a
patient after Fontan palliation, some groups suggest
simultaneous contrast administration through upper
and lower extremity intravenous lines to opacify the
entire pathway, though delaying imaging after
contrast injection may also achieve the same effect
[49, 50].

Other benefits of cardiac CT include its ability to
simultaneously image extracardiac structures such
as the airway and lung parenchyma with
high-spatial resolution. It is also ideal for patients
with metallic devices such as pacemakers or stents
that are either contraindicated in MRI or may cause
significant artifact. CT is optimal for critically ill
patients, who may not be stable enough to undergo
long MRI examinations [37]. The relatively high
heart rates of pediatric patients are not a significant
limitation to obtaining high-quality CT images
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unless coronary imaging is a critical component of a
3D model. If coronary imaging is needed, beta
blockers or calcium channel blockers may be
administered when indicated in order to reduce the
heart rate to less than 70, and ideally less than 60,
beats per minute to achieve adequate image quality.
Our group recently reported that using an intra-
venous phenylephrine infusion in conjunction with
these medications can further decrease heart rates
even in young children by supporting blood pres-
sure as well as causing reflex bradycardia [51].
Such low heart rates may not be safely achievable
in very young patients, however [39].

3D Echocardiography

Regardless of the increasing popularity of cardiac
MRI and CT, echocardiography remains the
first-line bedside imaging modality in children
with CHD. It is less resource-intensive, typically
does not require sedation, and does not involve
exposure to ionizing radiation or intravenous
contrast agents. Recent advances in 3D
echocardiography have improved our ability to
obtain 3D echo images in young children and
have made it increasingly possible to obtain
volumetric DICOM datasets that can be used for
rapid prototyping.

While 3D echo technology has been in use for
several decades, more advanced real-time 3D
echo systems have become commercially avail-
able in recent years, and smaller, high-frequency
3D echo probes that can be used in pediatric
patients have been introduced [52]. 3D trans-
esophageal echocardiography has also been
introduced; however, the large size of the 3D
TEE probe generally limits its use to children
weighing at least 20 kg [53]. 3D echo has been
shown to be particularly useful for delineating
atrioventricular valve morphology and function,
details of atrial and ventricular septal defects, and
complex intracardiac relationships such as the
ones often highlighted by 3D printing [54].

Obtaining high-quality 3D echocardiographic
datasets is more operator-dependent than cardiac
MRI or CT and can present some challenges in the
pediatric population. Movement artifact can pose
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Fig. 6.2 Segmentation of 3D
echocardiogram depicting a
membranous ventricular
septal defect; reproduced with
permission of the publisher
from J Am Soc Echocardiogr.
2015 Apr;28(4):392-7

an issue in young children, and sedation may be
required in some patients. Highspatial resolution
and frame rates are also needed, which can be
difficult to achieve in children with small cardiac
structures and high heart rates [54]. Using live 3D
imaging can overcome this limitation by providing
true real-time imaging, though it limits the size of
the field of view that can be acquired. Alterna-
tively, a full volume acquisition can be obtained
that provides a considerably larger imaging field
but requires imaging over multiple heartbeats and
may therefore results in “stitch artifact” from
combining information from multiple cardiac
cycles [55].

Olivieri and colleagues recently reported
successfully 3D printing accurate cardiac models
of patients with ventricular septal defect and
periprosthetic aortic valve leaks based on 3D
echocardiographic datasets [56]. The group noted
that image acquisition was optimized by using a
high-frequency 3D transducer, minimizing image
depth, acquiring images only in diastole, and
minimizing image gains to decrease blood pool
noise. They also applied noise reduction filters to
the imaging data in order to further minimize the
blood pool and emphasize anatomic details prior
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to segmentation. This technique produced
high-quality, highly accurate defect depictions
(Fig. 6.2). However, as the authors noted, their
methodology may not be as applicable to seg-
menting 3D echo images of valves and other
cardiac structures involving tissue rather than
spaces created by defects.

More recently, Vettukatil et al. have also
reported using 3D echocardiography to create 3D
printed models of atrial septal defects, as well as
cardiac models based upon hybrid 3D echo and
cross-sectional MRI or CT datasets. Their
methods are described in an earlier chapter of this
text [57, 58].

Which Imaging Modality Should Be
Used?

As technologic advances provide us with more
options for sourcing 3D datasets for rapid cardiac
prototyping, it can be difficult to choose the most
appropriate option for one’s patient. Careful
consideration must be made in order to choose
the optimal study for the patient and perform it
optimally. Patient age and size, developmental
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Table 6.1 Comparative benefits of cardiac imaging modalities used in children to create 3D heart models

Cardiac MRI Cardiac CT

« Ideal for patients who do not
require sedation and can
tolerate a 1+ h study

* Avoids radiation exposure

* Provides additional
ventricular function, volume,
and/or flow data

¢ CT contrast allergy

* Poor echocardiography
windows

* Submillimeter spatial resolution
needed (e.g., in small infants)

* Coronary artery imaging needed

* Implanted metallic devices that may
preclude or limit MRI imaging

* Only anatomic imaging needed

* Avoids general anesthesia (e.g., age
<7 years, increased risk of
anesthesia complications)

* Poor echocardiography windows

+ Patient unable to fit in MRI due to

3D Echocardiography

« Rapid, easily accessible bedside
imaging needed

* Detailed cardiac valve imaging
needed

* Renal insufficiency, contrast allergy,
or other contraindication to
intravenous contrast agents

« Avoids IV placement

» Avoids sedation and radiation

« Patient unable to fit in MRI due to
morbid obesity or claustrophobia

morbid obesity or claustrophobia

stage, clinical indication, comorbidities, available
technology, ensuring patient safety, and the
overall goals of 3D printing must be taken into
account. At our institution, for example,
low-radiation cardiac CT is preferred to maxi-
mize spatial resolution in small infants and avoid
the need for general anesthesia needed for MRI
in young children. Table 6.1 summarizes some
of the benefits and optimal uses of cardiac MRI,
CT, and 3D echocardiography, respectively, in
pediatric patients with CHD.
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Introduction

The diagnosis and management of congenital
heart defects, including septal defects, is driven
by cardiovascular imaging. As imaging advan-
ces, so does the depth of our understanding of the
subtle features of heart defects, which in turn
informs clinical management. Septal defects are
the most common type of congenital heart
defects, with a prevalence of 1/1500 live births
for atrial septal defects, 1/1000 live births for
ventricular septal defects, and 1/2500 live births
for all forms of atrioventricular septal defect
(AVSD). Within each of these three categories of
septal defect is a wide variety of defect location,
type, and size. Clinical management of these
defects is largely driven by their appearance on
imaging; thus, imaging and display of the
imaging data is of particular importance in the
management of these patients. In complex septal
defects, or septal defects associated with other
lesions, three-dimensional (3D) cardiac models
can add value, particularly when procedures will
be planned to manage the defects. The optimal
3D imaging dataset is the one that will adequate
spatial and temporal resolutions to show the
subtleties of the defect without cardiorespiratory
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motion blur, and with adequate signal intensity
differentiation between the blood pool and the
myocardium, so that the septal defects are clearly
visible and easily segmentable.

ASD

Atrial septal defects (ASD) have a prevalence of
1/1500 live births (excluding patent foramen
ovalae). There are four general types of atrial
septal defects—primum defects, secundum
defects, coronary sinus defects, and sinus veno-
sus defects [1]. In each of these types of defects,
it is imperative to note the atrial situs, pulmonary
and systemic venous anatomy, and estimate
right-sided volume overload through the assess-
ment of right atrial and right ventricular
enlargement.

Current Imaging of ASDs

Currently, the majority of imaging of the intera-
trial septum is undertaken by transthoracic
echocardiography with 3D echo acquisitions,
particularly in babies and children. Subcostal
views, in particular the subcostal short axis, will
give unparalleled views of the interatrial septum.
In the case of more complex atrial septal defects,
cardiovascular magnetic resonance (CMR) imag-
ing with contrast may be used to create a 3D
reconstruction highlighting venous connections
and often demonstrates larger defects, although
smaller central defects are sometimes poorly seen

63



L.J. Olivieri

Fig. 7.1 Photograph of a 3D model of D-transposition of
the great arteries status post-Mustard atrial switch with
pulmonary venous baffle obstruction. a View of the model
from the patient’s right side. Three right pulmonary veins
(asterisks) are seen entering the pulmonary venous atrium
posteriorly. The stenosis (arrows) sits between the dilated
posterior pulmonary venous atrium (to left) and the much

using CMR [2]. In adults, 3D transesophageal
echocardiogram is frequently used for the
assessment of the interatrial septum and venous
structures, although this does require sedation.
Other imaging modalities, such as CMR or
multi-detector cardiac computed tomography
(MD-CCT), can make beautiful 3D reconstruc-
tions of the heart, highlighting both the ASD and
any associated anomalies [3]. Finally, in both
children and adults, intracardiac echocardiogra-
phy (ICE) or transesophageal echo with 3D
imaging are frequently utilized to confirm atrial
septal defect anatomy and guide device closure
during a procedure in the cardiac catheterization
laboratory [4].

Value Added by 3D Cardiac Model
of ASD

Uncomplicated secundum atrial septal defects
rarely require additional imaging prior to man-
agement decisions. Before undertaking manage-
ment of unusual types of septal defects, however,
more advanced imaging can be useful. Such
defects include common atrium with heterotaxy
syndrome and venous anomalies, atrial septal

larger anterior atrial chamber (to right). b View of the
stenotic orifice (arrows) as seen through a cutaway in the
anterior atrial wall. The 3 right pulmonary veins (as-
terisks) can be seen entering the posterior atrial chamber.
¢ View of the stent in the stenotic orifice as seen through a
cutaway in the anterior atrial wall. Adapted with permis-
sion from International Journal of Cardiology

defects that involve more than one portion of the
interatrial septum, post-surgical septal defects
such as Mustard/Senning baffle leaks [5] or lat-
eral tunnel Fontan baffle leaks. In patients with
these types of septal defects, a 3D model can be
extremely helpful in visualizing complex 3D
relationships of the defect to its surrounding
structures (see Fig. 7.1).

ASD Model Creation
and Post-processing

In such cases, where 3D models will be created
to guide the management of complex atrial septal
defects, source images for the model may come
from any of the three imaging modalities; 3D
echo, cardiac magnetic resonance or cardiac
computed tomography. For source images
derived from 3D echo, the goal is to set the field
of view as large as possible to mitigate disori-
entation from a narrow imaging field. Setting the
gains to create little noise in the blood pool helps
to make post-processing of the model easier.
Obtaining late systolic or early diastolic imaging
datasets is best, so that the defect is viewed when
the atria and the interatrial septum are at their
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Fig. 7.2 Digital 3D cardiac model of a moderate,
retroaortic secundum atrial septal defect derived from
multi-detector cardiac computed tomography (MD-CCT)
data. a shows an anterior—posterior view, b shows a
superior—inferior view, looking into the atria from above.

largest. Finally, if an interventional procedure is
being planned, the model may need to show
systemic venous connections, so that an
approach to the defect can be fully visualized. If
a complex surgical procedure is being planned,
again, the pulmonary and systemic veins should
be segmented and included in the model.

For source images derived from CT or MR,
these datasets should be segmented, paying par-
ticular attention to the region of the septal defect
(see Fig. 7.2). Typically, a segmentation of the
blood pool is created, and then the inside is
subtracted so that a thin (1-2 mm) layer at the
blood pool-myocardial border is left for optimal
display of the defect. Again, systemic and pul-
monary venous information should be included
in the model whenever relevant to the repair.

VSD

Ventricular septal defects (VSDs) are the most
common congenital heart defects, with a preva-
lence of 1/700 live births for muscular defects to
1/1300 live births for perimembranous defects
[1]. There are generally four types of VSDs
according to the Society of Thoracic Surgeons
(STS) classification—muscular, perimembra-
nous, inlet-type (or atrioventricular canal VSDs),

Anterior

W — .

—

In this case, a model was created to help guide
decision-making about the appropriateness of device
closure with minimal retroaortic septal rim. ASD atrial
septal defect, RA right atrium, RV right ventricle, LA left
atrium, LV left ventricle

and outlet-type (or conoseptal hypoplasia/
supracristal defects) [6]. VSDs can also be
associated with a malaligned conal septum and
are frequently seen in conjunction with
conotruncal defects, such as double outlet right
ventricular or transposition of the great arteries.
For the purposes of this chapter, we will consider
isolated VSDs and allow for discussion of more
complex defects in other chapters.

Current Imaging of VSD

Similar to ASDs, the majority of imaging of
uncomplicated VSDs is currently carried out by
transthoracic echocardiogram in children with
both 2D and 3D imaging [7]. Occasionally, CMR
may be used to create a 3D reconstruction, par-
ticularly if an intervention is being planned in the
management of the defect, or if views are limited
from the transthoracic echo [8]. Finally, when
multiple or complex defects are seen, MD-CCT
is occasionally used in adults to delineate VSDs,
particularly in post-myocardial infarction defects
where patients may be too sick to undergo CMR
or transesophageal echocardiography. In each of
these defects, it is important to note the extent of
the defect and which regions of the interven-
tricular septum are involved.
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Value Added by 3D Cardiac Model
of VSD

Uncomplicated perimembranous VSDs rarely
require additional imaging beyond standard
transthoracic echocardiography prior to man-
agement decision-making. However, before
undertaking the management of unusual types of
VSDs such as large or multiple muscular defects,
malalignment VSDs, or post-infarction VSDs
[9], a 3D model can be helpful in visualizing

complex anatomic relationships of the defect to
its surrounding structures (Figs. 7.3 and 7.4).

VSD Model Creation
and Post-processing

In cases where 3D models will be useful to guide
management of complex ventricular septal
defects, source images for the model may come
from any of the three modalities. For source

Fig. 7.3 Digital 3D cardiac model of a perimembranous
ventricular septal defect derived from 3D echo data from a
5-month-old infant. a is a view from the right ventricular
side of the dataset, with the VSD indicated by a white

arrow. b is a view from the left ventricular side of the
dataset. The VSD is indicated by the white arrow. RA
right atrium, RV right ventricle, LA left atrium, LV left
ventricle

Fig. 7.4 Digital 3D cardiac model of a post-infarction
ventricular septal defect derived from multi-detector
cardiac computed tomography data. The VSD in this
case is located very inferiorly within the basal portion of

the interventricular septum. a is a view from the “four
chamber view,” with the VSD indicated by a black arrow.
b is a view from the “two chamber view.” LA left atrium,
LV left ventricle, LAA left atrial appendage
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images derived from 3D echo, the margins of the
defect should be completely within the field of
view of the echo probe as well as major associ-
ated structures such as the septal leaflet of the
tricuspid valve and the right ventricular moder-
ator band [10]. Adjusting gains to minimize
blood pool noise is helpful in post-processing the
images for segmentation. Finally, obtaining
end-diastolic imaging datasets will show the
defect in its full size, without distortion during
systole. If an interventional procedure is being
planned, the model may need to show the mod-
erator band, septal band, and the tricuspid and
aortic valves, so that device placement can be
planned to minimize the risk of valve disruption
and conduction problems. If a complex surgical
procedure is being planned, the pulmonary and
systemic outflows should be segmented and
included in the model.

Models derived from CT or MR
images favor an approach where the blood pool
is segmented and expanded circumferentially,
following by a subtraction of the blood pool so
that a thin (1-2 mm) layer at the blood pool—
myocardial border is left for optimal display of
the defect, and associated structures. Systemic
and pulmonary outflow information should be
included in the model whenever relevant to the
repair.

source

AVSD

Atrioventricular septal defect (AVSD) or AV
canal defects are a rarer type of septal defect with
a prevalence of 1/2500 live births. Embryologi-
cally, this lesion is comprised of a primum-type
atrial septal defect, an inlet-type ventricular
septal defect, with a common atrioventricular
valve. There is a spectrum of severity of these
defects, ranging from a partial AVSD which
consists of a large primum ASD with a cleft
mitral valve to a transitional AVSD with a pri-
mum ASD with a common atrioventricular valve,
and either an intact or nearly intact ventricular
septum [1]. AVSD can be associated with other
congenital heart defects, such as tetralogy of
Fallot or pulmonary venous anomalies. They can
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also be unbalanced, where the atrioventricular
valve directs the flow preferentially into one
ventricle as compared to the other. Finally, the
common atrioventricular valve can be poorly
formed and dysfunctional, causing a significantly
increased volume load on the heart. All forms of
AVSD generally require operative repair, and the
timing of repair is usually in early childhood,
depending on the growth and overall well-being
of the child.

Current Imaging of AVSD

Currently, the majority of imaging of uncompli-
cated AVSD is by transthoracic echocardiogram
in children, with both 2D and 3D imaging [7].
Occasionally, CMR or MD-CCT may be used to
create a 3D reconstruction, particularly if there is
concern about unbalance of the valve. However,
it is difficult to visualize AV valve leaflets on
CMR, so if there is a concern about the anatomy
of the valve itself, this would not be a recom-
mended imaging modality from which to seg-
ment the valve.

Value Added by 3D Cardiac Model
of AVSD

Straightforward AVSDs rarely require imaging
beyond transthoracic echocardiogram prior to
undertaking surgical repair. However, before
undertaking the management of unbalanced
AVSD, AVSD with a common valve that leaks a
significant amount, or AVSD with complex
venous anomalies, a 3D model may be helpful in
visualizing the relationship of the atrioventricular
valve to the interatrial septum and interventric-
ular septum.

AVSD Model Creation
and Post-processing

In cases, where 3D models will be created to
guide the management of AVSD, source images
for the model may come from any of the three
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modalities. For source images derived from 3D
echo, the most important information to focus on
will be the atrioventricular valve itself. Turning
gains down to show the valve leaflets and sub-
valvar apparatus will aid the segmentation pro-
cess. Ideally, segmenting the valve en face, from
the surgeon’s view, will be the most helpful to
surgeons looking to repair a common valve as
part of an AVSD repair. Obtaining early systolic
imaging datasets will show any clefts or coap-
tation defects in the atrioventricular valve and
will still allow visualization of the relationship of
the valve to the ASD and VSD. For models
derived from CT source images, it may be useful
to consider segmenting lower signal intensity
structures (myocardium and papillary muscles) to
achieve a targeted segmentation of the atrioven-
tricular valve. To segment the AV valves, 3D
echo is the best type of imaging dataset given the
blood pool-valve leaflet difference in signal
intensity.
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Definition

Tetralogy of Fallot (TOF) is a defect of the heart
with four characteristic components: (1) a stenosed,
obstructed, or atretic pulmonary artery; (2) an
overriding aorta; (3) a ventricular septal defect
(VSD); and (4) a hypertrophied right ventricle [1].
Additional malformations can complicate this
lesion, including highly stenotic, hypoplastic, dis-
continuous, or absent pulmonary arteries. The
obstructed pulmonary artery can lead to the
dependence on the patent ductus arteriosus and/or
major aortopulmonary collateral arteries (MAP-
CAs) to ensure pulmonary flow to the lungs [1, 2].

Description

TOF is one of the most common cyanotic con-
genital heart diseases (CHDs) with an incidence
of 28 per every 100,000 live births and accounts
for 2.6% of all CHDs [3]. MAPCAs are present
in 30-65% of patients with TOF with pulmonary
atresia and provide partial or complete pul-
monary blood flow [1, 4]. Common variations of
TOF/MAPCA include pulmonary atresia in 7%
of patients [1, 5] and a common origin of the left
anterior descending and right coronary arteries
arising from the right sinus of Valsalva [1, 6].
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Additional VSDs can be present in up to 5% of
TOF patients, further complicating interventional
or surgical repair [2, 7].

In TOF with pulmonary atresia, it is common
for pulmonary blood flow to be diverted through
MAPCAs instead of native pulmonary arteries.
These MAPCAs lead to further stenosis or lack
of growth of native vessels by circumventing
blood flow through the native pulmonary arter-
ies. Current literature supports embolization and
removal of these vessels if there is competitive or
dual supply in order to stimulate the development
of the patient’s native pulmonary vessels [1, 2,
8—10]. To help in their evaluation, 3D recon-
struction and 3D-printed models can be used to
differentiate the native and collateral vessels by
locating vessel origin and destination (Fig. 8.1).

We will not review the various methods (and
controversies) of unifocalization, one-stage or
multistage approach, or the benefits/deficits of a
transatrial or transventricular approach as a better
option for repair. This chapter will investigate the
role of 3D modeling and 3D printing as a means to
support an institutions’ approach to TOF/MAPCA
repair.

Current Imaging Modalities

Overview

For diagnostic evaluation, 3D modeling, and
presurgical planning, accurate clinical images are
important to understanding the cardiac mor-
phology of patients with TOF and MAPCAs.

69
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Fig. 8.1 a CCA illustrating MAPCAs in situ. b Axial
CT image illustrating overriding aorta, hypertrophied
right ventricle, and MAPCAs. ¢ 2D echo illustrating
overriding aorta. d 3D reconstruction of CT dataset from a
posterior angle. MAPCAs are colored various shades of

Here, we discuss the different common imaging
modalities as they relate to 3D modeling and 3D
printing of TOF/MAPCA anatomy.

2D and 3D Echocardiography

Two-dimensional (2D) echocardiogram (echo) is
typically sufficient in defining most structures
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green; see Table 8.1 for full color explanation. Cardiac
catheterization angiography (CCA), major aortopul-
monary collateral arteries (MAPCAs), computed tomog-
raphy (CT), three-dimensional (3D)

important for surgical repair of TOF. Echo is
particularly well suited to noninvasively locate
and define the shape of the anterior malalignment
VSD and any additional VSDs. Noting the size
and location of these VSDs can be important to
surgical success [11]. It is also useful to note the
presence of an anomalous left anterior descend-
ing from the right coronary artery across the
infundibulum of the right ventricle for
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preoperative planning of a ventriculotomy. Due
to the relatively small diameter of pulmonary
vessels and MAPCAs, 2D echo may not be an
ideal tool for observing the size, course, and
tortuosity of the collateral vessels, especially
when they course through the parenchyma.

With regard to 3D printing, 2D echo is largely
insufficient and lacks significant image process-
ing algorithms needed for anatomical recon-
struction. 3D echo provides opportunities for
reconstructing TOF anatomy, although it too has
its limitations. Similar to 2D echo, 3D echo can
accurately capture large defects such as the
malaligned VSD and may illustrate eccentricity
of pulmonary stenosis, but discontinuous vessels
in the lung’s parenchyma may be lost. In addi-
tion, the field of view for 3D echo is insufficient
in capturing the entire cardiac anatomy, and its
low signal-to-noise ratio for small structures,
pulmonary vessels, and MAPCAs make it less
appealing for anatomical reconstruction and 3D
printing. However, a multimodal approach where
3D echo data is coregistered with computed
tomography (CT) or magnetic resonance
(MR) angiography dataset holds some promise of
bringing 3D echo’s strengths to clinical 3D
printing [12]. In fact, the shape and location of
the malaligned VSD may best be described by
this multimodality approach to 3D printing.
Additional image processing technology will
need to be developed to improve the
signal-to-noise ratio of 3D echo in addition to
improve coregistering techniques with other
image modalities.

Cardiac Catheterization Angiography

Traditionally, cardiac catheterization angiogra-
phy (CCA) is considered the gold standard for
the identification of muscular VSDs, true pul-
monary arteries, and MAPCAs in TOF/MAPCA
patients. CCA procedures are well suited for
identifying MAPCAs and their paths, especially
in hemodynamically complex cases such as in
the presence of aortopulmonary shunts [13]. This
is in part due to the interventionalists’ control of

where and how much contrast is deployed during
the procedure.

Although certainly useful for defining the
morphology of a TOF lesion or identifying
MAPCAs, CCA has drawbacks in regard to
patient safety. While minimally invasive, CCA
does have inherent risks associated with any
catheterization procedure including bleeding,
arrhythmia, vessel damage, and infections [14].
In addition, CCA procedures involve radiation
exposure and serial investigations can exacerbate
the radiation dose [13, 15, 16]. Median effective
radiation doses in comparative studies showed an
increase of 1400% from CCA as compared to CT
with some simulations putting potential dose
increases as high as 7100% greater than minimal
radiation CT [13, 17-19]. Further, compounding
the issue of radiation exposure is the lowered
rates of mortality for the TOF population [20,
21]. While surgical and interventional procedures
are enabling longer lives for patients with TOF,
higher accumulative radiation exposure may lead
to secondary complications.

Direct 3D modeling or 3D printing solely
from CCA images is a challenge due to the 2D
image acquisition. Multiple perspectives or
rotational techniques in conjunction with image
processing would be needed to create a 3D print.
However, these techniques are seldom used due
to lack of spatial (volumetric) resolution, that is,
resolution defining a volumetric feature. CCA
images can be used to compliment the segmen-
tation and anatomical reconstruction of CT or
MR images as they provide supplementary
information regarding the morphology and
course of the MAPCAs and other key TOF
structures.

Computed Tomography

CT has traditionally been used as a support tool
for CCA as it can help to identify the number and
location of MAPCAs [22]. The intended utility is
to reduce the amount of time under CCA, thereby
decreasing radiation exposure. CT also allows
visualization of the pulmonary parenchymal
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anatomy. Emerging CT technologies have
enhanced the acquisition of images so that they
offer clarity comparable to CCA. In fact, studies
support that CT is as accurate for MAPCA
measurement as traditional CCA-based measur-
ing schemes [13]. In the past, the decision of
whether to perform a complete, two-ventricle
repair with closure of the VSD was based on
linear measurements of the pulmonary arteries
from CCA. These metrics are known as the
Nakata (pulmonary artery) index and the
McGoon ratio [23, 24]. CT and MR imaging
afford the capabilities to reassess these criteria
with volumetric measurements of the pulmonary
arteries. The volumetric nature of CT images
yields well to the creation of 3D models
(Fig. 8.1). These CT-based models are well
described in the literature [25, 26].

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is presently
in a state of rapid advancement and evolution.
Current generation technologies can provide an
enormous amount of both structural and func-
tional information. Volumetric 3D MR angiog-
raphy can be used to identify key structures such
as the pulmonary arteries and MAPCAs as
accurately as CT methods [15, 27]. However,
current MR technologies do not have the spatial
resolution offered by CT, resulting in a loss of
fidelity of minute structures. MR angiography
has made great strides in the recent past and may
soon overcome CT technologies with regard to
volumetric datasets. In addition, less contraindi-
cations for MR angiography and the lack of
radiation make MR angiography an appealing
alternative for TOF/MAPCA diagnosis and sur-
gical planning.

3D Modeling and Printing

Overview

3D visualization and 3D printing are well suited
to aid in the understanding of morphologically
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complex CHD lesions. Anatomic reconstruction
and visualization begin with image acquisition.
For the remainder of the chapter, we will focus
on current and emerging technologies and how
they impact TOF/MAPCA evaluation and
surgical/interventional planning.

3D Reconstruction

Following image acquisition, medical images are
brought into a medical image software suite
featuring segmentation tools. Segmentation is the
image processing technique where an image, or
image dataset in the case of volumetric patient
data, is separated into discrete parts (Fig. 8.2).
Segmentation is performed largely based on two
concepts: discontinuity and/or similarity of
intensity values. In discontinuity segmentation,
an image is partitioned based on abrupt changes
in intensity, such as edges in an image [28]. In
similarity segmentation, an image is partitioned
based on intensity criteria such as thresholding,
region growing, and Boolean operations [28].

Specific challenges to TOF reconstruction
include segmentation of all distal pulmonary
vessels and MAPCAs. As MAPCAs typically
travel through the lung parenchyma, CT or MR
identification can be difficult. Even in cases
where MAPCAs are identifiable, pixel intensity
value for these vessels may be effectively similar
to the intensity value of soft tissue. Global
thresholding techniques are not as useful as local
thresholding techniques or more advanced image
processing techniques such as marching boxes.

Care should be taken in the reconstruction of
the pulmonary arteries, pulmonary veins, MAP-
CAs, right ventricular outflow tract (RVOT), and
the coronary arteries. An aberrant origin of the
left anterior descending coronary artery from the
right coronary sinus in TOF is ideal to model in
cases for surgical preparation. Surgical inter-
ventions such as the creation of a right ventricle
to pulmonary artery conduit may compress the
aberrant coronary artery that crosses the RVOT.
A 3D model can accurately display the course of
these coronaries and their relationships to sur-
rounding, critical structures.
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()

(b)

(d)

Fig. 8.2 a Segmented mask (multicolor) of the cardiac blood volume. b Polygonal reconstruction from the blood
volume mask. ¢, d Full colored 3D reconstruction from CT dataset. Computed tomography (CT)

Fused Filament Modeling

Fused filament modeling (FFF), also commonly
known as the trademarked fused deposition
modeling (FDM, Stratasys), is currently the most
cost effective form of 3D printing. FFF 3D
printers can currently be purchased under $300 at
consumer electronic stores. This 3D printing
technology entails the use of a plastic filament
that is heated past its glass transition temperature

and extruded onto a build platform. The 3D
printer extrudes each layer of the intended model
with the near-molten plastic. Common materials
for this process include acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), and nylon
[29, 30]. Material properties for this 3D printing
technology include high durability and low
elasticity. Advantages in using this technique
include low cost for printer and materials, dura-
bility, and post processing applications.
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Limitations of this technology include compara-
tively low-resolution capabilities, limited color
palette, and limited non-rigid options.

While FFF technology may be more afford-
able than other printing methods, its printing
resolution limitations and support generation
make the technology less than ideal when 3D
modeling TOF/MAPCA and its small, delicate
features. Due to these limitations, we recommend
utilizing FFF technology for macrostructures
such as the shape of the overriding aorta or the
hypertrophied right ventricle.

Powder Bed/Inkjet Printing

Inkjet printing technology entails the use of a
binding agent ejected through a printhead onto a
bed of powder media such as gypsum or acrylic.
Depending on the technology, the binding agent
acts either as an adhesive, forming a resin, or as a
plastic binding agent, fusing the plastic powder
media. A 3D object is printed through the many
depositions of this binding agent onto the powder

bed until the object is complete [29, 30]. Until
recently, inkjet printing was the only method of
achieving full color 3D prints.

The role of color in informing clinicians and
the patient’s family about a patient’s CHD can-
not be understated. In an educational environ-
ment, the utility of color-coded 3D-printed heart
models led to statistically significant higher
responses to questions probing CHD lesions and
morphology (Table 8.1) [26]. The application of
color can also assist clinicians in evaluating and
differentiating the heart’s true pulmonary arteries
from MAPCAs. In addition, serial CT or MR
studies in conjunction with color 3D prints can
enable a clinician to designate pulmonary vessels
with unique colors (Fig. 8.3). The unique colors
of an earlier time point when compared to a later
time point may aid in understanding the devel-
opment of the patient’s true pulmonary arteries.

Inkjet technology is now largely considered a
prosumer class 3D print technology, with printers
starting at $35,000. As such, this technology is
attractive to community hospitals and hospitals
looking to start a pilot 3D print program. Deficits

Table 8.1 Color-coding scheme for 3D-printed blood volumes as developed by Richardson et al. [26]

Anatomical Structure(s) Color
Aorta Red
Left Atrium Fuchsia
Left Ventricle Light Red
Pulmonary Arteries Blue
Right Atrium & Vena Cava Turquoise
Right Ventricle Lavender
MAPCAs Green(s)
Coronaries Light Orange
Conduit White
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(a)

(b)

Fig. 8.3 a 3D print of TOF/MAPCAs (>5) and pul-
monary atresia patient at one day of life 1. b 3D print of
same patient at a year follow-up following the placement
of central aortopulmonary shunt. Note focal left

of this technology are largely due to the build
material. Gypsum-based inkjet technology pro-
duces brittle models. The lack of durability is
especially notable in unsupported and delicate
structures such as the pulmonary vessels, coro-
nary arteries, and MAPCAs. Newer generation
inkjet technologies utilize more durable materials
such as an acrylic-based powder media. These
technologies greatly increase the tensile strength
of the material as well as lower its elastic mod-
ulus, further increasing the models’ overall
durability.

Stereolithography

Stereolithography (SLA) is a 3D process where
an ultraviolet light source selectively illuminates
a vat of photopolymer resin. Wherever the resin
is exposed to the UV light, the material solidifies
and forms a layer of the intended 3D object [29,
30]. This process is repeated for each layer until
the 3D object is complete.

pulmonary artery stenosis and only 2 residual MAPCAs.
Tetralogy of Fallot (TOF), major aortopulmonary collat-
eral arteries (MAPCAs), three-dimensional (3D)

SLA’s strengths include its high-resolution
capabilities in addition to unique material prop-
erties such as transparency. SLA technology can
accurately represent the complex morphology of
a TOF/MAPCA patient. Support media may
need to be generated to aid in the printing of
delicate features, but these support structures can
be removed in a postprocessing step.

Limitations of this technology include the
inability to print in multiple colors (except
through novel processes of overcuring parts of
the resin). The printing material used for SLA,
while unique, also has some drawbacks. Over
time, ultraviolet exposure to these 3D prints
causes breakdown of the model. Long-term
exposure will either embrittle or deform the
model, negating its patient specificity and accu-
racy. While the accuracy and unique material
properties still make this technology attractive
for the creation of patient-specific models, it may
be a challenge for many institutions to adopt due
to the higher National Fire Protection Associa-
tion’s health ratings for the resin material.
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Jet Photopolymerization

Jet photopolymerization (3DJP) is very similar to
SLA technology in that an ultraviolet-sensitive
resin is used to construct a 3D model. 3DJP uti-
lizes printheads to jet the photosensitive material
onto a build platform and subsequently cure the
printed media [29, 30]. This higher level of con-
trol allows for discrete printheads to contribute to
the printing process, thus enabling multicolor
media. In addition, 3DJP enables a wider array of
material properties such as rigid, flexible, opaque,
and translucent media in the same print.

For the evaluation and planning of
TOF/MAPCA repair, a multicolor model with
flexible vessel walls can enable a surgeon to
practice an entire repair prior to entering the
surgical suite. This enhanced form of surgical
simulation is well described in current literature
and can be easily translated to TOF/MAPCA
technology. Drawbacks of this technology
include its high cost. The printers utilizing the
multicolor and multimaterial media currently
range from $150,000 to $350,000. Until 3D
printing can be reimbursed through insurance
companies, the acquisition of this technology
may be prohibitive for many midsized and
smaller hospitals.

Case Studies
Case Study 1

A patient with TOF with pulmonary atresia was
prenatally diagnosed. Cardiac CT at 1 day of age
revealed dual pulmonary blood supply to the
lungs, confirming the presence of MAPCAs. The
native pulmonary arteries were hypoplastic but
confluent and appeared distributed to all major
lung segments. 3D reconstruction and 3D printing
were performed to illustrate the anatomic location
of the aortopulmonary collaterals, including those
with dual supply (Fig. 8.3). The imaging and 3D
reconstructions were used to guide successful
placement of a central aortopulmonary shunt and
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used as a map for subsequent embolization of
redundant collateral vessels. Additionally, the 3D
print model was available in the cardiac intensive
care unit, presurgical conference, the operating
room, and the cardiac catheterization laboratory
during percutaneous coiling of aortopulmonary
collaterals. =~ This  process helped focus
catheter-based intervention and reduced the
amount of fluoroscopy time and contrast exposure.
The central, confluent pulmonary arteries grew,
and the patient underwent central shunt takedown
and complete repair.

This case illustrates that 3D printing of CT
datasets may provide significant advantages in
preoperative and preprocedural planning. It is the
impression of the interventionalist and the med-
ical team that the 3D model facilitated reduction
in cumulative radiation exposure, fluoroscopy
time, and cardiopulmonary bypass time. The 3D
print was also used as a didactic tool in
explaining to the patients’ parents about the
congenital lesion and surgery prior to operation.
A year following the surgical repair, the patient
received a follow-up CT scan. Again, the CT
scan was reconstructed for the interventional
team for angioplasty of stenotic pulmonary
arteries. The interventionalists compared the new
3D print with the previous 3D print in order to
isolate and embolize all dual-supply MAPCAs
and therefore enable the growth of the native
pulmonary arteries.

Case Study 2

A cyanotic patient was diagnosed at birth with
TOF/MAPCAs featuring a diminutive, patent
RVOT and confluent pulmonary arteries. Initially,
the decision was made to create a right ventricular to
pulmonary artery conduit. A cardiac CT was
acquired of the patient, which revealed an anoma-
lous coronary artery. Subsequently, a 3D recon-
struction and 3D print were completed and
delivered to the surgical team during consultation
(Fig. 8.4). Due to the course of the coronary and the
surrounding outflow tract, central shunt placement
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(a)

(b)

Fig. 8.4 a Anterior perspective on TOF/MAPCAs
patient with anomalous left anterior descending coronary
artery from the right coronary artery. b Posterior perspec-
tive of the same patient, illustrating tortuous MAPCAs

with distal connections to native pulmonary arteries (dual
supply). Tetralogy of Fallot (TOF) and major aortopul-
monary collateral arteries (MAPCAs)

(a)

(b)

Fig. 8.5 a, b Initial 3D print following the placement of a central aortopulmonary shunt. Note focal left pulmonary

artery stenosis. Three-dimensional (3D)
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and coil occlusion of MAPCAs with dual supply
were chosen as initial palliations. Full repair was
delayed due to the complexity of the RVOT.

Case Study 3

A one-month-old female was referred from an
outside institution for management of TOF with
MAPCAs and severely hypoplastic native pul-
monary arteries. Serial cardiac CT studies with
3D reconstruction and printing were performed
(Fig. 8.5). The information gained from the 3D
print along with CCA and surgery allowed
embolization of MAPCAs with dual supply and
therefore significant growth of native PAs. The
patient has residual branch right pulmonary
artery stenosis and focal left pulmonary artery
stenosis awaiting reintervention. The left pul-
monary artery has grown significantly more than
the right pulmonary artery and is compressing
the left bronchus causing intermittent respiratory
issues. Further CT studies and 3D printing will
be utilized to assess the development of the
native pulmonary vessels prior to surgical
intervention.
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Conclusions

TOF and MAPCAs with pulmonary atresia are
one of the most severe forms of TOF and chal-
lenging for surgeons and interventionalists.
MAPCAs are highly variable with unpredictable
morphologies. The diverse nature of this cardiac
disease is difficult to image with echo and CCA
alone. Cardiac CT and MRI with 3D visualiza-
tion and segmentation allow for clearer definition
of vascular and surrounding structures and help
differentiate native pulmonary arteries from
MAPCAs. 3D printing is an emerging technol-
ogy that offers potentially improved personalized
strategies for patients with TOF/MAPCAs. Dif-
ferent 3D printing technologies have advantages
and disadvantages when it comes to surgical
planning aids (Table 8.2). Some technologies
such as FFF and SLA with lower cost may be
better suited for medical education or family
consultation where absolute accuracy is not as
necessary. Inkjet technologies effectively balance
cost and accuracy although they often require
additional personnel for postprocessing. 3DJP,
while the most expensive technology, yields the
greatest accuracy and can achieve the widest

Table 8.2 Summary of technological capabilities and their advantages/disadvantages with regard to 3D printing for

TOF/MAPCA surgical and interventional planning
Technology Potential advantages

Fused filament
modeling

« Inexpensive

Inkjet printing « Full color

 Support material enables complex features

* Able to capture macrostructures in TOF

Potential disadvantages

» Technological constraints for small
structures and vessels

» Limitations on printing complex features
such as MAPCAs

* Brittle
* Limited to rigid materials

« Safety concerns for materials

» Expensive

Stereolithography < Inexpensive desktop versions are available
 Able to render complex features
« Wider material choices such as transparent media
Jet * Multicolor
polymerization « Material with variable flexibility

« Able to practice surgical scenarios such as

unifocalization of MAPCAs

Tetralogy of Fallot (TOF), major aortopulmonary collateral arteries (MAPCAs), and three-dimensional (3D)
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range of material properties. Emerging tech-
nologies may supplant current processes with
respect to accuracy, material properties, and even
cost. No matter the technology used, 3D printing
has significant utility in assisting surgical and
interventional planning and may lead to better
outcomes, with reduced morbidity and mortality
as is being investigated in coming clinical trials.
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Double Outlet Right Ventricle
Definition

Double outlet right ventricle (DORV) falls under
the umbrella of congenital heart defects known
as conotruncal defects [1]. The conotruncus
refers to the segment of the cardiac tube in
embryonic development that forms the conus, the
space beneath the semilunar valves, and the great
arteries. Aberration in conotruncal development
results in anomalies involving ventricular out-
flow tracts and the great arteries. Examples of
conotruncal defects include DORYV, transposition
of the great arteries, and truncus arteriosus.

Variations in Anatomy

As the name suggests, DORV consists of both
“outlets” or great arteries arising from the right
ventricle. The anatomic variations of DORV can
be classified in a number of different ways.
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Categorization by the position of the ventricular
septal defect (VSD) in relation to the great
arteries results in four descriptive groups:
subaortic, subpulmonary, doubly committed, or
remote. DORV with subaortic VSD is the most
common variant and results in left ventricular
blood being directed primarily to the aorta
resulting in physiology similar to that of patients
with a VSD and associated pulmonary overcir-
culation. An additional component of pulmonary
stenosis in this group results in physiology that
resembles patients with tetralogy of Fallot and
associated restrictive pulmonary blood flow.
When the VSD is closer to the pulmonary valve,
oxygenated blood is directed from the left ven-
tricle to the pulmonary artery leading to a phys-
iology much like transposition of the great
arteries with cyanosis. When the VSD is either
related to both (doubly committed) or neither
great arteries (remote), the clinical picture can be
anywhere in between these scenarios.

In planning surgical repair for a DORYV, it
must be determined whether a patient is a can-
didate for biventricular repair or will be unable to
sustain a two-ventricle circulation, thereby
requiring a single-ventricle or Fontan palliation.
Multiple factors contribute to making this deci-
sion, including adequacy of biventricular size,
atrioventricular valve tissue obstructing a path-
way from the left ventricle to a great artery, and
size and position of the VSD relative to the great
arteries. If an unobstructed baffle pathway from
the left ventricle to the aorta or pulmonary artery
is present in the setting of two adequate-sized
ventricles, a biventricular repair is a viable
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option. In the absence of these factors, however,
a patient will have to undergo two- or three-stage
palliative surgery, culminating in the single-
ventricle “Fontan” circulation [2].

The mainstay of assessing a patient for con-
genital heart disease is two-dimensional (2D)
echocardiography [3]. Using 2D imaging with
sweeps through planes, the three-dimensional
(3D) anatomic relationships are inferred. A sub-
costal long-axis sweep from the abdomen, for
example, starts from the inferior and posterior
aspect of the heart. The transducer is slowly
angled superiorly so that the structures seen later
in the sweep are more anterior and superior than
those seen initially. In this view, the true
right-left orientation of structures is maintained,
therefore allowing assessment of the anatomy in
three planes.

Despite the immense information that can be
obtained from echocardiography, DORYV is con-
sidered on the spectrum of “complex” congenital
heart disease. The variation in anatomy from
patient to patient makes it challenging to
approach surgical repair in a uniform manner.
This is the ideal scenario in which the technique
of 3D printing can be applied to increase
understanding of the anatomic spatial relation-
ships in a more straightforward manner.

Common Surgical Approaches
to DORV

Surgical approaches to DORV are highly
dependent on variations of the patient anatomy
[4, 5]. The relationship between the aorta or
pulmonary artery, VSD, and left ventricle is
essential in determining whether a straightfor-
ward baffle from the left ventricle to one of the
great arteries may be created (without or with an
arterial switch procedure). This would allow
rerouting the oxygenated blood to the aorta using
a patch to direct the blood from the left ventricle.
The use of this technique assumes that multiple
factors precluding such a surgical approach are
not present. There must be an unobstructed
pathway which is not hindered by atrioventricu-
lar valve tissue. The VSD must be in such a
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position that it is at least closely related to the
aorta or pulmonary artery. This would avoid the
need for a long baffle pathway utilizing a sig-
nificant amount of right ventricular volume. Both
left and right ventricles must be of adequate size
to support the systemic and pulmonary circula-
tions, respectively. A ventricle with inadequate
size or systolic function could possibly fail after a
biventricular surgical repair. In the case where
none of these precluding factors are present, a
biventricular repair with a baffle from the left
ventricle to the aorta may be possible. In the case
in which the pulmonary artery is stenotic or the
baffle from the left ventricle to the aorta obstructs
the flow to the pulmonary artery, a conduit from
the right ventricle to the pulmonary artery may
be used. In patients with a DORYV, atrioventric-
ular discordance, ventricular inversion, a sub-
pulmonary VSD, and an anterior aorta that is far
from the left ventricle, a double switch proce-
dure, involving both an atrial and arterial switch
procedure, may be considered. The right atrial
flow is directed to the left-sided right ventricle.
The left ventricle is baffled to the nearest outflow
tract, which, in this case, is the pulmonary artery.
The great arteries are then switched by discon-
necting them at the root and bringing the poste-
rior pulmonary artery more anteriorly and the
aorta more posteriorly [6].

In the presence of anatomic variables that
would preclude a biventricular repair, however,
the patient would undergo a single-ventricle
palliation [2]. The initial surgery for such a
patient would depend on the specific inadequacy
of the neonatal anatomy, i.e., insufficient pul-
monary versus systemic blood flow. The first
common surgical intervention, the bidirectional
Glenn anastomosis, would be performed at
approximately 4 months of age, involve attach-
ing the superior vena cava to a branch pulmonary
artery, and unload the single systemic ventricle.
The final stage, or Fontan completion, would
occur at approximately 3-4 years of age and
consist of attaching the inferior vena cava to the
pulmonary artery, thereby rerouting all systemic
venous return passively to the pulmonary arter-
ies. Given the complexity in anatomy and the
critical decision that must be made between a
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one- or two-ventricle repair, the utility of a 3D
printed cardiac model becomes readily apparent.

Imaging

Once a patient is identified for model creation,
consideration must be given to the imaging
modality to be used as the source dataset: 3D
echocardiography, cardiac MRI, or cardiac CT.

The advantages of 3D echocardiography
include having the study performed in the office on
the same day as the office visit. There may or may
not be a need for sedation depending on the age
and level of cooperation of the child. The major
limitation of 3D echocardiographic images is that
they only partially represent the anatomy. The
field of view from the ultrasound probe represents
a pyramidal volume. Although the width of the
pyramid can be adjusted up to angles of
110° x 110° using ECG gating, an image dataset
inclusive of the whole heart is usually not avail-
able. In addition, use of ECG gating can introduce
“stitch” artifact due to images from different
phases being integrated into one volume. The
presence of such artifact significantly reduces the
quality of the 3D dataset and any 3D model created
from it. Additionally, it can be challenging to filter
from 3D echocardiographic images the back-
ground “noise” that can degrade the blood—tissue
border that, in turn, is crucial in delineating the
structures needed for segmentation. Specifically
for patients with a DORYV, it would be a challenge
to acquire the full anatomy with a proposed
pathway from the ventricle through the VSD to the
aorta in one dataset. However, valvular structures
are well represented in echocardiographic images.
If there is a question of valvular tissue obstructing
a baffle pathway, echocardiographic images
obtained of that specific area and the resultant 3D
virtual or printed file may be able to provide
additional data regarding this anatomy.

A cardiac MRI study offers whole-heart
imaging with good spatial resolution. When
good quality images are obtained, a 3D model
can reliably capture the full anatomy needed to
plan a baffle from the left ventricle to the aorta.
Good blood pool-to-tissue contrast can be
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obtained with (magnetic resonance angiography)
or without (balanced steady-state free precession)
administration of an intravenous contrast agent.
CMR studies are typically long, however, and
they require either sedation or general anesthesia
for the large majority of pediatric cases. For this
reason, the studies must be scheduled in advance.

Cardiac CT has the advantage of providing
images with good spatial resolution in a short
period of time. Whereas a cardiac MRI study
may take an hour to complete, a cardiac CT study
can be completed in a matter of minutes. How-
ever, nephrotoxic intravenous contrast must be
administered to  establish good  blood
pool-to-tissue contrast, a significant considera-
tion in patients with impaired renal function. In
addition, the radiation exposure of CT is a dis-
advantage, especially in pediatric patients.

Therefore, if whole-heart imaging is needed,
echocardiographic images should not be the
modality of choice. Cardiac MRI is typically
preferred over CT in the pediatric population
because of lack of radiation exposure. However, if
the length of the cardiac MRI study is a limitation,
a cardiac CT can alternatively be performed.

Considerations in Post-processing
and Planning

Once the image dataset has been acquired, careful
attention must be given to the method of segmen-
tation and appearance of the final 3D virtual model.
The quality of the final 3D printed model is highly
dependent on the quality of the source 3D image
dataset. A source dataset with good blood pool-to-
myocardium contrast will be simpler to post-process.
Details of the anatomy of interest will guide the
post-processing so that it is clearly represented.

Segmentation Method

Post-processing of a 3D image dataset involves a
process called segmentation. This entails high-
lighting, or thresholding, an area of interest based
on variations in radiodensity among the structures.
An upper and lower limit (threshold) in gray
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Fig. 9.1 Segmentation. The blood pool is highlighted
using “thresholding” based on gray values in orthogonal
views (a—c). An “offset” layer is created on the surface of

values is set to optimally isolate specific parts of
the anatomy, such as the blood pool or myo-
cardium (Fig. 9.1). The method of segmentation
that produces the best 3D model, involving either
the myocardium versus the blood pool, also varies
depending on the specific anatomy of interest for
each patient. In one method, the myocardium and
vessel walls are targeted for segmentation, and the
blood pool is left intentionally nulled. The
resulting 3D model usually requires a significant
amount of post-processing because the thoracic
pulmonary vasculature and liver are often high-
lighted and must be painstakingly separated from
myocardium. However, in cases in which the
specific thickness of the myocardium and perhaps
epicardial details are important, this method of
post-processing should be used. For example, this
approach is useful when evaluating multiple
complex VSDs. Blood pool segmentation entails
highlighting the blood volume, creating a 3D
object from this segmentation, and subsequently
creating a layer that is offset from the resulting 3D
mass. The offset layer, whose caliber can be

this model (d) which is then hollowed, leaving a
representation of the intracardiac anatomy

arbitrarily assigned, is then hollowed so that the
intracardiac anatomy can be appreciated.
Although this method does not give one a sense of
the actual dimensions of the vessel wall or myo-
cardium, the intracardiac anatomy is well
demonstrated with good detail. There is often
much less post-processing involved because the
bright blood pool is easier to isolate from the other
tissues. Blood pool segmentation is particularly
useful in patients with complex intracardiac
anatomy that must be delineated for presurgical
planning.

Optimization of a 3D Virtual Model

Once an initial version of a 3D model has been
created, multiple steps may be undertaken for
virtual model optimization. These steps will
ensure a good quality 3D printable model. The
3D virtual model represents a polygonal mesh
structure that consists of a collection of vertices,
edges, and faces defining the shape of the object.
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Fig. 9.2 Polygonal mesh. The structure of the 3D virtual model is comprised of a triangular mesh

In a triangular mesh, the polygons are triangles of
different shapes and sizes organized to create the
surfaces of the cardiac model (Fig. 9.2).
A high-quality mesh consists of the least of
number of triangles needed to define the topol-
ogy of the 3D structure. In order to simplify the
mesh, the number of triangles can be reduced by
merging, and the sizes and shapes of the triangles
are made more consistent throughout the surface.
The final optimization of the 3D model consists
of multiple steps, such as cropping, smoothing,
and removal of free-floating parts.

Cropping

After a gross 3D virtual file has been created, it
must be cropped so that the anatomy of interest is
best visualized. In order to create a more
“true-to-life” model, the end of the vessels can be
cropped to represent the patent vessel lumen.
This can be done for the systemic and pulmonary
veins, systemic and pulmonary arteries, and any
other accessory vessels in a whole-heart model,
and this approach results in a more realistic
appearing 3D cardiac model. In a patient with a
DORYV, the most significant relationships that
can be demonstrated on a 3D model for

presurgical planning are those between the VSD,
great arteries, and ventricles (Fig. 9.3). The plane
with which these relationships can be simulta-
neously demonstrated will vary from patient to
patient. It is not necessarily true that this can be
done using a single plane which simply cuts
through the heart along one angle, but instead
there may be a combination of planes at different
angles used to reveal the anatomy from various
aspects. The goal of visualizing these spatial
relationships is to assess whether the patient is a
candidate for a two-ventricle repair or for a
single-ventricle palliation. Although this deter-
mination rests on multiple factors, one of the
most important considerations is whether oxy-
genated blood flow can be rerouted to the aorta in
an unobstructed manner. In patients with a
subaortic VSD, the distance between the tricus-
pid valve and the pulmonary valve predicts the
feasibility of a two-ventricle repair, as this is the
region through which a LV to aortic baffle
pathway will be created. [7-9]. As 3D models
become more commonly used in patients with a
DORYV, it may be possible that 3D quantification
using 3D printed cardiac models will improve
and help to predict the optimal surgical approach
for a given patient.
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(b)

Fig. 9.3 Cropping. The virtual model is cropped to best
demonstrate the internal anatomy of interest. a The right
and left ventricular free walls have been removed (dotted
lines). b The model is rotated to allow viewing from the

RV aspect with the VSD en face. The pathway from the
left ventricle through the VSD to the aorta is of
importance for presurgical planning (red arrow)

Smoothing

Smoothing of the virtual 3D model allows for an
improvement in the overall appearance of the
model. The surface of the virtual model is made
less coarse without changes in the representation
of the 3D anatomy. Laplacian smoothing is one
algorithm by which a triangular mesh can be
smoothed. It entails reassigning the position of
each vertex in a mesh based on the surrounding
points (Fig. 9.4). This step can often be completed
with commercially available 3D post-processing
imaging software or with an open-source software
such as Meshlab® (Pisa, Italy). In order to com-
plete this task in Meshlab®, the 3D file should first
be imported, using the “Import Mesh” function
under the File menu. Once the file has been
imported, the Laplacian smooth function should
be utilized under the “Smoothing, Fairing, and
Deformation” option from the Filters menu. The
smoothing steps auto-fills to 3 but can be changed
based on preference. It is advisable to start with
one smoothing step as one of the drawbacks of
using the Laplacian smoothing function is that the
model shrinks with each additional iteration.

Free-Floating Parts

In addition to smoothing, any free-floating parts
that may have been left over from segmentation
must be removed, as the printer will not be able
to process the file if such parts are present.
Free-floating parts usually result from the seg-
mentation process in which some artifact is
highlighted in the orthogonal imaging planes.
This results in 3D pieces that are not represen-
tative of the actual anatomy or physically con-
nected to the 3D model. They often float in a
cavity or may be present in a vessel lumen
(Fig. 9.5). Meshlab may also be used to remove
such pieces. Once a 3D virtual file has been
imported as detailed above, the “Cleaning and
Repairing” option can be used under the Filters
menu. The “Remove Isolated Pieces” option
allows specification of the size under which all
free-floating pieces should be removed from a
file. A maximum diameter, using an absolute
measurement (world units), can be used to set the
limit of pieces to be removed. All the floating
pieces with sizes less than the specified one will
be removed.



9 Double Outlet Right Ventricle

87

Fig. 9.4 Smoothing. The Laplacian smoothing function
results in a virtual model with a less coarse surface,
contributing to its optimization prior to printing. The

Fig. 9.5 Removal of free-floating pieces. In preparation
for 3D printing, any free-floating pieces present in the
cavity of the models must be removed. The red arrows
indicate the position of the two free-floating pieces. a The
virtual model is viewed from the rightward aspect with the

Virtual Versus 3D Printed Model

Once a virtual 3D cardiac model has been opti-
mized and cropped appropriately, it can clarify
the relevant 3D relationships to the surgeon.
Whether the 3D virtual model should then be
translated into a physical model may be consid-
ered a matter of preference. Viewing of the vir-
tual model allows manipulation of the 3D file so
that it is viewed from any dimension. The limi-
tation is that a 3D object is being viewed on a 2D
screen. There is an advantage with viewing the

original virtual file is demonstrated on the left (a), with the
post-processed model, after the smoothing function has
been applied, on the right (b)

(b)

right ventricular free wall cropped out. The two
free-floating pieces are seen en face as indicated by the
arrows. b The model is rotated to allow appreciation of
the two pieces which are completely disconnected from
the main model and floating in the cavity

anatomic relationships in three dimensions.
Certain applications such as use of the printed
models to practice surgical procedures highlight
the value of a printed model. Teaching parents
about their child’s congenital heart disease is
likely more effective with a physical model,
given the general lack of familiarity with cardiac
anatomy in the lay population. In an effort to
conserve resources such as print material and
support material, one must determine whether
transitioning from a virtual to a physical model
will add any information based on the details of
each case.
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Fig. 9.6 Physical model. The virtual model is transformed into a physical object using a 3D printer. The printed model
is viewed from the superior aspect (a), rightward aspect (b), and from posteriorly (c)

Choice of 3D Printer

The 3D virtual file that is created after
post-processing can be used to create a physical
model on any 3D printer with the technical
capability to process the complex 3D structure
(Fig. 9.6). The virtual file can be saved in a
number of different 3D file formats. More com-
monly used formats include a stereolithography
file (.stl) or polygonal file format (.ply). The
choice of which printer to use depends on the
complexity of the model, the material and color
preferences of the cardiac team, the time in which
the model is needed for presurgical planning, and
material costs. Models which have fine structures
such as small vessels should involve a printer
which has supports that are easily removable and
do not have to be manually removed. There are
multiple desktop printers which have soluble
supports. Once the print is complete, it is put into a
warm water bath, sometimes with a basic solution,
to dissolve the supports away. This method helps
to remove support material within the lumens of
vessels or other crevices present in the model. As
an example, the Makerbot replicator 2X®
(Brooklyn, New York) is a desktop printer which
prints models with a reasonably good resolution.
The printer uses a polylactic acid or PLA material
for the model and supports. Once the model is
complete, the supports must be broken off man-
ually, often using fine plyers to allow removal
within smaller structures and curvatures of the

model. Another desktop printer, the Mojo
(Stratasys, Eden Prairie, MN), prints in ABS
plastic with soluble supports. Once the print is
complete, the model is placed in a warm bath of a
basic solution with an agitator allowing for faster
dissolution of the support material. The models’
internal and external surfaces are rendered clean
of support material. When printing models of
complex congenital heart disease, printers utiliz-
ing support dissolution are recommended because
of the ease with removing the supports. Printers
which use a powder, such as sandstone, as the
material for the model, utilize high-velocity air for
support removal. This blows away the powder
present in the cavity of the heart.

Another consideration in choosing the printer
involves the team preference for softer, more
pliable material versus harder, more solid mate-
rial. The former allows for visualization of the
anatomy as well as the potential for simulated
repair of the defect on the model itself, such as
using sewing material on the model to repair a
septal defect.
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Introduction

There are currently over 100,000 patients with
tetralogy of Fallot alive in the USA. A majority
of these patients have some degree of pulmonary
regurgitation. Indications for requiring pul-
monary valve replacement (PVR) are continually
being redefined, as more is understood about
right ventricular (RV) failure as a result of
chronic volume load from the pulmonary regur-
gitation. It was once believed that a patient with
repaired tetralogy of Fallot would not need
another operation. However, congenital heart
specialists began realizing that a portion of these
patients would require placement of a pulmonary
valve in order to prevent the negative effects of
chronic regurgitation of blood into the RV and
symptom-free survival [1]. Chronic regurgitation
is a result of resection of the abnormal pul-
monary valve and, in most cases, involves plac-
ing a patch to increase the size of the RV outflow
tract (RVOT). Depending on the extent of main
pulmonary artery hypoplasia, some patients may
require a RV to pulmonary artery conduit
placement. As the conduit does not grow with the
patient, it will develop stenosis over time and
may be stented to relieve this obstruction. While
stenting of the RV to pulmonary artery conduit
results in a decrease in RV pressure, it is still
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associated with increased risk of regurgitation
[2]. Negative long-term effects of chronic
regurgitation include exercise intolerance,
arrhythmias, RV dilation and dysfunction, heart
failure, and even sudden cardiac death [3].
Congenital heart specialists are now finding that
much greater numbers of patients with repaired
tetralogy of Fallot and significant pulmonary
insufficiency will benefit from placement of a
competent valve for better clinical outcome and
less adverse events [4—7]. Figure 10.1 is a liter-
ature representation from different years, by dif-
ferent authors, showing the change in indication
for PVR over the last 10 years.

Pulmonary Valve Replacement

There are two primary approaches to placement
of a pulmonary valve. The “gold standard” is a
surgical replacement of the valve. The main
benefits of a surgical approach are that the valve
can be placed with very little morbidity and
mortality but requires open-heart surgery, and
placement on cardiopulmonary bypass. Addi-
tionally, surgically placed pulmonary valves may
require subsequent reintervention in certain
patients [8]. Surgical intervention allows other
anatomic issues to be addressed, such as pul-
monary artery stenosis and closure of residual
shunts. Batlivala and colleagues have illustrated
that surgical PVR is associated with low mor-
tality rates, demonstrating a 5-year mortality rate
of 1.3% among 254 patients [9]. Alternatively,
surgical PVR requires longer hospitalization
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Fig. 10.1 Literature representation from different years,
by different authors; references are above the bars. Over
the last 10 years, there has been in change in the
indication for pulmonary valve replacement from
170 ml/m? in 2005 to 150 ml/m” in 2013

periods and increased rates of blood transfusion
in comparison with other PVR techniques [10].

Recently, there has been the development of
percutaneous pulmonary valve replacement
(PPVR), with the benefit of not requiring
open-heart surgery [11]. Patients are able to be
discharged the next day and do not typically have
to undergo surgical reintervention. Additionally,
this approach to valve placement maintains the
valvular competency and is associated with very
low rates of mortality [12]. However, this
approach is only for patients with previous con-
duit placement during their repair, approximately
15% of all tetralogy of Fallot patients. In PPVR,
the device currently in use cannot be used in
patients with an outflow tract that has a diameter
greater than 22 mm [12]. This approach can be
limited by patient size, complex anatomy, and
vascular access. It is reserved for simpler cases as
other anatomic issues cannot be simultaneously
addressed. Overall PPVR is minimally invasive
and reduces the risk of postsurgical complica-
tions, decreases hospital stay, and improves
outflow hemodynamics in patients [13].

To address the limitations of both surgical
valve placement and PPVR, adapting a “per-
ventricular” approach (placing a large sheath via
the apex of the right ventricle) has been devel-
oped. In the last few years, perventricular access
has been widely accepted and used for muscular
ventricular septal defect (VSD) closures [14-16].

A.B.M. Phillips and E.M. Zahn,

As the largest study to date, Xing and colleagues
reported on VSD closures in 408 pts with a
success rate of 96.3% and a complication rate of
less than 4%. Complications included trivial
pulmonary regurgitation and incomplete right
bundle branch block [16]. Though this approach
is not currently being widely used for pulmonary
valve implantation, much success has been
reported in the literature [17-19]. The mainstay
of this less invasive approach is the avoidance of
cardiopulmonary bypass with minimal or no
complications, providing direct access to the
RVOT without compromising the tricuspid
valve, sustaining injury to a femoral vessel, or
risking damage to the valve [20].

3D printing using additive manufacturing to
produce anatomically correct models of the
RVOT helps to plan both the surgical approach
and catheter-based approach. Dr. Charles Hull in
the mid-1980s invented stereolithography
(STL) [21] to produce solid objects from digital
files using a process involving curing of liquid
photopolymer using ultraviolet laser [22]. From
this initial work, the field of 3D printing or rapid
prototyping began.

Rapid prototyping in medicine has had great
success and is a rapidly growing field. It has been
very valuable for the planning of procedures.
Armillotta et al [23] reported using rapid proto-
typing models in the planning of percutaneous
pulmonary valves. They reported that the three
specific applications were (1) diagnostic visual-
ization, (2) surgical planning, and (3) implant
fabrication [23]. The use of 3D printing to aid
complex surgical planning has been gaining
popularity in particular for congenital heart dis-
ease [24, 25]. The biggest limitations in early
reports of cardiac modeling are the lack of detail
related to thin mobile structures such as the atrial
septum and valve tissue [24], and the challenge
of demonstrating improved clinical outcomes
using rapid prototyping [26]. With the improve-
ment in 3D printing techniques and the materials
used, surgical and interventional planning can be
greatly improved [27].
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3D Printing for Pulmonary Valve
Replacement

The 3D printed RVOT and proximal branch
pulmonary arteries allow for interventional
staging. We reported our experience using a
4-step approach for planning of replacement of
the pulmonary valve [28]. The algorithm we use
involves the 3D printed outflow tract and aids in
interventional planning, giving us the ability to
decide between a percutaneous or perventricular
approach.

The perventricular approach combines the
skills of both the interventional cardiologist and
the surgeon in what is referred to as the “hybrid”
approach. This technique has been proven to be
safe, effective, and beneficial [15].

We reviewed all patients referred to us for
PVR, for suitability, for trancatheter, for surgical,
or for perventricular valve placement. The eval-
uation included echocardiography and magnetic
resonance imaging (MRI). In all patients, the
MRI data were used to produce a 3D model of
the RVOT using postprocessing software
(Materialise®). One representative model is
shown in Fig. 10.2.

All patients were treated in the “hybrid”
catheterization laboratory with cardiopulmonary
bypass on standby. Patients underwent right and

Fig. 10.2 Using the data from CT or MRI scans, 3D
printed outflows are created. Using different printers and
materials allows for either more rapid prototyping, or
printing in different materials. The different materials
allow for translucent printing on the left, and printing can
be done in different materials of different compliance
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left heart catheterization with balloon sizing of
the outflow tract, 3D rotational angiography, and
coronary evaluation during balloon sizing.

Patients underwent routine surgical prepara-
tion that included preparing for a full sternotomy.
In all patients, a perventricular approach was
used, via a subxiphoid incision and accessing the
RV diaphragmatic surface. For the perventricular
approach, a micropuncture needle [Cook Medical
Micropuncture Introducer Set: 21 g/7 cm:
5.0 fr/10 cm:  0.018/40 cm wire (Ref #:
G43870)] was then placed and a wire placed into
the RVOT under transesophageal guidance. After
confirming the location, two 4-0 polypropylene
sutures with felt pledgets purse strings were
placed around the wire with approximately a
1 cm diameter. A six-French sheath [Terumo
Pinnacle introducer sheath 6 fr/10 cm 0.038
guidewire (Ref #: RSS602)] was placed over the
wire, and the wire was exchanged. A delivery
sheath was placed over the wire into the RV, and
RV outflow stent(s) were placed to produce an
appropriate landing zone for stented valve
placement. Heparin was administered to an
ACT >200.

Postdeployment angiography and pull back
were performed to determine angiographic
regurgitation and valve stenosis. Intracardiac
echocardiography was performed to determine
degree of pulmonary regurgitation and stented
valve instability. In the first 2 patients, no chest
tubes were used. The remaining 6 patients had 24
Blake drains placed.

Results

Demographic information for our patients is
summarized in Table 10.1. Eight patients were
treated with perventricular pulmonary valve
placement. Table 10.2 reviews the catheteriza-
tion information for the patients. There were two
complications that occurred. One patient devel-
oped a preperitoneal collection that needed to be
drained by interventional radiology, and another
patient developed a pericardial effusion that
required drainage. Three patients had disruption
of secondary chordae that lead to mild tricuspid
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Table 10.1 Patient demographic information and MRI data for the first 8 consecutive patients treated with a

perventricular hybrid pulmonary valve replacement

Patient  Age Weight BSA LV EF ($) RV EF (%) RVEDV index PRF  Minimum RVOT
(years)  (kg) (ml/mz) (%) diameter (mm)
1 15.4 64 1.79 65 55.7 180.2 45 22
2 12.5 36 1 62.9 48.3 179 41 22
3 19.8 82.6 1.75 1 69.1 57.1 153.8 36 24
4 31.5 85.9 2.01 299 30.1 149.7 52 27
5 23.8 53.6 1.53 59.8 49.9 156.7 49 27
6 10 26.4 0.97 56 50 166 46 24
7 25 90 2 ? # N ? 28
8 62 69 9 a a a 27

BSA Body surface area, EF Ejection fraction, RVEDV Right ventricular ejection fraction, PRF Pulmonary regurgitant

fraction, RVOT Right ventricular outflow tract

“No MRI performed, only CT scan secondary to indwelling pacemaker

regurgitation. There was dramatic improvement
in pulmonary artery diastolic blood pressure
postimplant, 10.2 + 2.0 mm Hg compared to
RV diastolic pressure preimplant, 3.8 == 1.8 mm
Hg (p = 0.003). All patients had severe regurgi-
tation, preimplant. There was no significant gra-
dient from RV to pulmonary artery with a mean
gradient of 2.3 £ 1.0 mm Hg post-implant.

Median length of stay was 2 days, no patient
had device migration, and all patients had sig-
nificant improvement of regurgitation. Fig-
ure 10.3a—c reviews the steps of the procedure,
in the 3D printed model of the RV outflow tract,
and on the right panel shows the corresponding
catheterization images.

Conclusions

The hybrid approach to congenital heart surgery
provides for less invasive treatment, avoidance of
cardiopulmonary bypass, and decreased risk of
complications and is a great alternative for
selected groups of patients who are not candidates
for surgery or percutaneous approaches [29, 30].
Though not much research has been published on
perventricular access for pulmonary valve place-
ments with the hybrid approach, it is an ideal
maneuver for surgeons and patients. No

procedural complications have been reported thus
far [17, 19, 31]. While there are many advantages
to this kind of hybrid approach, it is difficult to
place a valve in the pulmonary position due to the
variability and complexity in anatomy of the
RVOT, especially in patients with tetralogy of
Fallot. The use of 3D models can help guide
preoperative planning and decision making.

We have used 3D models in pulmonary valve
placements via hybrid procedure to guide plan-
ning, visualize unforeseen complications, pro-
vide personalized treatment, and help educate
patient and families. There are an increasing
number of groups reporting on their experience
using this technology. Schmauss and colleagues
used a 3D model in decision making when
replacing an aortic arch and demonstrated that
the model provided a better understanding of the
disease, anticipating problems prior to surgery,
and simulation of the procedure [32]. Similar to
our work, Armillotta and colleagues used 3D
models in percutaneous pulmonary valve place-
ments for planning of the procedure as well as to
assess the “feasibility” of valve implantation
[33]. Schievano et al. built 3D models of RVOTSs
and pulmonary trunk anatomy to evaluate how
helpful models were in selecting patients for
PPVI. Using the models demonstrated increased
accuracy in selecting patients for PPVI when
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Fig. 10.3 a The 3D printed
model (left) is used to
accurately place the wire for
the best positioning of the
stents (10-mm covered stent
and 30-mm Palmaz) to reduce
the size of the right
ventricular outflow. The
intraoperative angiogram
(right) showing the exact wire
and stent position used in the
model. b Stents placed in the
model on left and
intraoperative angiogram
showing the placement of the
stents in the patient, exactly
mimicking the simulation in
the model. ¢ The final result in
the model (leff) and in the
patient. The placement of the
stents was accurately
predicted by using the model

compared to conventional MRI data [34]. This
particular study highlights the importance of
using 3D models to achieve maximal accuracy in
decision making. In addition to preoperative
planning, these models also help surgeons

them

allowing
manipulate the orientation of an implantable
valve to determine the best positioning for a
specific patient’s anatomy. Sodian and col-
leagues reported on the benefits of intraoperative

intraoperatively, to actively
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orientation by taking the sterilized model into the
operating room, which offered the surgeon
additional insight at the time of implantation
[35]. Such models have been reported to reduce
operating time [36].

Given the clear and accurate representation of
a patient’s anatomy, 3D models aid physicians in
explaining the procedure to the patient and his or
her family. They can also serve as an invaluable
teaching tool for other physicians, colleagues,
and nurses. Overall, 3D models have value in
decision-making, patient-specific surgical plan-
ning, demonstrating anatomic orientation, and
providing greater understanding of the defect to
the physician and patient. Applying these novel
techniques of perventricular access, stented
valve, and 3D models to pulmonary valve
implantation has proven to be effective and
beneficial for patients to achieve better clinical
outcomes at our institution.
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Scope of Adult Congenital Heart
Disease and Role of 3D Printing

Congenital heart disease (CHD) is the most
common birth defect, diagnosed in about 1% of
births in the USA. Advances in medical and
surgical care have dramatically improved the
survival rate of these patients. Approximately
85-90% of neonates born with CHD will reach
adulthood, a percentage which is likely to further
increase in the next two decades [1]. This has
caused a demographic shift in which adults now
outnumber children with CHD [2]. Two-thirds of
the CHD population consists of patients 18 years
of age or older with an estimated 1.5 million
adult survivors in the USA alone. This popula-
tion includes not only those with mild and
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moderate forms of CHD but also those with
severe pathology [3]. Despite advances in the
field, death rates among patients over 20 years
old with CHD (ACHD) exceed that of the gen-
eral population by 2-7 times [4].

Many ACHD patients arrive at the adult cen-
ters with few medical records or with records
from various providers with conflicting reports on
the original diagnosis and surgical procedures
performed. Although cardiac surgery for CHD
began in the 1950s, it was often performed on
older children and adults, with multiple staged
procedures. Complex cardiac defects were not
approached until the mid to late 1970s when
infant cardiopulmonary bypass was in common
use [4]. Aside from the large number of patients
with previously diagnosed CHD, there exists a
population of adults whose CHD was not diag-
nosed during childhood. These adults may be
asymptomatic or become symptomatic later in life
and therefore escaped detection until adulthood
[4]. Such defects include atrial septal defects,
bicuspid aortic valve, variants of tetralogy of
Fallot, congenitally corrected transposition of the
great vessels, and coronary artery anomalies [4].

The standard transthoracic echocardiogram
performed on the ACHD patient with complex
anatomy may not provide suitable information
because of poor acoustic windows. In these
cases, cardiac magnetic resonance imaging
(MRID) or computed tomography (CT) are
invaluable techniques to better delineate cardiac
anatomy and physiology. In addition to confir-
mation of the original diagnosis and clarification
of the surgical procedures performed, we have
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occasionally found unexpected residual lesions
amenable to intervention by either percutaneous
or operative techniques that have improved the
patient’s functional status. Cardiac MRI when
coupled with 3-dimensional (3D) printing has
aided our ACHD surgeons in planning opera-
tions and has become a teaching tool for trainees
and patients alike.

Advanced support of the failing systemic right
ventricle (RV) and bridging to cardiac trans-
plantation for ACHD patients who underwent the
atrial switch procedure for D-transposition of the
great vessels or who have congenitally corrected
transposition poses unique challenges as does
support of the patient with a failing univentric-
ular heart treated with the Fontan palliation.
Ventricular assist devices (VADs) are underuti-
lized in ACHD patients in part because of their
complex anatomy and physiology. 3D printing
offers individualized structural models that
would enable pre-surgical planning of cannula
and device placement in ACHD patients with
heart failure who are candidates for such thera-
pies [5]. Surgical myectomy is performed in
patients with hypertrophic cardiomyopathy and
severe disabling symptoms due to left ventricular
outflow tract (LVOT) obstruction. A complex
LVOT anatomy and limited visualization of the
left ventricular cavity in the surgical field may
increase the risk and technical challenge of the
surgery. 3D printing may provide information on
left ventricular geometry allowing preoperative
simulation of surgical repair [6].

Challenges of Conventional Imaging
in ACHD and 3D Printing
from Echocardiography

ACHD patients often require complex and intri-
cate cardiac surgery or catheterization requiring
3D spatial conceptualization of defects to achieve
optimal repair and outcome. 3D visualization of
the heart is integrated into today’s image guided
diagnosis and intervention but is limited on 2D
display systems. Current conventional imaging
modalities such as 2D transthoracic echocardio-
graphy and transesophageal echocardiography

S. Anwar et al.

may not reveal spatial relationships of cardiac
lesions adequately. 3D printing can overcome
these limitations by producing 3D replicas of
exact proportions to the native anatomy. Lesions
in ACHD that can benefit from 3D modeling
include but are not limited to: inflow or outflow
obstructions, baffle and conduit stenosis, residual
shunts, and complex intracardiac anatomy.

While conventional 2D echocardiography has
limitations in ACHD, it is important to note that
it should be used to complement MRI and CT
datasets in 3D printing, as it provides superior
visualization of certain cardiac structures. Given
its high temporal and spatial resolution for thin,
mobile structures, it can resolve structures such
as atrioventricular (AV) valves and the atrial
septum better than MRI or CT. Early investiga-
tions with 3D echocardiography have shown
promising feasibility and accuracy for 3D print-
ing [7, 8].

As with MRI and CT, 3D modeling from
echocardiography is contingent on a high-quality
source dataset to avoid inaccuracies in the printed
model [9]. This may be achieved with a high
frame rate image acquisition, optimization of
settings, and meticulous post-processing [8]. For
highly accurate models of the valve apparatus, a
combination of a high spatial resolution image
dataset, robust image post-processing software,
and a multimaterial 3D printer are needed. As the
technology advances, 3D printing from
echocardiography may facilitate novel tran-
scatheter and surgical valve intervention and
replacement strategies [10, 11]. By co-registering
echocardiographic, MRI and CT datasets it may
be possible to produce models that utilize the
strengths of complementary imaging modalities.

CT and MRI Techniques for 3D Printing

MRI or CT image datasets can be used to 3D
print whole heart models. In either case, image
quality must be of the highest available resolu-
tion and be free of motion artifacts. For cardiac
3D printing, the study must be electrocardiogram
(EKG) gated to suppress cardiac motion. For CT,
the study should be performed during a
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breathhold, and for MRI, the study should be
respiratory gated to compensate for respiratory
motion. For 3D  printing, 3D MRI
contrast-enhanced volumetric techniques are
preferred to contrast-enhanced CT due to the
ability to acquire images with a homogenous
blood-pool signal. With CT, contrast enhance-
ment is dynamic resulting in variation in inten-
sity at different anatomic locations. However, CT
provides high-resolution rapid imaging, which
can be advantageous for patients unable to
undergo MRI or for specific diagnoses (ex.
tetralogy of Fallot with pulmonary atresia and
multiple aorto pulmonary collaterals).

Cardiac CT

Standard volumetric breathheld EKG-gated car-
diac CT imaging is suitable for 3D printing. The
study may be EKG-gated either retrospectively
or prospectively. Prospective gating results in
decreased radiation dose at the expense of
reconstruction options being more limited. For
cardiac CT imaging, the injection rate for con-
trast should be relatively high to provide optimal
contrast. Unlike imaging for coronary CT
angiography, when cardiac CT is performed for
CHD, a saline “chaser” should not be adminis-
tered, allowing contrast opacification of both the
left and right heart. As for coronary CT angiog-
raphy, using standard 64-slice CT scanners, the
heart rate should be 65 beats per minute or less to
reduce cardiac motion artifact. Beta-blockers,
administered either intravenously or orally,
should be used with caution in ACHD patients,
especially in those with pulmonary hypertension,
severe sinus bradycardia, second and third degree
heart block, bronchial asthma or chronic
obstructive pulmonary diseases. Images should
be reconstructed at 1.0 mm slice thickness or
less.

Cardiac MRI

Contrast-enhanced, EKG-gated, respiratory nav-
igated, volumetric gradient recalled echo
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(GRE) imaging is an ideal dataset for making 3D
prints. The dataset should be both isotropic and
high resolution with both slice thickness and
in-plane resolution at 1.3 mm or less. In addition,
the dataset should be obtained with both spectral
fat saturation and inversion recovery at approxi-
mately 200-250 ms to completely suppress soft
tissue. The intravenous contrast agent adminis-
tered could be either an intravascular agent such
as ferumoxytol or a high-relaxivity MR contrast
agent such as gadobenate dimeglumine admin-
istered via a slow (0.1 mL/sec) infusion of
0.2 mmol/Kg [12]. The infusion should be star-
ted at the beginning of an interleaved data
acquisition to provide uniform enhancement for
both peripheral and central k-space [12]. A dis-
advantage of this technique is the length of
acquisition of the sequence, which is both
dependent upon temporal resolution and heart
rate, and has the potential to run as long as
20 minutes in bradycardic patients.

Surgical Perspective on 3D Printing
in ACHD

Detailed visualization and comprehension of the
cardiac anatomy is of ultimate importance in
surgical management of ACHD patients. In
addition to echocardiography, imaging modali-
ties such as CT angiography and MRI provide
complementary spatial information. The methods
for 3D reconstruction such as volume or surface
rendering are helpful for understanding complex
anatomical relationships. However, this infor-
mation is limited in that it is viewed on a
two-dimensional screen, lacking depth percep-
tion and other valuable spatial information. 3D
printing in CHD has gained prominence in the
recent years, used as part of the diagnostic pro-
cess and for surgical planning [13, 14]. This
technology allows better diagnosis comprehen-
sion and deeper discussion with a multidisci-
plinary team for all potential options of treatment
[10, 15]. Furthermore, it provides a versatile tool
for discussion with the patient and caregivers
regarding the details of the procedure, particu-
larly apt for complex procedures.
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Stepwise mental visualization of the planned
procedure including surgical approach and type
of incision, as well as the manner of conduct of
bypass are all possible applications of 3D print-
ing. Nearly all ACHD patients have undergone
multiple prior procedures resulting in dense
adhesions that may preclude an extensive dis-
section during the case. Conversely, unnecessary
dissection must be avoided due to the potential
for excessive bleeding. A 3D model can reveal
what areas may need to be dissected and options
for exposure of the relevant anatomy during the
procedure. For cases that require intracardiac
baffles or aortic arch reconstruction, a model can
aid in understanding the potential size and shape
of the reconstructive patches, prior to surgery
[16]. Given that the heart is a dynamic structure,
with changes in dimensions with the cardiac
cycle, our practice is to review models along with
dynamic (cine) imaging and conventional 2D
images. Models with pliable materials allow
conduction of a mock procedure before the
planned intervention. 3D models can also pro-
vide valuable understanding of key relationships
of great vessels and the heart to surrounding
structures. Our group uses these models for
unifocalization procedures, given that standard
angiography fails to show the relationship of
the major aortopulmonary collateral arteries
(MAPCAs) to important airway structures. Fur-
thermore, 2D MR or CT or digital 3D recon-
structions don’t have the same utility as a model.
The surgeon can rotate the model in his or her
hand, examining details of the vessels that will
need to be disconnected from the aorta, and
reimplanted.

About one quarter of adults with CHD will
progress to heart failure by 30 years of age [17].
VADs have been an essential tool in the arma-
mentarium for treatment of heart failure [18].
However, the utilization of VADs in patients
with CHD remains less frequently employed due
to the highly variable anatomy and complex
physiology in this population [19]. Once again,
3D models offer powerful tools for this planning
with VAD juxtaposition to the model to help
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identify optimal placement for the patients. This
valuable application is discussed in detail in a
separate chapter in this textbook.

3D Models for Surgical Training

With the improvement in survival of ACHD
patients, higher numbers of sicker patients are
undergoing surgery and percutaneous interven-
tional procedures later in life. Teaching junior
surgeons or fellows during these cases is chal-
lenging, and a pre-surgical discussion of the case
with a 3D model is quite helpful for this purpose.
As those interventions that are not very fre-
quently performed, using 3D models is one way
of giving close to a “real world” experience for
the surgeon in training. The precise definition of
spatial relationships between structures is crucial
in the development of medical skills and to avoid
inadvertent complications during the real case.
Furthermore, with soft flexible models it is now
possible to practice the surgery on an exact
replica of the case, a valuable pre-operative
simulaiton experience.

Patient Counseling

Counseling a patient or caregiver with complex
CHD can be challenging. There is an “expert to
non-expert” interaction, further complicated by
the complexity of the procedure or abnormal
anatomy and the emotional nature of the con-
versation. In this challenging scenario, the 3D
model can help improve communication with the
patient and patient’s family, increasing their
comprehension of the disease [13].

Applications of 3D Printing in ACHD

Cardiac MRI and CT are powerful imaging
modalities that provide important information in
the management of ACHD patients. Applications
include visualization of complex anatomy, tissue
characterization, and precise assessment of
physiology including volumes, function, and
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flow [20-24]. 3D printing adds value in the
evaluation of ACHD patients with heart disease
of “moderate” or “great” complexity [25]. As
discussed in the preceding section, in complex
patients an exact replica of the patient’s anatomy
in the form of a 3D model offers several benefits,
which include: enhanced understanding of com-
plex spatial relationships, precise pre-surgical
planning, trainee education and simulation, and
patient and family counseling [14, 26, 27].
The ACHD literature has identified risk factors
that increase morbidity and mortality in ACHD
patients undergoing heart surgery. These include
complex anatomy, prior surgeries, and length of
time spent on cardiopulmonary bypass [28-30].
These added benefits of 3D printing may have
important effects on outcomes [26, 31-33].
Table 11.1 shows utilization and benefits of
some cases with 3D printing from our institution.
Adult patients (>18 years old) underwent cardiac
CT or MRI (CMRI) for clinical evaluation.
CMRI was performed on a 1.5 T scanner with a
3D respiratory navigated inversion recovery
FLASH sequence after 0.03 mmol/kg blood-pool
gadolinium contrast, gadofosveset trisodium. We
have had similar success in 3D printing using a
slow infusion of a high-relaxivity MR contrast
agent such as gadobenate dimeglumine.
Contrast-enhanced cardiac CT was performed on
a 128 slice dual-source CT scanner using
high-pitch spiral mode.

The following cases show specific applica-
tions of 3D printing in ACHD patients.

Case 1

A twenty-nine-year-old (121 kg) male with his-
tory of double outlet right ventricle (DORV)
underwent a two ventricle repair with a Rastelli
procedure, ventricular septal defect (VSD) clo-
sure with baffling of left ventricle (LV) to aorta,
and RV to pulmonary artery (PA) conduit place-
ment in early life. He presented with exercise
intolerance. Cardiac MRI showed complex
LVOT obstruction, a small residual VSD, dilation
of aortic root (sinus of Valsalva), and aortic
regurgitation. A 3D model was printed to aid in
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surgical planning. Figure 11.1 shows complex
obstruction under the aortic valve with muscle
bundles in the LVOT. Note the small VSD and
buckling of the VSD patch into the LVOT.
A catheter crosses the VSD from the RV with the
tip in the LV. A ridge of muscle crosses the
LVOT. Figure 11.1b shows a second model,
created to simulate the “surgeon’s view.” Corre-
sponding anatomy from the operating room is
shown in Fig. 11.1c.

Case 2

A sixteen-year-old male with history of heterotaxy
syndrome, single ventricle anatomy with a sys-
temic RV, had undergone a total cavo-pulmonary
connection (aka Fontan) palliation with an
extracardiac fenestrated conduit. He subsequently
underwent percutaneous device closure of the
Fontan fenestration. A surveillance MRI was per-
formed to evaluate single ventricle anatomy and
physiology. A 3D model was printed for teaching
purposes. The model (Fig. 11.2) shows a dilated
and hypertrophied RV, the aorta as the only out-
flow from the functional single ventricle and the
Fontan conduit and superior vena cava connecting
to the pulmonary arteries. The fenestration occlu-
sion device is shown in green.

Case 3

A thirty-six-year-old male (86 kg) with history of
d-transposition of the great arteries (d-TGA)
underwent an atrial switch operation (Senning
technique) in infancy with an interatrial baffle.
He underwent surveillance MRI to evaluate the
atrial baffle, ventricular function, and systemic
and pulmonary venous pathways. A 3D model
was printed for education and counseling pur-
poses. The 3D model (Fig. 11.3) shows a dilated
and hypertrophied systemic RV and a more
slender and thin-walled pulmonic LV, reflecting
the ventricular remodeling that occurs in older
d-TGA patients following atrial switch. The
interatrial baffle is clearly shown and channels
blood flow (catheter course) from the pulmonary
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LV muscle
bundle

Fig. 11.1 a Complex obstruction under the aortic valve
with muscle bundles in the LVOT. Note the small VSD
and buckling of the VSD patch into the LVOT. A catheter
crosses the VSD from the RV with the tip in the LV.

Intracardiac view

LV muscle
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bundle

A ridge of muscle crosses the LVOT. b Shows a second
model, created to simulate the “surgeon’s view.” Corre-
sponding anatomy from the operating room is shown in

(©

Posterior view

artery

Descending
aorta Right pulmonary

veins

fenestration

oc
d

Fig. 11.2 Dilated and hypertrophied RV, the aorta as the
only outflow from the functional single ventricle and the
Fontan conduit and superior vena cava connecting to the

luder
vice

Extracardiac
Fontan baffle

N

Inferior vena
cava

pulmonary arteries. The fenestration occlusion device is
shown in green
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Fig. 11.3 Dilated and hypertrophied systemic RV and a
more slender and thin-walled pulmonic LV, reflecting the
ventricular remodeling that occurs in older d-TGA
patients following atrial switch. The interatrial baffle is
clearly shown and channels blood flow (catheter course)

veins and left atrium (LA) to the RV and aorta.
Likewise, the baffle directs systemic venous
return from the right atrium (RA) to the LV and
pulmonary arteries.

Case 4

A 3D virtual cardiac model of a thirty-
one-year-old male with dextrocardia, DORV
(Fig. 11.4a) demonstrates the intracardiac anat-
omy. The extracardiac Fontan is seen coursing
from the right-sided inferior vena cava (IVC) to
the left PA. A left-sided superior vena cava
(SVC) joins the superior cavo-pulmonary con-
nection (Glenn).

Case 5

A 3D model (Fig. 11.4b) of a nineteen-year-old
male with bicuspid aortic valve and suspected

S. Anwar et al.

Pulmonary

vein
i - /
o Atrial

baffle

from the pulmonary veins and left atrium (LA) to the RV
and aorta. Likewise, the baffle directs systemic venous
return from the right atrium (RA) to the LV and
pulmonary arteries

connective tissue disorder is depicted. The model
shows a severely dilated aortic root and ascending
aorta. A prominent coronary artery is also seen.

Case 6

A cardiac model is demonstrated of a forty-year-
old female with DORV, D-malposition of the great
arteries, s/p multiple surgeries, concluding with a
classic Glenn (SVC to RPA anastomosis), and
modified Mustard procedure (IVC baffled to LA).
The 3D model (Fig. 11.4c) shows the anatomy of
DORYV, two VSDs, classic Glenn connection, and
a calcified IVC to LA conduit. Severe left PA
dilation was also seen, not shown in this image.

Case 7

A forty-five-year-old female with left dominant
unbalanced AV canal, DORV presented with
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(a)

Intracardiac
View
left-sided
SvC
superior
cavo-pulmonary
connection

LA — &= ‘

Fontan__
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(b)

Posterior
View
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Fig. 11.4 a-d 3D models of patients with adult congenital heart disease

cyanosis. She had been previously diagnosed as a
“criss-cross” heart. The 3D model (Fig. 11.4d)
shows AV concordance (non criss-cross) and
significant right ventricular outflow tract
obstruction and pulmonary stenosis, likely the
etiology of the patient’s progressive cyanosis.

Conclusion

3D printing is a transformative technology with the
potential to substantially improve the care of
complex adult congenital patients with high mor-
bidity. While cardiac 3D printing has been made

possible by sophisticated technology, the human
element remains the most crucial component in
creating a model. Each step in the printing process,
from image acquisition to segmentation, design
and printing may introduce inaccuracies that can
lead to deviation from anatomic “truth.” Thus,
involvement of an expert imager with intimate
knowledge of cardiac anatomy and physiology is
essential during the entire 3D printing process,
making this a time and labor intensive process.
Ultimately, its long-term viability will depend
upon the impact it has on improving patient out-
comes. Early experience suggests a promising
future for cardiac 3D printing.
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Marija Vukicevic, PhD, Eleonora Avenatti, MD
and Stephen H. Little, MD, FRCPC, FACC, FASE

Aortic Valve Stenosis

Calcific aortic stenosis (AS) is the most common
type of valvular heart disease in the developed
world, affecting 2—-5% of older adults in Western
countries [1]. With a rapid rise in prevalence in
patients aged 65 years or older, the global burden
of aortic stenosis is expected to increase as
developed countries realize an increase in life
expectancy [2].

In AS, thickened, calcified valve leaflets lose
their normal mobility, turning a functional valve
into a small, fixed orifice that creates a barrier to
the left ventricle (LV) outflow. This obstructive
physiology is the later, terminal phase of a
broader pathological entity, known as calcific
aortic valve disease (CAVD), an active process
involving complex biologic pathway and cellular
interactions [3].
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Transcatheter Aortic Valve
Replacement

As researchers have delved into molecular and
cellular aspect of the disease, parallel efforts have
been put into development of new therapeutic
strategies. End-stage CAVD-AS represents a
mechanical problem that requires a mechanical
solution. Until recently, the only option for an
affected individual was an open heart surgery for
aortic valve replacement (SAVR), with its con-
siderable burden of risks and complications.
With the advent of transcatheter aortic valve
replacement (TAVR), a prosthetic valve is gui-
ded in a retrograde fashion from the femoral
artery to the aortic root and deployed across the
native aortic valve using either balloon expan-
sion or self-expanding nitinol strategies. Alter-
native access to the aortic root can also be
achieved with direct aortic puncture, transapical
puncture, or less commonly via subclavian artery
catheterization.

This new technology was first applied to a
patient in France in 2002, and initial clinical
studies demonstrated that for patients with
symptomatic severe AS, TAVR was superior to
medical treatment for very prohibitive surgical
candidates and comparable to SAVR for patients
deemed to be at high risk for SAVR [4-6].
Today, TAVR represents the new treatment
standard for patients with symptomatic severe
AS with high or prohibitive surgical risk [7].
Based on good initial and midterm outcome data
[5, 7-9], ongoing trials are evaluating the use of
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TAVR for patients with a lower predicted risk for
SAVR [10].

Current Knowledge Gaps and Clinical
Challenges

New technologies bring new challenges, and the
TAVR revolution has left many questions yet
unanswered. The technical challenges for this
catheter-based therapy are multiple, but current
research and development are largely focused on
device design features to reduce the occurrence
and severity of paravalvular regurgitation (PVR),
to allow more control during device deployment,
and to allow total repositionability of the device
[11]. Additional challenges include the creation
and validation of noninvasive imaging methods
to provide a functional evaluation of both the
acute and chronic valve performances [12].

The bigger of these challenges, which has
indeed been referred to as the Achilles’ heel of
TAVR, is occurrence of PVR after valve
deployment. PVR is a clinical, procedural, and
diagnostic challenge. Clinically, the presence of
significant PVR is associated with an increased
incidence of rehospitalization and death [13].
From a procedural viewpoint, it is the final result
of multiple possible contributing factors includ-
ing suboptimal prosthesis sizing, incorrect
implant depth, and the patient-specific amount
and distribution of calcium within the aortic root.
The presence of significant calcification around
the valve is necessary for anchoring the prosthetic
valve; however, a bulk of calcium or an asym-
metric calcium distribution may prevent the ideal
positioning of the prosthesis or the sealing of the
prosthesis to the native root annulus. Not only is
the occurrence of PVR difficult to predict, but the
accurate quantification of PVR severity remains
one of the most challenging tasks of contempo-
rary noninvasive cardiology. The considerable
range of incidence of PVR reported in large
clinical trials, between 4 and 12%, reflects the
difficulties in quantifying PVR severity, created
by the presence of ultrasound artifacts, eccentric
and/or multiple regurgitant jets, complex and
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calcified aortic root anatomy, and as yet unclear
reference standards for PVR severity [13].

Imaging for Transcatheter Aortic Valve
Replacement

Aortic valve stenosis has long been evaluated with
echocardiography. Today, ultrasound evaluation
remains a fundamental tool for the diagnosis of
severe AS, patient selection for TAVR, procedu-
ral guidance, and postprocedural follow-up [7, 14,
15]. Two-dimensional (2D) echocardiography
offers a high temporal resolution, with the
opportunity to evaluate function over time cou-
pled with structure. Lower temporal resolution of
volumetric acquisition with 3D echocardiography
has long been a limiting factor, but recent tech-
nological developments are overcoming it, so that
real-time volumetric evaluation with echocardio-
graphy is becoming a reliable option.

The other key technology in TAVR planning
is contrast-enhanced computed tomography
(CT) with electrocardiogram (ECG)-gated
sequences and high spatial resolution. Clinically,
CT datasets are crucial in establishing suitability
of the peripheral access vessels to accommodate
the relatively large valve delivery systems. The
complete geometry of the proximal aorta—i.e.
diameters of ascending aorta, aortic root, and
annulus—can be reliably obtained with CT, and
these measures are the reference standard used to
determine the valve size for every patient [16].

The very same imaging modalities, 3D
echocardiography and CT, can be used as source
of data for 3D stereolithographic printing to
obtain physical models accurately reproducing
patient-specific features. Such models are being
applied in multiple different contexts and with
different aims for clinical care [17-21].

3D Printing Advances

In 2002, the first experimental work was per-
formed using a functional and rather simplified
AS model. The models were manufactured using
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stereolithography technology and investigated
the effect of 3D valve shape on hemodynamic
pressure loss across the left ventricular outflow
tract [17]. Most of the initial AS models were
used primarily as an additional visualization tool
before surgical procedures, granting better com-
prehension of complex anatomic geometries [18,
19]. Recent advancements in image acquisition
and software for image postprocessing, along
with rapid progress in 3D printing techniques,
permit the manufacturing of a highly accurate
replica of the most complex patient-specific
geometry. The ongoing challenge has been to
fabricate multisegmental anatomic constructs, in
which the aortic valve, left ventricle outflow tract
(LVOT), ascending aorta, and calcific structures
can be 3D-printed with a multimaterial technol-
ogy to replicate not only the geometry, but the
pathologic valve function as well.

Patient-Specific Aortic Stenosis
Modeling

Clinical imaging methods and models
Reconstruction of each patient-specific model
starts with an acquisition of high-quality medical
images that will be used for the identification and
reconstruction of the target anatomy. Different
imaging modalities can be used for 3D recon-
struction, depending on the structure of interest.
Magnetic resonance (MR) or CT images are
suitable for modeling larger vessels or ventricular
structures, while echocardiographic images can
be used for heart valve replication. Software
advancements now allow for a fusion of imaging
from CT and echocardiography and their inte-
gration into a single model. For the aortic root,
CT imaging alone is typically sufficient, but for
other reconstruction targets such as the mitral
valve apparatus, both echocardiographic images
(depicting the leaflet tissue) with CT images (best
depicting the subvalvular chordae tendineae)
may be optimal.

There are multiple steps involved in the
development process of functional patient-
specific 3D AS models (Fig. 12.1). Volumet-
ric CT imaging data used for AS model
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reconstruction are typically part of the preproce-
dural patient evaluation. This imaging dataset can
be exported to segmentation software in Digital
Imaging and Communication in Medicine
(DICOM) format. Within the segmentation soft-
ware, it is possible to identify a target anatomy
and differentiate the calcific structures, soft tissue,
and blood volume at each imaging slice based on
the threshold intensity of pixels. Reconstruction
of each model starts with creation of a segmen-
tation mask, which is performed manually or
semiautomatically by detecting the anatomic
structures in 2D imaging planes based on the
pixel color intensity (Fig. 12.1, Step 2). After
segmentation of the region of interest in three 2D
orthogonal planes, the target anatomy is trans-
formed into a virtual 3D model of blood volume
and soft tissue constructs (Fig. 12.1, Step 3). The
rendered 3D virtual models are saved as stere-
olithographic files (.stl) and exported to design
software for further adjustments and optimiza-
tion. Within the design software, the blood vol-
ume of the aortic root and ventricular chamber is
hollowed, model walls representing the aortic and
ventricular tissue added, and the 3D geometry is
transformed into functional models (Fig. 12.1,
Step 4). From the .stl file, the 3D virtual model
can be printed with additional coupling elements
to allow it to be then incorporated into a flow
phantom (Fig. 12.1, Step 5).

Manufacturing a complex, multimaterial
model is possible using PolyJet technology. This
technique uses additive manufacturing, a process
in which a 3D printer (Objet500 Connex 3)
sprays fine layers of liquid photopolymers,
16 pm thick, along with a support material onto a
platform, while a UV light instantaneously cures
each layer. At the end of the 3D printing process,
the support material is dissolved, leaving only the
anatomic structures of interest. A schematic
outline of the development process of trans-
forming the volumetric CT data into a physical
model is shown in Fig. 12.1.

PolyJet technology is capable of fabricating a
wide range of AS geometries including bicuspid
valves and various arrangements of calcific
depositions. Morphological accuracy of repli-
cated anatomic models is analyzed by comparing
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Step 1 & Step 2

CT Images

Digital Patient-specific 3D Model

Fig. 12.1 Development process of a multimaterial,
patient-specific model of aortic stenosis. Step I CT
imaging dataset converted into DICOM format. Step 2
Segmentation process includes identification of target
anatomic geometry and creation of segmentation mask.

the CT scans of the AS models to the patients’
CT scan or echocardiographic images. An
example of a CT scan comparison of a patient
with the model created from the image dataset is
shown in Fig. 12.2, while the echocardiographic
images of the patient and the corresponding
model are shown in Fig. 12.3a, b.

Functional Modeling

Aortic stenosis is particularly well suited for
functional replication with 3D modeling. This is
because the relatively fixed valve that character-
izes calcific aortic valve disease demonstrates little
motion throughout the cardiac cycle. As such, the
replicated aortic cusps do not need to demonstrate
normal cusp motion throughout the cardiac cycle,
although a subtle expansion of the stenotic valve

Segmentation
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Step 3

3D Reconstruction

Multi-material 3D-Printed
Patient-Specific Model

Step 3 Reconstruction of 2D segments into 3D virtual
model. Step 4 Digital patient-specific model adjusted for
coupling within a flow loop. Step 5 Multimaterial
3D-printed patient-specific model. Modified with permis-
sion from Vukicevic et al. [22]

orifice with augmented flow volume has recently
been demonstrated [20]. This flow dependency of
the 3D-printed valve area is consistent with the
behavior of native AS cusps [20].

Maragiannis et al. [20, 21] reconstructed the
first functional, multimaterial, patient-specific AS
models and replicated the clinical hemodynamic
conditions of aortic stenosis using an in vitro
environment. The obtained models have been
coupled to a custom-designed flow loop shown
in Fig. 12.3, replicating the hemodynamics of
aortic stenosis. The flow loop consists of com-
pliance and resistance elements tuned to physi-
ological values and a pulsatile mock ventricle
pump that ejects the fluid through the model.
Quantification of forward flow and AS stroke
volume is achieved using in-line flow transduc-
ers. Peak pressure gradient across the 3D-printed
valve is measured using high-fidelity pressure
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Fig. 12.2 Fabrication of
patient-specific models.
Short-axis images of each
model are shown in the
three steps of the model
fabrication process. First,
CT-DICOMs are converted
into STL files in
computer-aided design
(CAD) software and then
3D-printed using two
different materials
simultaneously. Note the
correspondence of calcific
nodules (bright white and
yellow) and leaflet geometry
throughout the model
creation process. Images
adapted with permission
from Maragiannis

et al. [21]

At
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transducers positioned proximal and distal to the
modeled valve.

The final step before 3D printing each model
is to design and affix coupling segments onto the
patient-specific geometry to allow incorporation
of the model into the flow phantom. This typi-
cally consists of designing appropriate tubing
connectors. Within the software environment, the
continuity of the model surface and elimination
of intersections between segmented geometries
are assured [18, 21].

Experimental evaluation of patient-specific AS
hemodynamics has been performed using both
echocardiography and cardiac MR techniques.
Doppler analysis of velocity profiles across the AS
model under varied flow conditions has been
reported (Fig. 12.3). Transvalvular peak and mean
Doppler-derived pressure gradients were compa-
rable to those measured in a 3D-printed model using
high-fidelity pressure transducers. Flow estimates
from clinical study of Doppler stroke volume were
compared against flow volume as calculated using

calibrated ultrasonic flowmeters positioned
upstream and downstream to the 3D-printed AS
model. 2D Doppler quantification of systolic flow
based on continuous-wave Doppler peak and mean
gradient in the 3D-printed phantoms was compared
to the actual clinical data of the patient (Fig. 12.3).
These studies confirmed the reproducibility of
clinical hemodynamic parameters using functional
3D-printed AS models. Key hemodynamic features
of the AS, including aortic valve area and peak and
mean flow velocity, were accurately replicated with
good agreement between clinical patient data and
the 3D patient model within the flow phantom
(Fig. 12.3c, d).

3D Printing Material for Aortic
Stenosis

Multimaterial 3D printing allows for accurate
replication of complex 3D models integrating
multiple anatomic structures. Printing the regional
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Mock Ventricle
Pump

Patient-Specific
AS Model
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Patient Doppler Model Doppler

Fig. 12.3 A typical flow loop setup for functional
replication of aortic stenosis. Flow loop contains mock
ventricle, compliance elements (c), resistance elements
(R), reservoir (Res.), valves (V), pressure, and flow
transducers (p and Q, respectively). a Echocardiographic
image of the aortic valve in patient; b echocardiographic

material properties of tissue and calcific structures
integrated in the same 3D model requires careful
selection of materials. Patient-specific models are
typically manufactured from Sylgard (Dow
Corning), TangoPlus (Stratasys), or HeartPrint
Flex (Materialise) materials, of which the Tango-
Plus material has mechanical properties most
similar to select human tissue [23].

PolylJet technology represents a 3D printing
technique that permits the use of a wide range of
liquid photopolymers with different elastic prop-
erties, from rubber-like to rigid, transparent,
translucent, or opaque, and with a wide spectrum
of available colors. The choice of 3D printing
material is based on the mechanical properties of
the anatomic structure that is being replicated.
Fused material selection is a pivotal step in the
modeling process and has required preliminary
definition of soft tissue and hard calcium char-
acteristics [24, 25]. Aortic root, ascending aorta,
and aortic valve cusps can be printed using a

image of the model of aortic stenosis of the same patient;
¢ patient Doppler interrogation of the flow through a
stenotic aortic valve; and d Doppler velocity profile
recorded in the patient-specific aortic stenosis model.
Modified with permission from Maragiannis et al. [21]

flexible material (TangoPlus, Stratasys), while the
calcium is usually 3D-printed from a rigid mate-
rial (VeroPlus, Stratasys). Elastic properties of
rubber-like TangoPlus material are expressed by
Young’s modulus or elastic modulus and calcu-
lated as stress-to-strain ratio. The print material
frequently used for the noncalcified anatomic
regions (TangoPlus) has a manufacturer-reported
elastic modulus of 0.146 MPa at 20% strain. The
print material used for the calcified anatomic
region (VeroWhitePlus) has a manufacturer-
reported elastic modulus of 2000-3000 MPa. In
the study by Maragiannis et al., tensile testing of
the replicated aortic root tissue material was
0.4 MPa, that is comparable to the biaxial testing
result of human aorta root tissue reported as
1.24 £ 0.563 MPa [25]. Other recent studies
showed that the flexible TangoPlus material is
suitable to accurately replicate AS geometry and
functional properties of aortic valve leaflets under
small deformations [26].



12 Transcatheter Aortic Valve Replacement
Applications

Translating 3D imaging information into 3D
digital anatomy and 3D print multimaterial,
anatomically accurate models of the aortic valve
complex, with all functional parts, represents a
significant advancement in postprocessing of
medical images. Replicating the biomechanics of
aortic structures allows for highly accurate eval-
uation of diseased patient-specific physiology
and represents a potentially very powerful new
tool for assessment of acute hemodynamics that
are difficult to quantify using current noninvasive
imaging methods. In addition, such models
facilitate accurate testing of novel medical devi-
ces and their design improvements such as those
used for TAVR.

Being able to 3D print patient-specific
geometry before an interventional cardiac pro-
cedure and to explore different interventional
techniques could save time in the procedure
room, increase efficiency of the procedure, and
decrease the risk of unpredicted outcomes.

Besides the advantages as a visualization tool
for better understanding of complex anatomic
cases, 3D-printed models can also be used for
educational purposes and to improve cardiolo-
gist-surgeon communication. In addition, these
models can assist in delivering anatomic infor-
mation to patients and their families and to help
them better understand their clinical condition.

Moreover, as  mentioned, 3D-printed
patient-specific models are capable of simulat-
ing the functional performance of calcific aortic
valve disease under pressurized flow conditions.
Indeed, although these patient-specific models
reflect realistic anatomic reconstruction of only a
single moment within the cardiac cycle, they
nonetheless demonstrate that the relatively
immobile valve condition of AS can be repli-
cated accurately [20, 21].

Aortic Regurgitation

At the other end of the spectrum of aortic valve
disease, chronic aortic regurgitation (AR) ac-
counts for approximately 10% of aortic valve
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disease that requires surgical intervention. In the
Western world, AR develops as a consequence of
primary valve disease, i.e., bicuspid morphology,
calcific degeneration, or aortopathies [27].
However, iatrogenic AR, especially paravalvular
AR (PVR) in the TAVR era, remains a signifi-
cant clinical concern.

Although not yet referenced in current clinical
guidelines [1], percutaneous technology devel-
oped for AS has been applied to AR in recent years
[28]. TAVR use in this setting requires specific
adjustments due to the differences in anatomic
features from AS. Regurgitant valves usually lack
the extensive calcification that is used as an
anchoring point for the deployed prosthesis in AS,
raising the concerns of prosthesis malpositioning.
There is also a need for significant oversizing of
the transcatheter valve, which increases the risk of
periprocedural annular rupture. Replication of
regurgitant flow with functional 3D-printed
models can give insight into the dynamics of pri-
mary AR, guiding technical development of
device design and understanding of post-TAVR
paravalvular regurgitation.

Functional patient-specific models of AR can
be manufactured using multimaterial 3D printing
technology and reconstructed in the same fashion
as AS models. One example of a patient-specific
AR model reconstructed from CT images and
3D-printed using multimaterial technology is
shown in Fig. 12.4. The principle of developing
the AR 3D printed model is analogous to the AS
model reconstruction previously described. It
starts with the selection of an appropriate CT
dataset, acquired during diastole, which is
exported in DICOM format and then postpro-
cessed using segmentation software. Identifica-
tion and segmentation of anatomic structures of
interest will lead to a patient-specific virtual
model which is then converted into a physical
multimaterial model using 3D printing technol-
ogy (Fig. 12.4, top panel).

Replicating AR and Doppler Evaluation

Coupling a 3D-printed model of AR into a flow
phantom (Fig. 12.3) allows for experimental
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Patient CT image

Patient Echo

Reconstructed 3D model

PRI TR IR VN WY —————

Model Echo

Fig. 12.4 Development of aortic regurgitation model. Doppler velocity profile and color Doppler flow features in a

patient and in the corresponding 3D-printed model

Transcatheter Valv

Replacement with TAVR

Patient-specific model

LVOT View

Aortic View

Fig. 12.5 Tabletop transcatheter aortic valve implantation. Patient-specific interaction of the prosthetic valve with
replicated calcium is depicted. Modified with permission from Vukicevic et al. [22]

testing and replication of AR hemodynamics
applicable to either primary valve disease or
post-TAVR paravalvular regurgitation. Accurate
reconstruction of AR geometry along with appro-
priate design of the imaging chamber is central for

the correct replication of regurgitant volume and
successful imaging analysis. If transvalvular
hemodynamic conditions of the clinical echocar-
diogram are appropriately reproduced, and the
experimental setup permits good-quality Doppler
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image acquisition, then the similarity between
the clinical and modeled Doppler parameters can
be remarkably good. Examples of highly compa-
rable spectral and color Doppler characteristics
acquired in the functional AR model are shown
in Fig. 12.4.

For the specific purpose of replicating par-
avalvular regurgitation after TAVR, the in vitro
system can be used for deployment of a tran-
scatheter aortic valve within the 3D-printed
patient-specific model. An evaluation of the
final confirmation of a self-expanding nitinol
stent is evident in Fig. 12.5. Incompressible
calcified structures prevent the full stent expan-
sion and the ideal sealing of the deployed valve
against the aortic wall. Such benchtop modeling
of TAVR could aid in better procedural planning
and device selection. In addition, patient-specific
PVR modeling could offer an ideal in vitro set-
ting for the testing of noninvasive methods for
the demanding task of PVR severity
quantification.

Future Efforts

The ability to create patient-specific functional
models of aortic root geometry may now allow
the modeling of other aortic valve conditions. For
example, functional models of noncalcified
bicuspid aortic valves could assist in under-
standing modes of aortic root dilation. Models
may be designed to study the interaction of the
ascending aorta with a left ventricular assist
device (LVAD) outflow cannula.

For TAVR, these modeling efforts can help to
identify possible correlations between annular
calcification, annular size, variable implant
depth, and the acute function of a deployed
transcatheter aortic valve and severity of PVR. If
employed on a more routine basis, these models
may be studied to mitigate PVR by choosing a
nonstandard implant depth that takes advantage
of the hourglass contour of the valve prosthesis
to supply greater radial force along the region in
the greatest contact with the modeled root or
valve calcification.
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In vitro quantification of post-TAVR PVR
within the 3D printed model could determine if
3D color Doppler can be used to quantify the
regurgitation around a deployed valve. PVR can
be captured within a 3D color Doppler dataset
and the flow area representing the paravalvular
orifice area measured. Anatomically, the par-
avalvular defect is often a crescent-shaped orifice
with an eccentrically directed regurgitant jet.
Such geometry and flow characteristics limit the
accuracy of 2D Doppler quantification methods.
For this particular problem, 3D color Doppler
represents an attractive alternative, since flow
quantification does not rely on assumptions of
orifice geometry or flow direction. However, like
2D Doppler, the Doppler imaging angle limits
the accurate assessment of flow velocity by 3D
color Doppler methods. For the assessment of
these  complex  flows, four-dimensional
phase-contrast MR may be the best-suited
quantification tool. As the utility of 3D printing
in TAVR deployment and postprocedural
assessment becomes more common, we can
expect to see more new and innovative applica-
tions of this technology in combination with
other advanced imaging modalities.
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Introduction

Valvular heart disease (VHD) affects all
age-groups. It can occur in the setting of congenital
heart disease affecting children, as rheumatic heart
disease affecting young adults or as degenerative
heart disease during old age. Degenerative VHD is
becoming increasingly prevalent in industrialized
countries due to an aging population and results in
significant healthcare costs and decreased quality
of life. VHD’s impact on quality of life is con-
siderable when compared to other cardiac condi-
tions because it affects all age-groups. It is unlike
coronary artery disease, associated with subse-
quent ventricular dysfunction, which predomi-
nantly affects elderly patients. There is a significant
increase in the prevalence of VHD in older indi-
viduals, with the incidence rising sharply after
64 years of age [1, 2]. The natural course of VHD
can result in a range of hemodynamic derange-
ments, many of which can be prevented with
appropriate surgical intervention (Table 13.1) [3].
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The increase in the prevalence and incidence of
VHD underscores the importance of screening and
early diagnosis. While there are detailed guidelines
addressing indications for surgical intervention in
VHD, precise classification of patients according
to the severity of disease will help to identify
patients who may be managed medically without
the need for surgery (Table 13.2) [3].

The most common VHDs that warrant surgical
repair or replacement include [1] the following:

Mitral regurgitation
Aortic stenosis
Aortic regurgitation
Mitral stenosis

=

Mitral Regurgitation

When a structural defect in the mitral valve leads
to regurgitation, it is known as primary or
organic mitral regurgitation (MR). Mitral valve
prolapse is the most common cause of primary
MR in developed countries. While rheumatic
heart disease is the second most common cause
overall, it remains the most common etiology in
developing countries. Congenital heart disease
and infective endocarditis are other causes of
primary MR. Remodeling of the left ventricle
resulting in incomplete closure of a structurally
normal mitral valve is known as secondary or
functional MR. Patients with MR due to left
ventricular dysfunction usually present at an
advanced stage of heart failure leading to an
underestimation of MR [4]. Prognosis of patients

123



124

Table 13.1 Consequences of valvular heart diseases
Consequences of valvular heart diseases

Aortic stenosis

* 5-year survival rate of symptomatic severe AS is from
15-50%

Results in

* Left ventricular dysfunction

« Left ventricular hypertrophy

* Pulmonary hypertension

Aortic regurgitation

* Aortic root diameter and family history of acute
cardiac events are strong predictors of mortality in AR

Results in

 Left ventricular dilatation (LVESD > 50 mm)

« Left ventricular systolic dysfunction

¢ Decreased LVEF (<50%)

Mitral stenosis

* Asymptomatic pt survival is up to 10 years

* Poor prognosis for symptomatic patients without
treatment

Results in

* Left atrial enlargement

Mitral regurgitation

* Poor prognosis

 Untreated chordal rupture can lead to pulmonary
hypertension

Results in

* Left atrial enlargement

« Left ventricular enlargement in severe MR

* Pulmonary hypertension in severe MR

Severe tricuspid stenosis or regurgitation
Results in

« Right atrial enlargement

« Inferior vena cava dilation

with functional MR depends on the severity of
left ventricular dysfunction.

Aortic Stenosis

The prevalence of aortic stenosis (AS) in adults is
approximately 2% for patients aged 70-80 and
increases to 3-9% after 80 years of age.
Atherosclerosis and AS have common risk factors,
such as age, hypertension, and smoking [4]. The
rate of progression from moderate to severe AS
significantly varies between individuals and is
unpredictable. In the USA, bicuspid aortic valve is
the most common congenital anomaly leading to
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Table 13.2 Surgical indications for different valvular
heart lesions

Valvular
lesion

Mitral
regurgitation

Surgical indication

Symptomatic patients

* With severe MR

* EROA > 0.2 cm®

* LVEF > 30%
Asymptomatic patients

» With severe MR

* Left ventricular dysfunction
« EROA > 0.2 cm’

* LVEF = 30-60%

* LVESD > 40 mm

Mitral
stenosis

Symptomatic patients

« PMBC when MVA < 1.5 cm?
without any contraindications

« MV repair when MVA < 1.5 cm?
with contraindications for PMBC
and without high risk for surgery

Asymptomatic patients

* Severe MS with MVA < 1.5 cm’
undergoing other cardiac surgery

Aortic
stenosis

Symptomatic patients

* Severe high-gradient AS

* Severe leaflet calcification

* Congenital stenosis with
AVA < 1.0 e’

Asymptomatic patients

* Severe AS

* LV dysfunction

* Severe leaflet calcification

 Congenital stenosis

Aortic
regurgitation

Symptomatic patients

» Severe AR

* Severe valve calcification

* Congenital abnormality like
bicuspid valve

* Valvular damage due to rheumatic
disease

Asymptomatic patients

* Severe AR

* Abnormal LV systolic function

* LVEF < 50%

* Severe LV dilatation

AS. Unfortunately, bicuspid aortic valve may be
difficult to detect in the outpatient setting, leading
to an underestimation of the prevalence of the
condition. The majority of patients with bicuspid
aortic valve progress to AS after age 50, which
highlights the importance of early diagnosis of this
condition [5].
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Aortic Regurgitation

Degenerative valve disease is the leading cause of
aortic regurgitation (AR) in developed countries,
while rheumatic heart disease is the most common
etiology in developing countries. Bicuspid aortic
valve is the most common cause of AR in patients
under 50 [4]. Aortic root dilation and calcific valve
disease are other etiologies [6]. Factors such as old
age, hypertension, dyslipidemia, smoking, and
diabetes lead to aortic dilation that can cause sec-
ondary AR. Trace AR is common and has been
found in up to 13% of men before 50 years of age.
The prevalence of mild AR increases from 3.7% in
the sixth decade to 12.2% in the eighth decade,
whereas that of moderate-to-severe AR increases
from 0.5 to 2.2% [7].

Mitral Stenosis

Mitral stenosis (MS) is the least common VHD
in the USA and other developed countries. This
is due to the fact that MS is most commonly
caused by rheumatic heart disease. In the last
decade, the proportion of mitral valve surgeries
dedicated to correcting mitral stenosis has
decreased from 30 to 14% in the USA [1]. Other
rare causes of MS are mitral annular calcification,
radiation exposure, and certain congenital meta-
bolic conditions [8, 9].

Other Causes of Valvular Heart
Disease

Systemic inflammatory conditions such as sys-
temic lupus erythematosus (SLE) can cause
fusion of valve commissures and thickening of
the leaflets. Drug-induced VHD, postradiation
VHD, endocarditis, and device implantation are
some other reasons for increased burden of VHD.
Isolated tricuspid and pulmonic valve lesions are
very rare.
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Challenges for Rapid Prototyping
in Valvular Heart Disease

Rapid prototyping (RP) is a promising and
rapidly growing technology for the evaluation
and management of VHD [10]. Potential uses of
RP in VHD include ex vivo valve analysis,
hemodynamic testing, surgical planning, teach-
ing, and design of patient-specific prostheses.
However, despite all these uses, there are cur-
rently no clear guidelines for application of RP
for VHD; therefore, it is a technology awaiting
specific indications.

There are several limitations that may make RP
difficult to apply in VHD (Table 13.3). First, car-
diac valves are thin and mobile structures, which
require a high spatial and temporal resolution to
obtain adequate 3D datasets for segmentation and
modeling [11]. These high temporal and spatial
resolutions usually require electrocardiogram
(ECG) gating and reconstructive imaging, so that
absence of patient motion and a stable cardiac
rhythm are necessary. Second, imaging artifacts
and inadequate image optimization (e.g.,
high-ultrasound gain settings, acoustic shadow-
ing, blurring, and blooming) may decrease the
accuracy of the structure’s 3D representation.

Table 13.3 Limitations for rapid prototyping in valvular
heart disease

— Image with high spatial resolution required

— High temporal resolution necessary to select
appropriate part of the cardiac cycle

— Imaging artifacts may affect dataset quality

— Optimal imaging settings (e.g., gain and compression)
necessary to visualize adequate tissue—blood interface

— Variations of preload, afterload, rhythm, etc., also
determine valve function

— Dynamic component of valve opening and closure
during the cardiac cycle is not represented

— Time-consuming

— Postprocessing of dataset and printed models is
necessary
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Third, associated conditions (e.g., calcification
and prosthetic material) may hinder adequate
visualization of the leaflet tissue [12]. This is an
important concern for degenerative VHD such as
AS, which is frequently associated with significant
valve leaflet calcification. Fourth, although the
anatomic structure of the valve leaflets is important
for adequate valve function, the functional valve
apparatus (i.e., valve annulus, papillary muscles,
sinuses of Valsalva, and loading conditions) is
equally important. Replicating these structures is
challenging with currently available methods.
Fifth, cardiac valves are dynamic structures that
need adequate closure to avoid regurgitation and
adequate opening to avoid stenosis. Although
imaging-derived RP of valves is currently possi-
ble, these models are generated during a specific
part of the cardiac cycle and may not be completely
representative of the structural changes that the
valve undergoes during the systolic and diastolic
phases [13.]. Sixth, although feasible with new
technologies, so far it has not been possible to
create exact models that replicate the heteroge-
neous thickness and flexibility of the different
valvular components. Lastly, the use of RP at the
point of care is still limited by the timely avail-
ability of models. Imaging data acquisition,
exporting Cartesian-type Digital Imaging and
Communications in Medicine (DICOM) files,
segmentation, generation, and refinement of a
stereolithography (.stl) file are all time-consuming
processes. Furthermore, commonly used RP
modalities such as fused deposition modeling and
stereolithography require at least some level of
postprocessing. Removal of supports, ultraviolet
curing of resin, and print soaking in water or
alcohol can significantly increase the time required
for model availability at the point of care (e.g.,
operating room and interventional suite).

In this section, we will discuss the different
imaging modalities used to evaluate VHD, the
use of 3-dimensional (3D) transesophageal
echocardiography (TEE) to assess VHD in the
perioperative period and the potential applica-
tions of RP in patients with VHD.
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Imaging Modalities Used to Evaluate
Valvular Heart Disease

Imaging is essential for evaluating patients suffer-
ing from VHD. In these patients, imaging is used to
identify the type of valve dysfunction and quantify
its severity, evaluate the repercussions of the
underlying VHD in cardiac function, establish a
prognosis, and select the appropriate management
(surgical, interventional, or medical) [14]. Imaging
modalities may also be used for preoperative sur-
gical planning, intraoperative procedural guidance,
and postoperatively for patient follow-up.

Imaging modalities that can be used to assess
VHD include MRI, computerized tomography
(CT), and echocardiography [14, 15]. Despite
great improvements in MRI and CT technology,
echocardiography is the imaging modality of
choice to evaluate VHD. The reasons for this are
its increased portability, low risk, low compara-
tive cost, its ability to image valve tissue with
high temporal and spatial resolutions and to
provide reliable qualitative and quantitative
information regarding transvalvular flows. Fur-
thermore, in order to produce high-quality
reconstructions, CT and MRI usually require
intravenous contrast, sedation, and use of ioniz-
ing radiation [16]. 3D TEE is a particularly
useful imaging modality in VHD and will be
discussed during the next section.

In recent years, the combination of imaging
techniques (i.e., multimodality imaging) has
increasingly been used in patients with VHD,
particularly to guide and plan percutaneous
interventions for structural heart disease [17].

Rapid Prototyping

from Three-Dimensional
Transesophageal Echocardiographic
Data

Echocardiography is the most frequently used
imaging modality for evaluating VHD in the
clinical setting. Transthoracic echocardiography
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and TEE may be used for assessing VHD, with
both modalities having their own advantages and
disadvantages. Although transthoracic echocar-
diography (TTE) is noninvasive, obtaining
high-quality 3D datasets may be more difficult due
to patient movement, respiration, and artifacts
associated with the ribs and lungs. TEE is mini-
mally invasive and has a low rate of severe com-
plications. If 3D TEE is performed under general
anesthesia, the patient can be paralyzed and made
apneic, thus reducing motion artifacts. Further-
more, the relative closeness of the TEE transducer
to the mitral valve and their perpendicular rela-
tionship allow generation of high-quality images.
There are well-established indications for TEE in
cardiac surgery [18], and this imaging modality is
used for most cardiac procedures in a large number
of institutions. Recent developments in 3D TEE
have made it the imaging modality of choice for
assessment of mitral valve disease [19], particu-
larly in the perioperative period. In this setting, 3D
TEE provides high-quality dynamic imaging
under physiological conditions, which may be
superior to surgical visualization of the valve in an
empty, arrested heart [20]. However, 3D TEE
suffers from the inherent limitation of visualizing
3D images on a flat two-dimensional screen [11].
Although manufacturers have significantly
improved volume-rendering algorithms, visual-
ization of the data in the clinical setting is still
limited and may be inaccurate (e.g., due to parallax
error) in some cases [21]. For this reason, RP of 3D
TEE or TTE-generated valve models may provide
a better alternative to visualization of a
volume-rendered image.

Overview of 3D Printing a Mitral
Valve Model from Transesophageal
Echocardiography

Here, we describe a brief overview of a workflow
for steps involved in printing a three-dimensional
valve model from transesophageal echocardiog-
raphy. High-quality TTE images may also be
substituted into the workflow, if available. The
workflow can be divided into the following five
steps:
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1. Acquisition of high-resolution 3D images

2. Converting imaging data from DICOM to
Cartesian DICOM format

3. Segmentation of mitral valve structure to
develop a 3D mitral valve model

4. Optimization of the 3D model

5. 3D printing

A high-resolution 3D TEE dataset is required
for 3D printing a valve model. R-wave gated
imaging has both high temporal and spatial reso-
lutions and is ideal in patients with regular cardiac
rhythm (Fig. 13.1a). Wide-angle “live” zoom
mode or single-beat full-volume acquisition can be
used in patients with arrthythmias. The 3D image
dataset thus acquired from the echo machine will
be in a DICOM format that can be exported to a
digital video disc (DVD) or a universal serial bus
(USB). The DICOM files are then converted into
“Philips Cartesian DICOM” format using QLAB
(Philips Medical Systems, Andover, MA), which
makes the 3D images readable by segmentation
software programs (Fig. 13.1b). Of note, currently
only Philips (Amsterdam, Netherlands), 3D data-
sets can be converted into Cartesian DICOM for-
mat and segmented. The Cartesian DICOM file can
then be imported into any available segmentation
software such as Mimics Innovation Suite (Mate-
rialise, Leuven, Belgium), ITK-SNAP (http://
www.itksnap.org), or 3D Slicer (http://www.
slicer.org), where the region of interest, a mitral
valve in this case, is segmented from the 3D
echocardiographic data (Fig. 13.1c). The process
of segmentation is largely a semiautomated
procedure. The segmented file is then saved as a
stereolithography (.stl) file and can be further
edited and refined using specific software
programs such as 3Matic (Materialise, Leuven,
Belgium), Blender (Blender Foundation, Amster-
dam, Netherlands), or Meshlab (Visual Computing
Lab, National Research Council of Italy)
(Fig. 13.1d). When the final model of the mitral
valve is ready in a 3D printable format (.stl, .amf, .
ply, etc.), it can then be printed using a suitable 3D
printer or can be outsourced to a 3D printing
company (Fig. 13.1e). Alternatively, a 3D
echocardiographic dataset of the mitral valve may
be imported into TomTec software (Image Arena,
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Fig. 13.1 A high-quality 3D TEE image of the mitral
valve is obtained in DICOM format (a). The image is then
converted into Cartesian DICOM format via QLAB
software (b). The mitral valve is then segmented from

TomTec GmbH, Munich, Germany). This work-
flow involves identifying anatomic landmarks of
the mitral valve annulus from different
two-dimensional views. Once this is complete, a
3D rendering of the mitral valve is created with a
relatively clean outline of the annulus. This file can
then be exported as a 3D file, i.e., STL, and be
processed on a 3D printer for physical model cre-
ation [20]. This process is less labor-intensive than
the manual segmentation of the valve leaflets. In
addition, the borders of the annulus are more suc-
cinctly defined, albeit derived from a limited
number of points identified on 2D images.

Rapid Prototyping in Valvular Heart
Disease: Current Uses and Future
Directions

Surgical Planning

The examination of heart valves for surgical
repair/replacement is a challenging endeavor.
During heart surgery, valves are examined on an
empty, noncontractile, and relaxed heart (i.e.,
under the effect of cardioplegia). In these

the Cartesian DICOM to generate a 3D model using
Mimics (c¢). The 3D model thus generated is further
refined and optimized in 3Matic (d) and finally printed
with a suitable 3D printer (e)

procedures, surgical planning is challenging and
usually needs to be modified “on the spot”
depending on specific findings.

Additionally, an increasing number of patients
with VHD are undergoing percutaneous inter-
ventional procedures (e.g., MitraClip and tran-
scatheter aortic valve replacement). Initially
indicated only in high-risk patients, these proce-
dures are now chosen by patients or physicians as a
primary treatment option. Interventional proce-
dures are particularly challenging due to a lack of
direct visualization of the heart valves during the
procedure. 3D printing could help the surgeon or
interventionalist perform an “ex vivo” examina-
tion of valvular anatomy (Fig. 13.2). There are
some reports of use of 3D printing for this purpose
with encouraging results [22-25].

Hemodynamic Testing

Our current understanding of valvular hemody-
namics is primarily derived from fluid dynamic
models, in vivo Doppler studies performed
under unstable and changing -circumstances
(e.g., surgery), and extrapolation of animal data
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(a)

mitral

Normal
b 3D-printed mitral annulus obtained from a patient with
Barlow’s disease showing significant dilation with labeled
anterior (A) and posterior (P) points, ¢ 3D-printed mitral

Fig. 13.2 a 3D-printed valve,

[26]. The ability to test physiological parameters
of patient-specific anatomic models in pulsatile
flow chambers (i.e., pulse duplicators) is a
potential application of RP [27]. Current 3D
printing technology allows for these models to
be developed from multiple materials and
therefore has different properties. In our expe-
rience, we have developed flexible silicone
molds derived from rigid 3D-printed mitral
valve models. These molds can be adapted to a
pulsatile chamber (Fig. 13.3) to simulate dias-
tole. We have used these models to study
echocardiographic Doppler parameters com-
monly used for mitral valve assessment such as
pressure half-time [27]. Other models could be
adapted to other types of chambers that simulate
the systolic phase.

valve from a patient with myxomatous disease, with
dilated mitral annulus and posterior leaflet prolapse, and
d 3D-printed aortic—mitral complex. The precise relation-
ship between the aortic and mitral valves is observed

Communication with Patients
and Medical Training

The utility of RP in VHD extends beyond direct
clinical application and can be applied toward
communication with patients and for medical
training. Patient-specific models can be used in the
preoperative period to explain the anatomy to
patients with VHD and discuss the possible
treatment options. RP also has the potential of
creating relatively low-cost, open-access simula-
tors for cardiac surgery and percutaneous inter-
ventions [10, 20]. One of the main disadvantages
of simulation training is that modern simulators
can be associated with significant purchase and
maintenance costs. Use of RP may help to make
simulation more accessible for medical training.
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Silicone valve and
flange assembly

Ventricle

' ' eral reservoir

Fig. 13.3 a Silicone model of the mitral valve is adapted to a flange and b silicone model of the mitral valve and flange
adapted to a pulse duplicator system (Archetype Medical Inc., Ontario, Canada)

Design of Patient-Specific Prostheses

Perhaps, one of the most exciting future applica-
tions of RP in VHD is the design of patient-specific
prostheses. These prostheses could be created
based on the patients’ own 3D imaging data and
adapted to suit their specific needs. This has been
shown to be successfully applied in other types of
pathologies [28]. The development of biocom-
patible, sterile materials is a requirement for these
models. Recently, 3D-printed silk materials have
been described for the treatment of bone fractures
[29]. These materials show great potential for
designing annuloplasty rings for treatment of
mitral and tricuspid valve disease. These prosthe-
ses could be designed to be reabsorbed once the
initial problem (e.g., MR) resolves. There have
also been promising studies on the use of RP for
the development of scaffolds for tissue-engineered
heart valves [30] and even bioprinting of valve
conduits [31, 32].

Conclusion

In conclusion, RP is a developing technology
with multiple potential applications for VHD,
including surgical planning, hemodynamic test-
ing, surgical training, and design of patient-
specific prostheses. 3D TEE is particularly well
suited for 3D printing of heart valves, due to its
availability, logistic advantages, relatively low

cost, and high temporal and spatial resolution.
However, many obstacles still need to be
addressed so that echocardiographically derived
3D-printed models can be used for patient diag-
nosis and management at the point of care.
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Heart Failure in Congenital Heart
Disease

Congenital heart disease (CHD) is reported to
occur with an incidence between 3 and 20 for
every 1000 live births, and the majority of cases
are related to structural malformations [1, 2].
With remarkable improvements in surgical
approaches and postoperative management, sur-
vival has dramatically improved to over 90%
after the first year of life [3]. The majority of
morbidity is now noted to occur in adults with
CHD with 76% of deaths occurring in those who
survived their first year after the age of 18.
Overall, in patients with CHD, the median age of
survival has increased from 37 years in 2002 to
57 years in 2007 [4].

Since patients with CHD are surviving for
longer periods of time, there has been an increase
in the burden of heart failure (HF) in this grow-
ing population. The major structural etiologies of
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HF in patients with CHD stem from failure of a
systemic right ventricle, residual cardiopul-
monary abnormalities, and from sequela of pal-
liative surgical interventions such as the Fontan
procedure. Although the overall prevalence of
HF in all CHD patients is uncertain, approxi-
mately 50% of those who undergo a Fontan
procedure develop HF as adults. Once HF
develops, it becomes the leading cause of death
accounting for 26% of all deaths in adults with
CHD. Despite such a lethal burden from HF,
only 3% of patients that undergo heart trans-
plantation have CHD, leading to a dire need for
alternative methods of circulatory support [5-7].

The Role of Mechanical Circulatory
Support in HF from CHD

During the past two decades, there has been
remarkable progress in the development and
implementation of durable mechanical circula-
tory support (MCS) with left ventricular assist
devices (LVADs) for patients with end-stage HF.
The current generation of smaller and more
durable continuous flow (CF) LVADs have
replaced the preceding generation of pulsatile
devices. At the moment, the most commonly
utilized CF LVADs are HeartMate I (HM II),
(Thoratec Corp., Pleasanton, CA, USA) and the
HeartWare Ventricular Assist Device (HVAD,
Heartware Inc., Framingham, MA, USA). HM II
is an axial flow device which is placed in a
sub-diaphragmatic pocket and has been implan-
ted in over 20,000 patients. HVAD is a smaller
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pump in which blood flows in a centrifugal
fashion and is implanted in the intra-pericardial
space. Both devices are approved for patients
awaiting cardiac transplantation, and HM 1I is
also available as DT for patients not eligible for
cardiac transplantation.

The Interagency Registry for Mechanically
Assisted Circulatory Support (INTERMACS) is
the largest registry of patients supported by MCS,
encompassing over 150 centers across the United
States. From 2006 to 2014, there were 111 adult
patients with CHD supported by MCS reported to
INTERMACS. Of these patients, 63 were repor-
ted to have great complexity lesions. D-TGA
status post-atrial switch with failure of the sys-
temic ventricle was the most prevalent great
complexity lesion at 44%, followed by palliated
single ventricle circulation (25%). Following any
durable VAD placement, patients with CHD
(n = 89) had similar survival in comparison with
those with no CHD (n = 13,554; CHD: 6 months
82%, 24 months 65%; no CHD: 6 months 87%,
24 months 69%, p = ns) [8].

Outcomes of heart transplantation after MCS
in patients with CHD have been reported. An
analysis from the Scientific Registry of Transplant
Recipients (SRTR) spanning from 1987 to 2012
showed that MCS was utilized in 83 out of 1213
(6.8%) patients with CHD. Those who underwent
MCS were sicker, with greater renal dysfunction
(creatinine 1.7 £ 0.9 vs. 1.3 £ 0.9. p < 0.001),
more likely to be on mechanical ventilation (9.6%
vs. 3.8%, p = 0.019) and in the ICU in compar-
ison with the non-MCS group. Despite presence
of more end organ dysfunction and a higher
baseline risk profile in patients who underwent
MCS, both groups showed similar 30 day (MCS:
10.8%, no MCS 13.5%, p = 0.62) and 1 year
survival (MCS: 64%, no MCS 67%, p = 0.57)
after heart transplantation [9].

Although MCS by VAD placement can be a
viable tool in bridging carefully selected patients
with CHD to heart transplantation, it is utilized
less frequently in those with CHD (6.8%) in
comparison with patients with acquired heart
disease (18.8%) [9]. The major barriers that have
been reported in the placement of a VAD are
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related to complex anatomical arrangements,
inflow cannula positioning, excessive trabecula-
tions in the systemic right ventricle leading to
inflow cannula occlusion, and lack of a receiving
venous chamber in patients with a single ventri-
cle and Fontan circulation. There is also critical
need for accurate assessment of great vessels and
shunts and collateral vessels [10]. Such barriers
may become more amenable to VAD insertion if
complex anatomical arrangements are presented
by a preoperative model in a three-dimensional
landscape.

Three-Dimensional Printing

Three-dimensional printing, also known as rapid
prototyping, enables creation of physical
anatomical models from data sets derived from
patient’s imaging studies such as cardiac CT scan
and MRI. After image segmentation, a virtual 3D
model is created which can be printed by a 3D
printer into a physical 3D model. This 3D model
allows direct visualization of the patient’s cardiac
anatomy to assist with preoperative planning for
VAD placement. Next, we will review the specific
anatomy of various complex CHD lesions, the
existing experience and challenges with MCS
utilization, and the potential of 3D models to assist
in overcoming barriers to VAD placement [11].

D-Transposition of the Great Arteries
(D-TGA)

In patients with D-TGA, there is ventriculoarterial
discordance meaning that the aorta arises from the
right ventricle (RV) and the pulmonary artery
arises from the left ventricle (LV) [12]. Since
deoxygenated venous blood is pumped from the
RV to the systemic circulation, neonates are
cyanotic at birth and usually require an atrial
septostomy to allow mixing of two otherwise
separate and parallel circuits. This mixing of
blood allows an improvement in cyanosis, but
ultimately, an atrial switch operation is now per-
formed within the first few weeks after birth to
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correct ventriculoarterial discordance. The atrial
switch operation involves disconnecting the pul-
monary artery and aorta superior to the semilunar
valves and re-anastomosing them to the RV and
LV, respectively [13].

Before the atrial switch operation became
standard of care, patients with D-TGA routinely
underwent an atrial switch operation. This
involved creation of inter-atrial baffles to redirect
deoxygenated systemic blood to the LV and
oxygenated pulmonary blood to the RV. Autol-
ogous tissue was used to create the baffle in the
Senning procedure while synthetic material is
used in the Mustard procedure [14]. Although the
atrial switch provides a durable solution to cya-
nosis, the major long-term complication of this
operation is HF due to the RV functioning as the
systemic ventricle. The morphologic spongy and
heavily trabeculated make-up of the RV, along
with the relative inefficiency of the tricuspid
valve apparatus, results in ventricular failure
when chronically subjected to high systemic
pressures. In addition, there may be impaired
myocardial blood flow and coronary flow reserve
to meet the higher demands of supporting sys-
temic circulation. It is estimated that about 30%
of patients who have undergone atrial switch will
develop HF by age 40, at which point their
1 year mortality can reach 50% [15-17].

L-Transposition of the Great Arteries
(L-TGA)

In patients with L-TGA, also known as congen-
itally corrected TGA (CCTGA), there is both
atrioventricular and ventriculoarterial discor-
dance. Systemic venous deoxygenated blood
leaves the right atrium to enter the right-sided left
ventricle which then leads to the pulmonary
artery. Oxygenated pulmonary venous return
enters the left atrium and then moves to the
leftward systemic right ventricle which pumps to
the aorta [18]. Similar to D-TGA, in L-TGA, the
RV is the systemic ventricle and in adulthood can
lead to HF in 25-67% of patients [19].

135

CF LVAD Implantation in D-TGA
and L-TGA

Implantation of both pulsatile and continuous
flow devices has been reported in patients with
D-TGA who have undergone an atrial switch
operation. Since CF LVADs are now the mainstay
of MCS, we will further discuss the experience
with such devices in TGA. Maly and colleagues
reported a case series of 5 patients with D-TGA
with systemic RV failure 28-32 years after a
Mustard operation who underwent HeartMate 11
implantation. Three of the five patients were
successfully bridged to heart transplantation while
the other 2 patients died on postoperative days
502 and 34 from progressive HF and pump
thrombosis, respectively. The authors described
using real time 3D transesophageal echocardiog-
raphy (TEE) to assess if the inflow cannula was
directed toward the tricuspid valve and noted that
RV trabeculations and the moderator band were
resected to prevent cannula obstruction [20]. In
another series of cases, significantly better flows
were achieved when the inflow cannula was
placed posterior to the moderator band in com-
parison with anterior placement. This could be
contrary to a tendency to place the inflow cannula
at the palpable apical dimple which leads to
anterior placement and subsequent low flows due
to interference by the moderator band and anterior
papillary muscles [21]. Implantation of the smal-
ler HVAD has also been reported in patients with
TGA, including 1 case in which there was a
reduction in pulmonary hypertension leading to
successful cardiac transplantation [22].

There are a few reports that describe place-
ment of CF LVADs in patients with L-TGA.
Joyce and colleagues reported implantation of
the DeBakey VAD (MicroMed, Technology,
Houston TX). In their description, the systemic
RV was found in the anterior chest, and the
inflow cannula was placed in the RV apex after
excision of trabeculae to the papillary muscles.
As cardiopulmonary bypass was weaned, there
were low flows of 0.5 L/min noted in the LVAD,
which improved to 2.5 L/min after manipulation



136

of the device by 180° toward the left chest [21].
In a case reported by Menachem et al., a patient
with L-TGA and situs inversus underwent HM Il
placement. During this case, the cardiac apex
was noted at the right axillary line, requiring
rotation of the anterior aspect of the VAD by
180°. This rotation allowed for placement of the
inflow cannula successfully in the systemic RV.
An HVAD has also been described to be placed
in a patient with L-TGA with a leftward aorta,
requiring anastomoses of the outflow graft
toward the leftward pleural space [23].

Challenges to CF VAD Placement
in D-TGA and L-TGA

The preceding reports demonstrate both feasibil-
ity and utility of CF LVAD placement in patients
with D-TGA and L-TGA and also highlight
challenges to device placement in this population.
These challenges are centered on appropriate
inflow cannula placement and positioning to
achieve optimal flows during device operation.
As opposed to routine placement of the inflow
cannula in the LV apical region marked by a
dimple, the RV apex can be ill-defined leading to
difficultly in locating the appropriate site of can-
nula insertion. Once an apical core is removed,
care must be taken to identify and remove nearby
anatomical structures in the RV such as trabecu-
lae, moderator band, and papillary muscles which
can obstruct blood flow into the inflow cannula.
To overcome these barriers, most groups perform
aggressive resection of these structures and place
the cannula in a posterior location [20, 21]. 3D
models can reveal the spatial arrangements of
such intra-cardiac structures in the preoperative
setting which may assist in surgical planning and
optimal cannula positioning. Although such a
strategy has not been tested in a prospective
method, Figs. 14.1 and 14.2 show how virtual
and printed 3D models can display intra-cardiac
structures that may interfere with flow into the
cannula. It is foreseeable to virtually simulate
cannula positioning in various orientations to
achieve minimal interference and achieve optimal
circulatory support.
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In addition to cannula positioning, surgical
approach may need modification due to the
variation in the location of the RV in patients
with D-TGA and L-TGA. In patients with
D-TGA, the RV is anterior and rightward similar
to normal anatomy, whereas in L-TGA, it is
leftward, in the usual LV position. In these
patients, placement of a VAD in the right abdo-
men instead of the left can cause compression of
right-sided structures which requires close mon-
itoring in the postoperative setting. This global
arrangement of cardiac chambers and other
nearby organs is notable by routine cardiac CT or
MRI but can be spatially enhanced by 3D mod-
eling to add to preoperative surgical approach.

Fontan Palliation

Patients born with a severely underdeveloped
ventricle in whom the circulation is only sup-
ported by a single ventricle are currently palliated
with a Fontan procedure. This palliative strategy
involves creation of a pathway from the inferior
vena cava to the pulmonary artery and leaves the
sole functioning ventricle to supply the systemic
circulation [24]. The major forms of CHDs that
typically require the Fontan palliation include
hypoplastic left heart syndrome, tricuspid atresia,
and double inlet LV. During the Fontan pallia-
tion, venous blood flows passively to the pul-
monary arteries. In the long term, this circulation
is associated with an approximate failure rate of
30% in a 20-year follow-up [25]. The major
co-morbidities of the Fontan palliation include
protein losing enteropathy (PLE), plastic bron-
chitis, thromboembolism, bleeding diathesis,
atrial arrhythmias, and liver cirrhosis [26, 27].
Adults with a failing Fontan circulation are
commonly poor candidates for heart transplan-
tation due to chronic malnutrition, major
co-morbidities, and significant end organ dys-
function. For such patients, VAD placement may
be an option to reach hemodynamic stability,
rehabilitate end organ function, and possibly
regain candidacy for heart transplantation. There
is only limited experience with VAD implanta-
tion in patients with the Fontan circulation in
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Fig. 14.1 D-TGA 3D virtual (a)
model (left) and
corresponding printed model
(right) of the pulmonary
venous baffle (PVB) to the
systemic right ventricle (RV)
in a 36 yo patient with
D-TGA s/p Mustard
procedure in HF. The model
is viewed from the anterior
aspect (a) and leftward aspect
(b). The anatomic landmarks
of interest, i.e., the prominent
trabeculations of the systemic
RV and the moderator band
(MB) were well reproduced.
This would allow presurgical
planning of cannula
placement as to avoid possible
inflow obstruction due to
these trabeculations. Right
atrium (RA), right ventricular
cavity (RVC), aorta (Ao)

either the right-sided circulation or the failing
systemic ventricle. Pretre et al. reported a case of
insertion of a Berlin Heart in a patient with a
failing Fontan after a conversion procedure with
a normal functioning systemic ventricle. The
cavopulmonary anastomosis was taken down,
and chambers were created for inflow and out-
flow cannulation. The outflow cannula to the
pulmonary artery was implanted in the proximal
stump of the Fontan conduit. A capacity chamber
was created with anastomosis to the superior
vena cava with an enlargement patch of
xenopericardium and to the inferior vena cava.
The inflow venous cannula was inserted in this
capacity chamber. Both cannulas were external-
ized and connected to a 60-ml paracorporeal
ventricle. Postoperatively, the patient had marked
recovery of end organ function and went on to

receive cardiac transplantation after 13 months
of mechanical circulatory support [28]. New-
comb et al. described a case of ventricular failure
after Fontan conversion which needed VAD
implantation. In this report, VAD cannulation
was done through the apex of the heart and
ascending aorta, and the patient was eventually
bridged to cardiac transplantation [29].

Challenges to VAD Placement
in the Fontan Circulation

Although the cases above demonstrate feasibility
of VAD implantation in patients with a failing
Fontan circulation, there remains a paucity of
reported experience of successful bridging of
such patients to cardiac transplantation. In cases
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Fig. 14.2 L-TGA 3D virtual
model (left) and
corresponding printed model
(right) in a 51 yo patient with
L-TGA in HF. The model is
viewed from the anterior
aspect (a) and leftward aspect
(b). The prominent systemic
right ventricular (RV)
trabeculations and an anterior
and leftward aorta are clearly
identified, allowing accurate
presurgical planning. Superior
vena cava (SVC), right atrium
(RA), left ventricle (LV),
pulmonary artery (PA), right
ventricular cavity (RVC)

(b)

of right-sided circulatory failure with preserved
function of the systemic ventricle, the cavopul-
monary anastomosis may require deconstruction
prior to creation of pathways for the VAD can-
nulas. A major challenge is to accomplish
simultaneous drainage of systemic venous blood
from superior and inferior vena cava into the
VAD inflow cannula. As reported above, after
takedown of the cavopulmonary anastomosis,
systemic venous drainage is possible by creation
of a capacity chamber between the superior and
inferior vena cava, which is connected to the
VAD inflow cannula. Prior to takedown of the
cavopulmonary anastomosis, it is imperative to
preoperatively assess for leaks and stenosis
within the Fontan and to comprehend the spatial

relationship between major vascular structures
and collaterals to prevent adverse hemorrhagic
complications. In cases, where the systemic
ventricle is failing, several precautions are note-
worthy during implantation of the VAD. These
include precisely localizing the apex which may
be displaced or not in communication with the
major ventricular chamber and delineation of the
surface coronary anatomy [28, 29]. Preoperative
3D modeling of the Fontan circulation, Fig. 14.3,
may further aid in comprehending the anatomical
arrangement of the cavopulmonary anastomosis,
global orientation of the systemic ventricle, and
the spatial orientation of nearby vascular struc-
tures for optimal preoperative surgical approach
and planning.
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Fig. 14.3 Fontan A 3D virtual model (leff) and corre-
sponding printed model (right) in a 37-year-old patient
with tricuspid atresia, D-transposed great vessels s/p
Fontan procedure with persistent ascites and atrial
arthythmias. The model is viewed from the anterior
aspect (a) and from the posterior aspect (b). The Fontan
pathway (FP) and its spatial relationship with the rest of

Inflow Cannula Malposition

In patients with advanced HF, not related to CHD,
the inflow VAD cannula is placed in the left
ventricle at the apical dimple. To ensure optimal
unloading, the cannula is set and fixed in place to
face the inflow across the mitral valve. On occa-
sion, alarming low flows may be noticed from the
device. To uncover the etiology of reduced flow, it
becomes essential to evaluate inflow cannula
position for misalignment. Figure 14.4, shows CT
images of a HM Il in a patient who presented with
new onset low flow alarms eleven months after
implantation. Non rotated images (Fig. 14.4a)

the anatomy are well represented on the 3D model and
can be used to plan VAD placement using any of the
techniques mentioned earlier. Superior vena cava (SVC),
right atrium (RA), right ventricle (RV), left ventricle (LV),
right pulmonary artery (RPA), left pulmonary artery
(LPA), left atrium (LA), aorta (Ao)

appear to show that the inflow cannula is facing
the mitral annulus. However, manipulation of
virtual 3D images (Fig. 14.4b) revealed that the
inflow cannula was directed toward the apical
septum rather than the mitral valve. The patient
opted to defer reparative surgery, but this case
demonstrates that 3D modeling may be able to
show spatial intricacies of the inflow cannula
orientation not viewable by two dimensional
imaging.

In summary, in a growing adult population of
CHD patients with HF, 3D modeling may aid in
preoperative planning prior to VAD placement
through tangible manipulation of atypical intra-
cardiac structures and enhanced comprehension of
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(a)

Fig. 14.4 Cannula malposition. The myocardium was
segmented to create this virtual model. A virtual
three-dimensional model showing the same HM II inflow
cannula in a four chamber (a) and rotated view (b) to
demonstrate malposition. In this virtual model, it is

unusual anatomical arrangements. Closer spatial
assessment of the inflow is also enhanced through
3D imaging. Further prospective evaluation to
assess the added utility of 3D modeling in preop-
erative planning and assessing optimal inflow
cannula alignment is warranted.
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Ryan A. Moore, MD and Michael D. Taylor, MD, PhD

Introduction to Cardiac Tumors

Primary cardiac tumors are rare in children, with
a reported incidence of less than 0.1% [1]. The
majority of primary tumors in children are
benign, with rhabdomyomas comprising 40-
60%, teratomas 15-19%, and fibromas 12-16%
[2]. The remaining tumors include vascular,
myxomas, fibroelastomas, pleuropericardial
cysts, Purkinje cell tumors, lipomas, and primary
malignancies, the majority of which are sarco-
mas. Interestingly, in adults, metastases to the
heart from other primary cancers are 30 times
more common than primary cardiac tumors [3].
Additionally, a mural or intraluminal thrombus is
always in the differential diagnosis when a car-
diac mass is present and should be thoroughly
evaluated [1].

The majority of pediatric cardiac tumors do
not need surgical intervention. However, even
histologically, benign tumors can become prob-
lematic due to their size and location. Benign
cardiac tumors causing inflow or outflow
obstruction or compression of cardiac structures
often require surgical removal [4]. Additionally,
benign cardiac tumors can lead to arrhythmias
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requiring ablation. Using image-guided catheter
ablation planning may lead to improved results.
While malignant primary cardiac tumors are rarer
than their benign counterparts, they should
always be considered for surgical removal given
the 1-year survival rate of ~10% without
resection [5, 6]. While many patients are
asymptomatic, arrhythmias and heart failure due
to inflow or outflow obstruction can be conse-
quences of large or invasive tumors. Cardiac
tumors are often complex 3-dimensional (3D)
structures within or around the heart. Using 3D
printing in procedural planning can be a valuable
tool to improve targeted approaches and ulti-
mately outcomes.

Current Imaging of Cardiac Tumors

Cardiac magnetic resonance (CMR) has emerged
as the primary diagnostic modality for cardiac
tumor characterization [7]. Utilizing different
CMR sequences, the multi-parametric tissue
characteristics of a cardiac tumor can be defined.
Additionally, CMR provides clear definition of
tumor location and extent. Echocardiography is
the conventional screening method for intracar-
diac masses and tumors. It is the primary
modality for characterizing well-defined rhab-
domyomas that often do not require any further
imaging. 3D echocardiography can provide
additional detail related to tumor location and
extent, particularly when atrioventricular or
semilunar valves are involved. Computed tomo-
graphic (CT) imaging can also assist with tumor
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location and extent although it provides limited
tissue characterization for assisting with
diagnosis.

Value Added by 3D Printed Models
of Cardiac Tumors

Cardiac tumors are often complex 3D structures
that can distort normal cardiac anatomy. Visual-
izing the tumor size and location relative to
pertinent cardiac structures is critical to a suc-
cessful operation. Additionally, understanding
how the cardiac geometry may change after
tumor debulking or resection is important during
procedural planning. For the rare malignant
tumors that require surgical excision, 3D printing
may provide benefit in defining the tumor bor-
ders during surgical planning.

Cardiac Tumor Model Creation
and Post-processing

As discussed above, CMR is the primary
modality for defining cardiac tumor type, loca-
tion, extent, and size [7]. The distinct MR signal
characteristics of cardiac tumors and the sur-
rounding muscle and soft tissue provide imaging
data needed to perform high-level 3D recon-
struction. For 3D printing, a post-contrast
respiratory-navigated, cardiac-gated 3D-free-
breathing steady-state free precession or inver-
sion recovery gradient echo angiogram is best to
define cardiac tumors. To optimize resolution for
3D reconstruction and segmentation, the 3D
whole heart imaging should be acquired with
~1 mm isotropic voxels. Various tumors will
have differences in appearance based on their
signal properties. Attention to detail for segmen-
tation is critical in defining the borders and extent
of the mass. In our experience, segmenting the
entire heart is of great value for cardiac tumors
because it gives the best sense of the tumor’s
location relative to pertinent structures. When
considering 3D printing cardiac tumors, attention
should be paid to the type of material (flexible vs.
hard) needed in relation to the cardiac structures.
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We have typically printed the tumor in a separate
material and color from the surrounding myo-
cardium. For intracardiac tumors, a hard, opaque
material is best visualized within a flexible, clear
shell denoting the cardiac structures. For external
tumors, the cardiac structures may need to be
printed in a more rigid material to support the
large tumor. For simulation cases, 3D printing a
flexible model is best with various colors to
separate tumor for pertinent cardiac structures.

Case Examples

The authors report two cases of cardiac tumors
where 3D printing was crucial to decision mak-
ing related to procedural planning.

Large Cardiac Fibroma Causing Right
Ventricular Outflow Tract Obstruction

Case Summary

An infant was found to have a large tumor
compressing and replacing the anterior wall of
the right ventricular outflow tract (RVOT),
encasing the left anterior descending coronary
artery (LAD), and causing outflow obstruction.
A 3D model facilitated surgical planning, par-
ticularly guiding the extent of tumor resection
while avoiding coronary artery injury.

Clinical Details

A previously healthy infant presented to the
emergency department for inconsolable fussi-
ness. A chest X-ray revealed an enlarged cardiac
silhouette. A bedside transthoracic echocardio-
gram demonstrated a large pericardial effusion
with no evidence of tamponade. Pericardiocen-
tesis was performed, and a total of 150 ml of
fluid was drained. The echocardiogram showed a
large heterogeneous mass in the right ventricle
(RV), measuring approximately 6 x 4 x 3 cm.
The RVOT was narrowed to <3 mm at the level
of the mass. CMR confirmed the presence of a
large mass on the epicardial surface of the RV
producing significant compression of the RVOT,
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with findings characteristic of a cardiac fibroma
(Fig. 15.1a). Analysis of the pericardial fluid did
not reveal malignant cells. The decision was
made to attempt surgical resection or debulking
of the mass, with the primary goal of relieving
RVOT obstruction and obtaining definitive tissue
diagnosis. Based on the CMR, a virtual 3D
model of the heart and great vessels was created
and subsequently 3D-printed to guide surgical
planning (Figs. 15.2 and 15.3). The model
showed the extent of the tumor and delineated
how it wrapped around the right lateral aspect of
the main pulmonary artery. The anatomic posi-
tion of the mass placed the left anterior
descending (LAD) artery at risk for damage
during resection and posteriorly displaced the
right coronary artery.

Figure 15.1d shows the tumor, which com-
pletely covered the anterior surface of the heart.
The tumor filled the mediastinum making it dif-
ficult to visualize its total extent or move the
heart as needed. Therefore, intraoperatively, the
patient was placed on cardiopulmonary bypass.
The resection was continued to relieve RVOT
obstruction, with immense care taken to avoid
putting the LAD at risk. The tumor was separated
from the right coronary artery, and further dis-
section clearly revealed it arose from the myo-
cardium. The majority of muscle of the RV free
wall and the RVOT was very thin or had been
completely replaced by tumor. Most of the
anterior free wall from the atrioventricular
groove to the interventricular septum up to the
annulus of the main pulmonary artery was
removed. Further lateral resection of the mass

was not possible due to its intimate involvement
with the LAD. After debulking as much of the
tumor as deemed to be safe, the RVOT was
reconstructed using CorMatrix patch (CorMatrix
Cardiovascular, Inc., Roswell, GA). An intraop-
erative transesophageal echocardiogram showed
the RV systolic function to be mildly depressed
with severe hypokinesis of the anterior free wall,
and no RVOT obstruction, or tricuspid or pul-
monary valve insufficiency. The final pathology
demonstrated that the tumor was a fibroma with
foci of myxoid changes, consistent with the
preoperative CMR findings. The patient was
discharged home on postoperative day 17 and
will be followed by oncology and cardiology to
ensure no regrowth of the tumor or recurrent
RVOT obstruction.

Because the LAD was covered for much of its
length by the tumor, identifying its course
intraoperatively was not possible. However, the
3D model clarified the relationship of the tumor,
main pulmonary artery, and the LAD, prior to
and during surgery, allowing us to plan a safe
surgical approach and extent of resection.

Large Residual Cardiac Rhabdomyoma
Causing Refractory Ventricular
Tachycardia

Case Summary
The second patient was an adolescent with
tuberous sclerosis and multiple cardiac rhab-
domyomas with associated accelerated ventricu-
lar rhythm. He

had one large residual

Fig. 15.1 Case 1: Cardiac MRI a, b showing the tumor compressing the RVOT (circle), and an intraoperative
photograph showing the large fibroma on the anterior surface of the heart (c)
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Fig. 15.2 Case 1: 3D modeling demonstrating the
cardiac tumor (gray) compressing the RV (blue). The
tumor is shown opaque (a), transparent (b), and after
removal from RV surface (c¢). The 3D reconstruction

assisted with assessing the extent of RV compression,
which ultimately required surgical reconstruction after
tumor debulking

Fig. 15.3 Case 1: 3D printed heart model demonstrating
the fibroma in a clear, flexible rubber printed material on
the anterior surface of the heart demonstrated in an
opaque, hard plastic printed material. The 3D model

rhabdomyoma in the basal left ventricular free
wall that was causing mild left ventricular out-
flow tract obstruction and thought to be the focus
for his recurrent ventricular arrhythmias. A 3D
model facilitated electrophysiology study plan-
ning and discussion related to potential surgical
resection.

assisted with determining the extent of RV compression,
as well as defining the left coronary course within a
portion of the tumor

Clinical Details

An adolescent with a history of tuberous sclero-
sis and multiple cardiac rhabdomyomas, most of
which had resolved, except for one large residual
tumor in the left ventricular outflow tract, pre-
sented with episodic palpitations. An electrocar-
diogram was performed, which demonstrated a
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Fig. 15.4 Case 2: Large cardiac rhabdomyoma causing
partial left ventricular outflow tract obstruction and
malignant ventricular arrhythmias. Coronal projection
(a). Reformatted 3-chamber demonstrating rhabdomyoma

Fig. 15.5 Case 2: 3D printed (a)
model of large cardiac
rhabdomyoma in the basal
lateral wall of the left
ventricle. The tumor was
causing mild left ventricular
outflow tract obstruction and
refractory ventricular
arrhythmias

wide QRS complex tachycardia with right bundle
branch block morphology and leftward inferior
QRS axis. Atrial activity was not definitively
seen. Adenosine was administered without
apparent affect. Intravenous diltiazem was given
and the heart rate slowed. During the episode, the
patient became anxious but maintained con-
sciousness. An invasive cardiac electrophysiol-
ogy study showed monomorphic ventricular
tachycardia originating near the rhabdomyoma.

in the left ventricular outflow trace (b). Volume-rendered
3D reconstruction with large rhabdomyoma denoted in
blue (c)

Radiofrequency lesions placed at the site of
earliest ventricular activation did not have any
effect on the tachycardia. Tachycardia termina-
tion was not achieved, and the patient left the
laboratory with continued tachycardia which was
resulting in hemodynamically instability. On one
occasion, a short burst of ventricular pacing
converted the tachycardia to ventricular fibrilla-
tion. An implanted cardioverter-defibrillator
(ICD) was placed approximately 1 month later.
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A few years later, the patient presented to an
outside hospital in unstable ventricular tachycardia,
and after failing conversion with adenosine, he was
given intravenous amiodarone resulting in a pos-
sible allergic reaction. His echocardiogram at the
time showed severe ventricular dysfunction
requiring a left ventricular assist device. There was
significant concern that his arrhythmias were not
manageable with medication alone and plans were
made to attempt another ablation. For this ablation,
the electrophysiology service requested a 3D prin-
ted heart model to assist them with the exact loca-
tion of the tumor, so that circumferential
radiofrequency lesions could be applied around its
full extent. Given the previously placed ICD, a
cardiac CT angiogram was performed to assess the
tumor size and location. The CT images were used
as a source dataset for 3D virtual model recon-
struction and 3D printing (Fig. 15.4). The 3D
printed heart model demonstrated a large rhab-
domyoma positioned within the mid-myocardium
with extension into the left ventricular outflow tract
and causing partial obstruction (Fig. 15.5). Using
the 3D model as a guide during the EP procedure,
the patient underwent successful ablation with
marking of the model at each individual lesion. The
patient did well after the procedure for several
months; however, the ventricular arrhythmias
returned. Discussion at that time included the pos-
sibility of removing the tumor. Utilizing the 3D
model for surgical discussion, it was felt that the
tumor was intercalated into such a large part of the
left ventricular mass, removal would likely lead to
significant cardiac dysfunction, and heart transplant
would have to be considered. Tumor resection was
therefore deferred. After the final ablation, a dif-
ferent antiarrhythmic was used and was successful
in controlling the ventricular arrhythmias.

Conclusion

Cardiac tumors in pediatrics are rare and often
benign. However, even benign tumors can have
significant hemodynamic affects related to tumor
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type, size, and potential for mass effect or
inflow/outflow obstruction. CMR is the leading
modality for characterizing cardiac tumors in
pediatrics. Each CMR tumor case should be
approached with the foresight to obtain an ade-
quate imaging dataset for possible 3D recon-
struction with subsequent 3D model printing. As
demonstrated above, 3D reconstructions and 3D
printed heart models of cardiac tumors better
demonstrate tumor extent and potential interac-
tions with nearby cardiac structures than 2D
imaging alone. Utilizing 3D printed models for
cardiac tumors aids in surgical and procedural
planning and ultimately may improve outcomes
by providing an anatomic blueprint for
approaching surgical debulking, resection, or
other necessary interventions.
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Kevin A. Gralewski, MSE, Yoav Dori, MD, PhD
and Kevin K. Whitehead, MD, PhD

Introduction

The roots of additive manufacturing, or 3D
printing, can be traced to the early 1980s. This
technology was born out of the concept of cre-
ating prototypes by which to test and verify
design iterations for mass production before
committing to the expensive elements of mass
production, such as casting molds or milling
processes. As resolution and available materials
for 3D printed products improved over the
ensuing 30 years, its application has expanded
across many fields [1]. Today, 3D printing is
widely used to manufacture finished products in
many industries. As with most technologies, the
confluence of advancements in 3D printers
themselves, along with the growing awareness of
the technology, beyond the first adopter audi-
ence, has led to a marked expansion of applica-
tion [2].

The medical community has also adopted this
technology and its use has been significantly
increasing in recent years. The ability of 3D
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printers to quickly produce one-off unique
designs with sub-millimeter resolution Ilends
itself well to patient-specific anatomical model-
ing. In fact, this medical application has been
used since the mid-2000s [3] with the recent
rapid advancements in imaging and printer
technology, 3D printed anatomical models have
been used to improve planning for surgery, car-
diac catheterization, and education of medical
trainees and patients/families alike [4, 5].

Creating patient-specific anatomical models
with sufficient fidelity on which to base clinical
decisions or educate is not simple. Expertise is
required at various steps along the process, which
can be as multidisciplinary as the clinical inter-
vention itself. The purpose of this chapter is to
provide the reader with perspective on this pro-
cess and the required resources necessary to
establish a 3D modeling service within their
institution.

For completeness and clarity, the discussion
will begin with an outline of the process. Each
project will likely have their own unique ele-
ments, but the general workflow in creating a
patient-specific model is as follows:

1. Image acquisition of the anatomy by a 3D
imaging modality such as Computed
Tomography (CT) or Magnetic Resonance
Imagining (MRI).

2. Segmentation, or partitioning of the of the 3D
image dataset according to desired regions of
interests (ROI).

3. Adding specific design features such as wall
thickness, identifying labels, access ports for
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intervention, or attachment points for assem-
bly of multiple pieces.

4. Printing of the segmented volume renderings,
which will include material selection as
defined by the printer, that can vary by both
mechanical properties and/or color.

5. Post-processing, which might involve clean-
ing of the print run to finish quality and
assembly of any subunits into the final model.

Image Acquisition

Each level of the workflow can introduce a new
opportunity for error or at least a limitation to
meeting the design goals. However, the most
significant part of the process is without question,
image acquisition. For obvious reasons, models
or design prototypes can never exceed the reso-
lution or fidelity of the original dataset. For this
reason, image acquisition must be planned with
modeling in mind. Segmentation (discussed in
the following section) requires cardiac gating,
and consensus among the medical team should
be reached regarding the most appropriate por-
tion of the cardiac cycle to capture for modeling.
In general, surgical planning will be aided by
models acquired in diastole, but there may be
instances where systolic gating is more appro-
priate, such as in defining a ventricular septum
defect (VSD) pathway if baffling through the
VSD is part of the proposed intervention. For
images obtained via MRI, some form of respi-
ratory compensation is also generally required.
This has traditionally been performed using res-
piratory navigation, which tracks diaphragm
motion and excludes acquisitions outside of a
pre-determined window near end-expiration.
Newer techniques using motion correction rather
than traditional navigator promise improved scan
times, especially in patients who are free
breathing and have inconsistent respiratory pat-
terns. For either CT or MRI modalities, scan
resolution should be isotropic and near 1 mm
resolution if possible. Similarly, effort should be
made to capture the entire ROI in a single image
sequence. While image registration algorithms
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can align inter-sequence images, the error inherit
to the process can distort the anatomy beyond
usability.

Our institution routinely uses
contrast-enhanced MRI sequences acquired with a
blood pool contrast agent. Acquisition time is
around 2-8 min, and we normally use a cardiac
gated, respiratory navigated 3D-FLASH (Fast
Low Angle Shot) acquisition with a non-selective
inversion pulse timed to null non-enhanced
extravascular tissue. Some have reported good
success with non-contrast-enhanced sequences,
usually a steady-state free precession sequence
with a T2-preparatory pulse. This sequence can
provide excellent resolution and contrast, but is
more subject to artifacts from flow and metal.

Segmentation

Once the desired image sequences are acquired,
the files, typically formatted as Digital Imaging
and Communications in Medicine (DICOM) for-
mat, are imported to a software program capable of
segmentation, which is the process of partitioning
particular region(s) of the image sequence
according to some defined common parameter.
When this parameter is a range of voxel intensity,
specifically, Hounsfield units (HU) in the case of
CT datasets, the segmentation method is referred
to as thresholding. Threshold-based segmentation
is the simplest of the segmentation algorithms and
in many ways is quite rudimentary, although when
coupled with a cropping tool, is sufficient to isolate
many different ROIs. There are a number of
open-source and commercially available software
packages with thresholding and cropping tools. It
is left to the reader to determine which software
works best for their particular application and
budget. Some of the most widely run programs
include: 3DSlicer from the National Alliance for
Medical Image Computing and Insight Segmen-
tation and Registration Toolkit (ITK) from Kit-
ware which are both open sources, and the
Mimics/3-matic® package commercially available
through Materialise®.

It is highly recommended that the segmenta-
tion program, along any corresponding design
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software (i.e., CAD programs), be run on its own
designated machine for multiple reasons. First,
the minimum technical specifications required to
run such computationally intensive programs can
be restrictive to the type of machine. Second, the
time required to complete segmentation can be
prohibitive if the program is run on the same
computer as the image acquisition workstation.
Also worth consideration is the time commitment
to image processing. At this time, preceding the
era of fully automated segmentation, modeling
cannot be completed on the order of a single
clinical visit. The segmentation required for
modeling is more detailed and intensive than
direct volume rendering functions common to
many modern image acquisition workstations.
This also implies that the process will require a
new skill set with an associated learning curve to
master the process. This will of course vary by
operator and their natural aptitude, but in general,
segmentation processing can be learned over the
course of a few training days. Institutions are
encouraged to identify or hire-in a designated
technician to complete segmentation and the
greater modeling processes, as opposed to adding
the responsibilities to a clinician. Again, the time
requirements for the entire process are likely to
be too prohibiting for the latter.

While hiring new dedicated staff may incur
more cost, there are several benefits to having a
dedicated, non-clinician responsible for seg-
mentation. The learning curve for the technician,
if not already trained through previous experi-
ence, will be steeper. Also, once they are fully
trained and operational, their full commitment to
the process will prevent any atrophy of skills, as
is a common occurrence with part-time effort.
Image processing technicians may also bring to
the project other technical or engineering skills
not necessarily found among clinicians that can
improve final designs or their efficiency. Also, as
the scope of the modeling service grows, the
dedicated technician should, by definition, have
available time to scale with operation. The
challenge of having the process completed by a
non-clinician is that they often lack medical
expertise. This can result in an inability to relate
the model to the actual clinical scenario. This
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may be overcome with direct consultation with
the ordering or supervising physician. While this
may seem counterproductive, it is certainly
unavoidable given that no individual will hold
the expertise to create all model types. The only
alternative to avoiding the physician—technician
consultation would be to train all physicians
interested in modeling which would be com-
pletely impractical for reasons already discussed.

Including Manufactured Design
Elements

Once segmentation of all ROIs is complete,
design features may be added to bring the seg-
mented volumes into their “model” form. Some
of the more widely incorporated features include
unique cut planes through the model with
accompanying attachment hardware which
allows one to bind the split pieces together; direct
labeling of features with ambiguous location or
orientation (i.e., left femur); added vessel wall
thickness around previously segmented blood
volumes to create luminal spaces; and color
coding volumes in a single print to provide
contrast across the model (i.e., assigning con-
trasting colors to the pulmonary arteries and
veins of a full thoracic cardiac model to delineate
between the vessels running into and out of the
lung parenchyma). Of note, the ability to perform
these post-processing steps is dependent on the
resources available to a center. For example,
printing in different colors would require a
printer with the ability to run single prints with
multiple materials.

Incorporating features that alter the structure
of the model require advanced design tools. Their
necessity for any planned applications should be
included in the selection criteria for the seg-
mentation software package. Some of the pro-
grams have these functions built-in, to varying
degrees, while others will require a stand-alone
supplemental program. To convey the potential
importance and degree to which such design
algorithms may be called upon take, as an
anecdote, the process for creating a luminal
model.
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After segmentation of the patient vessel blood
volume from the image stack, the user has iso-
lated the luminal space. To create a model vessel,
the general strategy is to create a second volume
with the gross shape of the originally segmented
ROI but larger in general cross-sectional area.
A common practice is to create a new volume by
sweeping out an increased radius orthogonal to
the lumen volume centerline by approximately
2 mm. By convention, this larger volume is
usually referenced as a wrapped or region
growing volume. The vessel model is then cre-
ated by subtracting the original segmented blood
volume ROI from the resultant wrapped volume
by the use of a Boolean operator (specifically an
“A not B” function, where “A” = wrapped vol-
ume, and “B” = original blood volume). Such a
function will remove volume “A” wherever it is
coincident to volume “B”, thereby rendering a
hollow vessel with a thickness equal to the
increasing factor for the radius used to define the
wrapped volume, in the example above, 2 mm.

To summarize, the common design process of
reconstructing luminal spaces for vessel model-
ing requires the following algorithms: thresh-
olding, cropping, region growing/wrapping, and
Boolean operators. Given this number of unique
functions, users may wish to invest through
capital or programing effort in software packages
that streamline this process to increase model
making efficiency.

Printing and Material

As previously mentioned, some final design
features, mainly model color and material
durometer, or hardness, will be a function of the
printer. Many inexpensive commercially avail-
able 3D printers rely on a fused deposition
modeling (FDM) technology. This method gen-
erally limits the print run to a single material,
mostly thermoplastic materials such as Acry-
lonitrile Butadiene Styrene (ABS), Poly-
EtherEtherKetone (PEEK), and other
polycarbonate (PC) plastics [6]. These printers
are inexpensive but often have lower resolution
than other 3D printers.
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Polyjet printers are another common technol-
ogy capable of depositing multiple materials in a
single run; however, their cost can be multiple
orders of magnitude higher than the lower end
FDM machines. It is also important to note,
while the polyjet technology allows for finished
printer materials of various durometers, many of
materials currently available cannot match the
biological compliance of elastic arteries such as
the aorta. This is certainly an area of active
development by material venders and has had
many recent advancements [7]. While the lower
durometer materials struggle to match biological
compliance behaviors, they do offer utility in
surgical and catheterization planning, mainly
because they are capable of being punctured.
This is important when planning catheter access
routes, such as transseptal or transapical
approaches, and other surgical incision planning.
This feature should be considered against the
higher operational cost for such materials as they
are considerably more expensive to run.

Polyjet printers require higher start-up capital
and overhead cost given the consumables are
more expensive than the alternative FDM tech-
nology. However, the polyjet technology does
offer benefit for its investment. Polyjet printers
provide better print resolution, measured on the
order of microns, and better print quality con-
sistency, both within large single print runs and
across runs over time. Polyjet printers also have
greater reliability. In general, final print products
can still be salvaged if they incur minor issues
during the print process on polyjet machines.
Polyjet machines are also more amenable to
printing single runs in multiple colors, though the
most capable printer type for creating
photo-realistic color patterns is a colorjet printing
machine, a type of powder bed fusion printing
technology.

If compliance of the printing material is a
necessity, the best current approach is to use
casting with non-printing commercially available
products with more appropriate bulk moduli. In
this process, instead of the 3D printer creating the
finished model, it is used to create a mold of the
desired anatomy for lost-wax casting procedures
or simply as the direct mold for the final casting
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material. Such modeling practices require addi-
tional resources and facilities, such as a fume
hood and general laboratory space for material
preparation, but also expand the scope of the
service. Our institutional has routinely used such
molding procedures to create compliant aortas.
This can be critical in hemodynamic studies or
catheterization planning, as in stenting a
coarctation.

Post-Processing

Nearly all printing technologies require some
post-processing cleaning before the model can be
deemed finish quality. This involves the removal
of support material that was laid down during the
print process to make the 3D volume possible.
This post-processing can be time-consuming, but
is necessary to remove excess material from the
model, and therefore, it should not be neglected
when scheduling prints against hard deadlines.
Physical removal of the support material
varies by printer technology. Cleaning is simplest
for powder bed fusion printing wherein the fin-
ished print is simply removed from a bed of
unused powder material and brushed clean.
Typically, the unused powder material can be
recycled for subsequent prints. Other printer
technologies require more involved
post-processing to yield the final model. Many of
the FDM machines, for instance, lay down finish
material in the form of struts formed in model
cavities to buttress material that is deposited in
subsequent layers of the print. These struts, or
pillars, have to be cut or broken away from the
finished model. Some printers lay down soluble
support materials which can be dissolved after
the model is complete by immersing it in a
solution. Conversely, some polyjet machines lay
down a unique support material. It forms a solid
support matrix, but is deposited in such a way
that requires less force to shear it away from the
finish material. A high-pressure water jet is
usually packaged with the printer to facilitate this
cleaning. This additional equipment leads to
further  consideration for the  service
setup. Water-soluble support materials are being
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developed for polyjet printers and promise easier
cleaning, especially in flexible or complex
models.

The facilities to house and support this
machinery should be discussed before investing
in any technology. Most of the print materials are
non-hazardous with publicly available material
safety data sheets (MSDS). Reviewing these
documents and the intentions of the print service
with institutional facilities and safety manage-
ment is certainly beneficial. The equipment will
require obvious space, but may also require
specialized ventilation and a fire suppression
system to comply with local and federal occu-
pational regulations [8]. Electrical backup to the
printer would also be beneficial from a safety and
practical standpoint. Many larger printers can run
for over 10 h, which naturally leads to prints
running overnight, unstaffed. Returning to a
printer the following day to a failed/incomplete
job due to a power outage is clearly undesirable.
Mitigating this with uninterruptible power sup-
plies (UPS) is strongly advised. The selection of
the specific UPS should be deferred to the printer
manufacturer and budgeted appropriately. Waste
disposal should also be planned with institutional
facilities before start-up of the service.

Cost

For all the factors outlined above, the cost of
initiating an in-house printing service can range
from several thousand dollars to several hundred
thousand with an annual budget to match. The
disparity in cost depends on the scope of the
service. Larger scale programs may be worth the
higher investment on the basis of improved
clinical decision making and
research/educational advancements. Currently,
there is limited ability to recoup the costs of 3D
printing for clinical cases, though as research
advances, and if improved outcomes can be
shown, this may change. For current operational
management, it is suggested the financial
investment should be handled on an institutional
department level. Such services typically have
the discretionary spending capabilities to support
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Fig. 16.1 3D printer
laboratory space for
Stratasys/Objet Connex 500
polyjet printer complete with
post-processing facilities
including an Underhill
Powerblast high-flow,
self-contained, water cleaning
unit and manual cleaning
supplies. Not shown is the
workstation to perform
segmentation and run the
printer software

the demands of 3D printing, especially at larger
academic institutions.

The scale of the printing service will also
determine the optimal workflow. Smaller ser-
vices with limited personnel work best with a
personal consultation between those completing
the modeling tasks outlined above and the
ordering physician. For such an arrangement,
covering the cost of manufacturing is often
easiest by determining the cost of the material
used as well as quantifying the time and effort
dedicated to image and model post-processing.
Such smaller purchases often can be funded by
the ordering physician’s research money or home
department. Larger scale services require a more
robust system. Interdepartmental agreements
may be needed to set up billing and payment
methods. Ordering procedures will still ulti-
mately require personnel consultation given the
uniqueness of each case, but the initiating event
can be automated. Given there is no current
mechanism for billing the service of creating a
3D printed model to the patient and/or their
insurance in clinical cases, it is not yet appro-
priate for such an ordering mechanism to be built
into the electronic medical record. As further

research is conducted and this process becomes
more commonplace, there will surely be move-
ment toward a quantification of effort and

therefore an  assessment of
reimbursement.

Figure 16.1 shows a 3D printer laboratory
space for Stratasys/Objet Connex 500 polyjet
printer complete with post-processing facilities
including an Underhill Powerblast high-flow,
self-contained, water cleaning unit and manual
cleaning supplies. Not shown is the workstation
to perform segmentation and run the printer
software.

appropriate
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Introduction

While the concept of digital three-dimensional
(3D) data has been around for decades, the
inability to interact with the content in a mean-
ingful manner has prevented its full utilization.
The impact of the rapid emergence of consumer
3D printing has made the potential applications
in the medical field much more apparent.

3D Data for Improved Understanding
in Medicine

Medical imaging scans produce two-dimensional
(2D) representations of anatomy or 3D render-
ings presented on a 2D screen. Despite techno-
logical enhancements, complete understanding of
2D information is limited to the brain’s capability
to translate these images into an accurate 3D
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representation in the mind’s eye [1-3]. This
visuospatial skill is highly variable among indi-
viduals, regardless of their general aptitude
[4-7]. In the current ‘“apprenticeship-based”
model of medical training, this ability is not
explicitly assessed or challenged on a routine
basis. While one must rely heavily on this ability
in fields such as surgery or radiology, it is less
critical in internal medicine or psychiatry. It is
possible that individuals’ visuospatial abilities
influence career path [8—10]. Recent literature
has described the assessment of visuospatial
skills in candidate selection for surgical or radi-
ologic specialties [11-13]. Ultimately, this
selection bias could exacerbate the disparity in
visuospatial skills across disciplines.

3D Modeling for Interdisciplinary
Communication

When complex 3D concepts influence medical
decision making, variations in visuospatial abil-
ities can be a hidden barrier to communication
among individuals in a treatment team. The
purpose of 3D modeling is to minimize or even
eliminate this barrier through direct visualization
and therefore improved understanding of the
anatomy. Utilizing this technique, the key struc-
tural aspects of the congenital heart disease are
demonstrated clearly to all. For the medical team,
this becomes a valuable tool for communication,
ultimately leading to better collaborative decision
making.
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Development of a High-quality
Anatomical Database

The category of congenital heart disease includes
innumerable lesions with sometimes complex
anatomic arrangements. Such complicated anat-
omy can be difficult to conceptualize and learn
without representative 3D models. Although the
majority of anatomical defects can be found in
congenital heart disease pathologic libraries, the
case studies are outdated, sometimes in poor
condition, and are not being replenished. The
paucity of modern case descriptions and the lack
of good quality anatomical representations leave
an emerging gap in congenital heart disease
education.

Origin of the 3D Heart Library

To bridge this gap, we are working on providing
an online repository of digital 3D models of case
studies representing normal cardiac anatomy as
well as congenital heart lesions. The purpose of
the 3D Heart Library Collection is to serve as a
source of digital reproductions of human ana-
tomic hearts ranging from infant to adult, simple
to complex, with a focus on congenital heart
disease.

The Heart Library emerged as a collaborative
effort with the National Institutes of Health
(NIH). Researchers realized how useful 3D
printing technology could be when evaluating
complex 3D structures. They also recognized that
most researchers and clinicians had little or no
experience using the software required to gen-
erate such models. In response, a team led by the
National Institute of Allergy and Infectious Dis-
eases (NIAID) created the NIH 3D Print
Exchange: an online, open-source resource ded-
icated to the discovery, sharing, and creation of
3D-printable models related to bioscience and
medicine. The Heart Library is one of the several
“special collections” on the Web site, which are
curated by external collaborators. It is the first of
any such collection where models will be rigor-
ously and independently reviewed by a panel of
subject-matter experts.

M. Bramlet and M.C McCarthy

Open-Source Data Sharing
and Community Development

A main goal of the Heart Library is to improve
the understanding of congenital heart disease
through sharing of heart models and ideas. This
is in line with the community-driven nature of
the NIH 3D Print Exchange [14]. The entirety of
the 3D Print Exchange database, including the
Heart Library, is free to use. Any site visitor can
create an account, free of charge, and download
content. In addition, by eliminating restrictions
on who can contribute, the Exchange provides
opportunities for models to come from sources
around the world.

The site relies on open-source standards and
software to provide value-added features,
including custom Web-based tools for converting
raw experimental data or medical imaging
scans into ready-to-print 3D file formats. The
Exchange features an in browser interactive 3D
viewer that supports color content for 3D print
files. It also provides application program inter-
faces (APIs) to allow greater access to the data-
base, provide for batch submissions, and connect
users to other 3D printing services.

Registered users are able to rate models with
one to five stars, and add comments to each
model page to provide feedback on the quality
and utility of the models, or their own experience
using it. In addition to the community-based
contribution design, the Heart Library will also
foster collaboration, to create a community of
specialists who work together to advance the
utility of these models in medical practice. As
evidence of the Exchange’s value and innovative
design, it received the 2015 HHS Innovates
Award from the US Department of Health and
Human Services.

Heart Library Content

The simple act of sharing a 3D model, accom-
panied by details about the case, becomes a key
part of how we hope to advance the collective
knowledge about congenital heart disease
through the use of this online database. When a
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model is generated as part of medical decision
making, its value is primarily focused on
improving communication within a medical
treatment team. Once it is shared in the database,
its value extends from medical decision making
to medical education. Furthermore, models
designed specifically for educational purposes
will no longer be restricted to an institution or
region. More generally, the database provides a
means to disseminate this valuable content
worldwide, so that practitioners, students, edu-
cators, and patients can utilize the content.

3D Models as Peer-Reviewed Case
Study Reports

With each heart model that is created to solve a
clinical question, there are associated clinical
facts surrounding the case that provide context
and more of a complete clinical picture. To pre-
serve this value in a large database, we decided to
consider each 3D model submission similar to a
case report. The purpose of a case report is to
describe a rare or unusual clinical scenario that
can be cataloged for future reference. We believe
that including 3D representations of congenital
heart disease, along with the 2D image datasets
from which they are derived, will bring signifi-
cant value to the case reports. Each model pub-
lished in the Heart Library can stand on its own as
a short case report and be cited in a publication by
referencing the unique database accession code.

Table 17.1 Database content

Content

Keywords Clinical description
Age (see Table 17.2) Height

Weight BSA

Diagnosis Previous surgeries

Imaging source
Units of measure

Institution

Segmentation method
Scale

Submitting author
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Clinical Case Study Data Requirements

The content to be included for each case pertains to
clinically relevant information as well as
workflow-related details including image acquisi-
tion information and method of segmentation
(Table 17.1). The diagnosis, as compiled from the
STS database, and a list of surgical procedures
which the patient has undergone, will also be
entered for each case. A short description to outline
the clinical question can also be included to give the
learner a sense of the relevant discussion points.

3D Model File

The digital model (.stl file or other acceptable for-
mats) should accurately represent source DICOM
data. Segmentation techniques are categorized into
one of the three methodology types as described
below. Poorly rendered models that deviate too far
from the source image will be rejected.

DICOM Data

De-identified image datasets in the Digital Imaging
and Communications in Medicine (DICOM) for-
mat are required to be submitted with the model,
both for the peer-review process as well as to pro-
vide a reference for segmentation analysis. A 3D
imaging dataset which is free of artifact with reso-
lution between 1 and 1.5 mm isovoxels is ideal.
Datasets with resolution or artifacts that do not
allow for accurate reproduction of anatomy will not
be accepted due to the increased risk of false data
transmission to the digital model.

Protecting Patient Information

Sharing case study details and raw medical
image data is critical to the Library. Extra care
must be taken to protect patient privacy when
making clinical data available to the public.
Concern for HIPAA compliance may create a
barrier for clinicians who wish to submit their 3D
case reports. We have extensively evaluated
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HIPAA requirements to ensure that contributions
to the library do not violate patient privacy. If no
Personal Health Information (PHI) is included in
the data, then the data does not fall under the
HIPAA Privacy Rule [15]. All content con-
tributed to the Heart Library will not contain
PHI. The submitting clinician is responsible for
reviewing and removing any PHI prior to
uploading data for peer review. Two methods to
de-identify PHI are the “Safe Harbor” method
and/or the use of a statistician to limit risk. The
former requires removal of all 18 identifiers
enumerated at section 164.514(b)(2) of the reg-
ulation (Table 17.2) and for the purposes of the
Heart Library is the only acceptable method for
submission.

Utmost care must be taken by the submitting
physician or organization in de-identifying

Table 17.2 18 PHI identifiers of the HIPAA Privacy
Rule

1. Names

2. All geographic subdivisions smaller than a state,
except for the initial three digits of the ZIP code if the
geographic unit formed by combining all ZIP codes
with the same three initial digits contains more than
20,000 people

3. All elements of dates except year, and all ages over 89
or elements indicative of such age

4. Telephone numbers

5. Fax

6. E-mail addresses

7. Social security numbers

8. Medical records numbers

9. Health plan beneficiary numbers

10. Account numbers

11. Certificate or license numbers

12. Vehicle identifiers and license plate numbers
13. Device identifiers and serial numbers

14. URLs

15. IP addresses

16. Biometric identifiers

17. Full-face photographs and any comparable images

18. Any other unique, identifying characteristic or code,
except as permitted for re-identification in the Privacy
Rule

M. Bramlet and M.C McCarthy

DICOM data. The NIH 3D Print Exchange also
has tools in place to automatically remove PHI
that is named in the HIPAA Privacy Rule (see
Table 17.2). Having redundancy in checking for
privacy data will significantly minimize liability.

3D Rendering Quality, Methods,
and Review

The peer-review aspect of the Library is essential
to providing verification that a digital 3D model is
a true representation of the source 2D medical
image series. In the field of congenital heart dis-
ease, expertise in both congenital heart imaging
and 3D model creation is not well-established. It is
therefore difficult to define quality in an emerging
field such as this. In collaboration with recognized
leaders in 3D printing and modeling of cardiac
anatomy, we established standards and methods
for model creation and evaluation.

Defining “Quality”

The aim of this part of the process was to build a
high-quality assessment method that would be
reproducible and quantifiable, yet also adaptable.
This difficult task involved defining the seg-
mentation method and the assessment process
itself. As has been described in previous chap-
ters, the current postprocessing technology
involves creating a “mask™ over 2D images to
identify the structures to be printed. Therefore,
the current set of methodologies and peer-review
processes are tied to visual interpretation of a 2D
image in a 3D dataset and manual translation into
the 3D form.

Methodologies

An expert panel identified the various methods of
segmentation currently used to generate 3D car-
diac models and created categorical definitions.
The quality of the source image data is also
evaluated. Color coding of anatomic models is
recommended to follow the convention laid out
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by Frakes et al. [16] Based on current techniques,
segmentation has been separated into 3 methods:
(1) solid blood pool (2) blood pool/myocardial
border, and (3) myocardium and vessel wall.

Solid blood pool segmentation involves
highlighting the intracardiac and intravascular
structures to create a 3D model which represents
the blood pool. This method is typically utilized
for extracardiac vascular assessment.

Blood pool/myocardial border segmentation
starts with the 3D product of method 1. A layer
of predetermined thickness is subsequently
applied to the outside of the model. The internal
3D model representing the blood pool is then
subtracted, leaving a cast which can be cropped
to view the intracardiac anatomy. This method is
the most commonly utilized method for render-
ing hearts currently and is useful for both
extracardiac and intracardiac evaluation.

The goal of myocardium and vessel wall seg-
mentation is to highlight the myocardium, vascu-
lar walls, and intracardiac structures directly,
maintaining their actual caliber and thickness.
This method is currently the most time-consuming
method because of the extensive postprocessing
that is needed to create a “clean” 3D model. This
method is useful, for example, in cases in which an
accurate representation of the thickness of the
myocardium is important to have in the final
printed model. Final verification of segmentation
using any method involves comparing the final
segmentation with the source image dataset.

As new techniques of postprocessing emerge,
the methods of assessment will be adjusted
accordingly. The utility of the peer-review pro-
cess is that adaptability can be built into a scoring
system. Furthermore, due to the limited expertise
in this field, the peer-review system becomes
necessary as a means to create a community of
individuals holding themselves accountable to
the assessment of quality.

Peer Review

The primary purpose of the peer-review process
in medicine is to verify the accuracy of infor-
mation through a community of experts. The
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benefit of establishing the peer-review process
through the NIH Heart Library is that as the
technology continues evolving, a standard for
quality assessment will have been set. For com-
plete adaptation of 3D printing technology, there
has to be broad acceptance of its utility. The
Gartner hype cycle is a curve representing the
maturity, adoption, and social application of
specific technologies. It divides this progression
into 5 phases. 3D printing in medicine has mir-
rored the emergence of consumer 3D printing. It
is currently perceived to be following consumer
3D printing down into the trough of disillusion-
ment of the Gartner hype cycle for 2015 as
illustrated in Fig. 17.1 [17].

At this stage, the technology has been
demonstrated as possible, but not necessarily
useful. Although some physicians and surgeons
may be at a stage of skepticism toward 3D
printing technology, this will likely improve with
evidence and/or personal experience. With the
low prevalence of congenital heart disease, it is
difficult to gather evidence over a short period of
time that will change these attitudes. Therefore, a
focus on experience may be a critical route
toward initial acceptance. The peer-review pro-
cess tied to the Heart Library will help to guide
those interested in this technology down a
“high-quality” path to increase the chances that a
positive experience is associated with its use.

An editorial board is in place to direct the
development and refinement of guidelines for
assessment. Keeping with the case report model,
authorship will be assigned to the submitting
author as well as the final peer reviewer to provide
academic incentive for participation both from the
submission standpoint and the review standpoint.
A scoring system will be in place to provide a
quantifiable value to the models. This scoring
system is based on similar subjective scoring
systems used in medical image assessment but
will focus on the 3D cardiac model [18].

Initial assessments will focus on source image
assessment and accuracy of the segmentation.
The peer-review workflow is being designed to
allow for collaborative communication between
experts where information regarding 3D model-
ing including image acquisition, segmentation,
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Fig. 17.1
cycle

The Gartner hype

TECHNOLOGY
TRIGGER

file transfer, and current research can be shared
and advanced collectively.

Impact and Future

By creating a high-quality database with built-in
tools that allow users to easily query and integrate
content into their Web sites, the 3D Print Exchange
eliminates barriers to creativity and understand-
ing. The Heart Library peer-review workflow is
designed around collaboration and harnessing
collective expertise. The NIH-supported database,
along with the quality assurance processes and
editorial board oversight, increases the academic
value assigned to authorship, as each case can be
cited in journal publications via the database
accession code. The most exciting discovery to
come from the 3D Heart Library has yet to be
conceived, but we hope that the design of this
database will help foster its ideation.
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Mitchell Kuss, BS and Bin Duan, PhD

Introduction

Cardiovascular disease (CVD) is one of the
leading causes of worldwide morbidity and
mortality. This number is nearing 20 million
deaths annually [1]. The late stages of CVD
usually end in the need for replacement of car-
diovascular tissue such as heart valves, arteries,
and myocardium. This is due to the fact that
these tissues are fully differentiated and load
bearing, which does not allow for effective
healing on their own. Current treatments for
CVD include autografts (e.g., coronary artery
bypass graft with autologous vein, Ross proce-
dure), allografts (donor valve or heart valve
transplants), and xenografts (bovine or porcine
heart valves, arteries, etc.). There are more than
80,000 heart valve replacements and over
600,000 vascular implantations annually per-
formed in the USA [2, 3]. These procedures
result in the expenditure of $200 billion [4]. The
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current treatments have major drawbacks that
cause problems during implementation. These
include donor tissue shortage, immune rejection,
anticoagulation therapy, and limited durability
[5]. The emerging field of tissue engineering and
regenerative medicine holds great promise as an
alternative treatment option by creating engi-
neered tissue to repair congenital defects, such as
aortic valve stenosis and coarctation of the aorta,
and for the repair of diseased cardiovascular
tissue [6, 7].

3D printing is an advanced fabrication tech-
nique that is often referred to as additive manu-
facturing (AM) or solid-free form fabrication. It
is characterized by the use of precisely detailed
computer-aided designs, along with automated
processes and standardized materials, to create
specific 3D objects [8, 9]. Cardiovascular sur-
geons have already utilized 3D printing to gen-
erate individualized models of patients so that
they can visualize anatomical structures before
proceeding with the surgery [10, 11]. These
models allow them to better understand structural
abnormalities and to choose better surgical
approaches than previously able when using
artificial or cadaveric heart models. The National
Institutes of Health (NIH) have launched a 3D
printing exchange, in which users can share,
download, and edit 3D print files related to health
and science. Most of these models, and the ones
used by surgeons, are made of plastics and are
not applicable for tissue engineering.

The field of tissue engineering has adopted the
3D printing approach by using biodegradable
polymers for building complex scaffolds and
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tissue constructs [12]. Printable biomaterials can
be used for 3D printing scaffolds with post-cell
seeding, conditioning, and in vivo implantation
[8, 13—15]. 3D printing with biological materials
usually requires surface cell seeding. This strat-
egy has certain limitations due to difficulties in
incorporating multiple cell types along with
bioactive molecules [16, 17]. A possible fix for
this problem is combining additive manufactur-
ing with cells and biological factors. This tech-
nique is called bioprinting [18, 19]. Bioprinting
is defined as the use of computer-aided
layer-by-layer deposition for patterning and
assembling living cells and biologics within a 2D
or 3D construct [20]. When compared to other
biofabrication techniques, bioprinting allows for
the production of 3D constructs with more pre-
cisely controlled architecture, is able to incor-
porate multiple cells types, and can create a more
physiologically relevant microenvironment [21].

In this chapter, we provide an overview of
implementation of 3D bioprinting techniques for
cardiovascular tissue engineering. First, we
briefly introduce some background about bio-
printing working principles, bioink materials
development, and process configurations. Then,
we focus on recent advances in the bioprinting of
vascularized constructs, blood vessels, myo-
cardium and heart valves, and the potential
applications for pediatric patients. Finally, we
discuss current major challenges and technolog-
ical hurdles and potential solutions and future
directions.

Background

3D bioprinting is similar to additive manufac-
turing (AM); in that they both produce complex
objects from a 3D design file by decomposing
the shape into a series of 2D layers. A major
difference is that bioprinting uses bioinks, which
are mixtures or spheroids containing cells and/or
biomaterials, rather than plastics used in AM. In
bioprinting, a structure is built in a stepwise
process in which each layer is bonded with the
previous layer to build 3D constructs based on
the given design [18, 22]. Bioprinting technology
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can be used to fabricate biomimetic structures, as
well as specific anatomical 3D structures, by
using images of patients obtained using medical
imaging technologies, such as computed
tomography (CT) or magnetic resonance imaging
(MRI) [21, 23].

Different Bioprinting Techniques

The types of bioprinting that are currently com-
monly used are inkjet, laser/light, and
extrusion-based. Inkjet bioprinting implements
different mechanisms, such as thermal [24], a
piezoelectric actuator [25], laser-induced forward
transfer [26], and pneumatic pressure [27], to
deposit tiny bioink droplets onto a substrate. This
technique is able to produce a relatively high
resolution and is suited to generate thin layers
[28, 29] or patterned structures [30] for soft tis-
sue regeneration or for cell manipulation.
Laser/light based bioprinting, or
stereolithography/projection  bioprinting, uses
laser or other light sources, such as UV, to scan
the surface of a photocurable polymer solution as
the stage incrementally lowers [31]. This allows
the layers to be polymerized on top of each other,
creating a 3D structure in a bottom-up manner
[32]. Extrusion-based bioprinting (EBB) utilizes
a mechanical force driven by either air pressure
or motor to extrude biomaterials, cell aggregates,
or microcarriers through a nozzle to build a 3D
structure. The nozzle diameter is normally large
enough to minimize the cell damage as the
material is extruded [33].

Bioinks

A variety of bioinks can be used for bioprinting.
These include cell suspensions, cell-laden
hydrogels, microcarriers, cell/tissue spheroids,
and decelluralized matrix components [34-36].
Each bioink has different properties, works best
with certain types of bioprinting, and can have
different functions. The choices for bioinks to be
used in inkjet and laser bioprinting are limited
due to the process in which bioinks are
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deposited. EBB on the other hand utilizes a
variety of bioinks. Inkjet and laser bioprinters
require very fluid bioinks, while EBB can use
bioinks with a range of viscosities.

Hydrogels are the most widely used bioinks
for EBB. This is partially due to the ability to be
extruded and partially due to the fact that
hydrogels can be tuned to have properties similar
to specific types of tissue. For example, for car-
tilage bioprinting, biostable hydrogels with lim-
ited or slow biodegradability and higher
mechanical properties, such as poly(ethylene
glycol) (PEG), alginate, agarose, and methylcel-
lulose, are often used [37-39]. Bioactive hydro-
gels, such as gelatin, collagen, fibrin, and
peptides, have the capacity to support cell
adhesion and can be implemented in cardiovas-
cular bioprinting [40—44]. Microcarriers have a
large surface area and a bioactive environment
and encourage quick cell attachment and prolif-
eration. Microcarriers can be used to encapsulate
cells and then be incorporated into other
hydrogel-based bioinks. Scaffold-free spheroids
for bioprinting can be fabricated via biofabrica-
tion approaches, such as hanging drop, micro-
molding, microfluidics, and spinner flasks. When
deposited, spheroids can fuse together and
quickly generate more complex constructs with
heterogeneous cell populations and better bio-
mimicry. This enables the co-culture of
endothelial cells, smooth muscle cells, fibrob-
lasts, cardiomyocytes, and other related cardio-
vascular cell types. As with other types of
bioinks, the bioprinting process using spheroids
is limited. This is due to the need to produce a
large number of spheroids, load the spheroids,
deposit them, and handle the constructs, which
the whole process to be very
time-consuming and labor-intensive [45]. In
addition, the constructs made from the
scaffold-free spheroids require a long time to
remodel and fully mature, and are still mechan-
ically weak and may not hold their shape under
certain conditions.

New materials are constantly being tested for
their printability and usability in bioprinting
applications. One material being considered as a
valid bioink source is extracellular matrix
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(ECM) from various native tissues. The ECM is
first decellularized, then dissolved into a
paste-like bioink via chopping and smashing
[46]. Using ECM allows the production of native
tissue-like microenvironments from an almost
unlimited source. The decellularization process
must be standardized for each specific tissue
source, so that the results create consistent and
component controllable bioinks. To improve the
mechanical properties and increase printability,
ECM bioinks can be combined with hydrogel
bioinks or be deposited around a printed frame.
These hybrid printing processes increase the
complexity of the bioinks and printing process,
and often require specific software and hardware
control that may not be readily available.

3D Bioprinting of Microvasculatures
and Vascularized Constructs

Many tissues and organs, such as cardiovascular,
bone, liver, and pancreas, are highly vascularized
and require a functional vascular network to aid
in the regeneration of the tissue [47, 48]. For
decades, tissue engineering has aimed to create
functional tissues and organs. This has been
limited because current methods still cannot
generate fully vascularized tissue constructs. The
evolution of 3D printing has allowed the adop-
tion of vascularization strategies from general
tissue engineering and combined them with its
own abilities to produce in vitro vasculature and
vascular constructs. These approaches include
(a) vascular constructs  generation by
self-assembly of cells; (b) microvasculature
generation by inkjet-based bioprinting; (c) bio-
printed constructs generation with growth factor
delivery; and (d) generation of channel-based
vascularized constructs.

Cell self-assembly is the autonomous organi-
zation of cells with similar adhesive properties
into a stable pattern or structure without external
intervention [49]. This is utilized in the produc-
tion of vasculature. Cell spheroids prepared from
cell suspensions can be deposited so that they
fuse together into wvascular-like constructs
(Fig. 18.1a) [50]. Branching patterns can be
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achieved by adding agarose rods as templates
and fusing them with multicellular spheroids.
This creates tubular structures with controllable
diameters, wall thicknesses, as well as branching
patterns  (Fig. 18.1b, ¢) [51]. Alternatingly
depositing multicellular cylinders composed of
human smooth muscle cells (HSMC) and human
skin fibroblasts (HSF) will allow for the forma-
tion of double-layered vascular walls with
specific patterns (Fig. 18.1d) [51]. A downfall of
this process is that it can be very time-consuming
and requires a lot of manual work to produce
large amounts of these building blocks [52].
Kucukgul et al. used optimized computer-aided
algorithms and support hydrogels to bioprint
mouse embryonic fibroblast (MEF) cell aggre-
gates [53] to form an aortic tissue construct.
While this approach to cardiovascular tissue
bioprinting is relatively more efficient than other
methods, the overall resolution and controllabil-
ity is somewhat lacking.

Inkjet printing can also be used to bioprint
vascular structures. A commercial inkjet printer
has been modified to do just this. It was modified
to simultaneously deposit human microvascular
endothelial cells (HMEC) and fibrin to form
microvasculature (Fig. 18.1e) [54]. The printed
fibrin scaffold retained its proper printed shape
(Fig. 18.1f), while the endothelial cells prolifer-
ated around it to form a tubular structure. The
printed ring-shaped microvasculature had much
better integrity after a 21-day culture, excluding
Texas Red-conjugated dextran from the printed
structure (Fig. 18.1g). This strategy shows that
inkjet bioprinting has the ability to bioprint
multiple cell types together, and that the use of
mesenchymal stem cells (MSC) or smooth mus-
cle cells can help support the formation and
maturation of microvasculature. A problem with
the method of inkjet bioprinting is that the cell
deposition is performed on a substrate (biopaper)
to support the weak cell layer(s).

Angiogenic growth factors play an important
role in neovascularization. They signal cells to
perform certain functions crucial to blood vessel
generation. Angiogenic growth factors can acti-
vate endothelial (progenitor) cells and regulate
their migration. They also promote cell assembly,
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Fig. 18.1 Strategies to generate microvasculatures and P
vascularized constructs. a—d Self-assembly of cells for
vascular grafts generation. a Sequential steps of cell
fusion of vascular tissue spheroids in collagen I hydrogel
[50]; b Bioprinted tubular structures with cellular cylin-
ders [51] (a) design template, (b) bioprinter with two
vertically moving print heads, (c) printed construct;
¢ Fusion pattern of multicellular spheroids assembled
into branched structure [51] (a) built of 300-um spheroids
with branches of 1.2 mm (solid arrow) and 0.9 mm
(broken arrows), (b) fused branched construct after
6 days of deposition; d Built of a double-layered vascular
wall [51] (a, ) multicellular cylinders assembled by SMC
(green) and fibroblasts (red), (b, f) H&E staining, (c, g) o
smooth muscle actin (brown), (d, h) Caspase-3 (brown).
e—g Generation of microvasculatures by inkjet-based
bioprinting [54]. e Schematic drawing of simultaneous
deposition of HMEC and fibrin channel scaffold using
modified thermal inkjet printer; f Printed fibrin scaffold;
g Printed ring-shaped microvasculature, (a) cultured for
21 days (calcein AM, green), (b) improved integrity after
21-day culture with all dextran molecules (red) excluded
from the printed structure. h—j Generation of bioprinted
constructs with growth factor delivery [56]. h Cumulative
release of VEGF. Fast (directly incorporated in Matrigel)
and slow release (application of gelatin microspheres) of
VEGF; i Bioprinted hydrogel mixture and tubulogenesis
assay; j Vessel formation in EPC seeded scaffolds after
one-week subcutaneous implantation in mice: (a) fast
release showed less CD31 (brown) than (b) slow release
of VEGF in the bioprinted hydrogels (Matrigel:algi-
nate = 3:1). Blood vessels are indicated with arrows. k—
n Coaxial nozzle-assisted 3D bioprinting of vasculature.
k Schematic of fabrication of a 3D alginate structure with
built-in microchannels [37]; 1 3D construct fabricated
based on hollow alginate filaments [37] (a) printed
construct, (b) longitudinal section, (c¢) cross section,
(d) SEM image of the cross section; m Formation of
printed carbohydrate—glass filament architecture and vas-
cular lumen with endothelial monolayer after removing
sacrificial filament and perfusion [59]; n (a) Formation of
dual channel by bioprinting sacrificial gelatin within
fibrin, (b) GFP-HUVEC (green) within fibrin showed tube
structure and capillary network after 12-day culture and
RFP-HUVEC (red) in the channel-developed lumen
structure [60]

vessel formation, and maturation [55]. The cor-
rect processes must be used to deliver the growth
factors properly. For the best results, special
delivery strategies, such as using nanoparticles
and microspheres, are used instead of direct
addition in vitro and injection in vivo. The con-
trolled release of vascular endothelial growth
factor (VEGF) from gelatin microparticles
(GMP) within 3D bioprinted scaffolds and the
effects on subsequent vascularization have been
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investigated [56]. VEGF was incorporated into plugs for slow release. The application of GMP
Matrigel for fast release, or was put into GMP, embedded in Matrigel plugs showed a signifi-
which was then dispersed throughout Matrigel cant, prolonged release of VEGF (Fig. 18.1h).
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Alginate was added to the Matrigel to enhance
the mechanical properties and 3D printability.
The problem with this addition was that large cell
aggregates were induced and there was reduced
tubulogenesis of endothelial progenitor cells
(EPC) (Fig. 18.1i). A working combination of
Matrigel and alginate mixture was found to be
Matrigel/alginate = 3/1 with
VEGF-incorporated. Heterogeneous 3D bio-
printed scaffolds made of this mixture were
subcutaneously implanted in mice. During this
experiment, it was found that the slowly released
VEGF promoted more vessel formation with
more CD31 expression than the fast release
VEGF (Fig. 18.1j). Nano-/microparticle delivery
strategies influence the effectiveness of growth
factors. The delivery strategies can enable dual or
even multiple therapeutic reagents and angio-
genic factors to be released in a synergistic way
within bioprinted constructs [57].

All cardiovascular tissue requires a vascular
network to maintain cell viability and to meet the
oxygen and nutrient demands of the tissue. This
is true of both micro- and macro-engineered tis-
sue. The large, clinically relevant cardiovascular
constructs must have flow throughout the entire
construct. As useful as they are, angiogenic fac-
tors and endothelial cells are not able to provide
immediate flow channels or generate perfusable
constructs within a short time period [58]. This is
where 3D bioprinting can help. 3D bioprinting
provides the opportunity and ability to produce
controlled vascular networks with clinically rel-
evant size, perfusable channels, and multiple
cells types. A coaxial nozzle-assisted 3D bio-
printing system to fabricate hollow calcium
alginate filaments has been implemented [36].
A sodium alginate solution, which can be cellular
or acellular, is dispensed through the outer tube
of the coaxial nozzle. This solution becomes
cross-linked when it comes in contact with cal-
cium chloride that is dispensed through the inner
channel of the nozzle. The combination forms a
filament with a hollow channel (Fig. 18.1k). The
hollow alginate filaments were then used as the
building blocks for further printing (Fig. 18.11).
Scanning electron microscopy image
(SEM) confirmed the formation of a hollow
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structure and the uniform fusion section between
adjacent hollow filaments (Fig. 18.11). Other
than directly printing the channel, it is also pos-
sible to create channel networks within engi-
neered tissue constructs by printing sacrificial
materials.

This sacrificial material process involves 3D
printing networks out of an easily soluble material
inside of a bulk material. This bulk material can
be bioprinted or casted, and would typically be
made of cell-laden hydrogels. The channel net-
work is then dissolved or discarded by the method
that best gets rid of the material chosen. For
example, Miller et al. printed rigid 3D filament
networks of carbohydrate glass. These were put
inside of a fibrin hydrogel and then were sacri-
ficed. The carbohydrate glass networks were used
as cytocompatible sacrificial templates to gener-
ate cylindrical networks (Fig. 18.1m) [59].
Sugar-glass networks are compatible with many
types of cell-laden matrices. The channel net-
works formed after removing the sugar-glass is
able to support endothelial cells and withstand the
pulsatile flow of human blood. They even have
intervessel junctions to support branched fluid
flow (Fig. 18.1m). A bioprinted template of
agarose fibers has been utilized to fabricate per-
fusable  microchannel  networks  within
gelatin-based hydrogel constructs [39, 40]. The
fabricated networks improved mass transport,
cellular viability, and differentiation of cells
within the cell-laden constructs. A process has
also been developed in which two fluidic vascular
channels are deposited with a fibrin-cell mixture
in the middle (Fig. 18.1n) [60]. Human umbilical
cord vascular endothelial cells (HUVEC) trans-
fected with green fluorescent protein (GFP,
green) and mCherry (red) were separately cul-
tured and used for fibrin gel and fluidic channels,
respectively (Fig. 18.1n). The HUVECs began to
form tubular structures after a 1-week culture, and
the capillary network became denser, creating
more branches with a lumen. Both Pluronic F127
and methacrylated gelatin cell-laden hydrogels
have been printed as sacrificial materials to form
perfusable networks [61]. Four print heads were
used in this process: first, a PDMS border was
printed, then the sacrificial Pluronic F127 with
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two different Gel-MA inks containing fluorescent
labeled fibroblasts. Pluronic was removed, and
the microchannels were endothelialized with
RFP HUVEC.

3D Bioprinting of Myocardium

Within the realm of CVD, ischemic disease (e.g.,
myocardial infarction (MI) or a “heart attack™) is
the leading cause of death. Ischemia is the lack of
oxygen delivery to the heart. Heart attacks rep-
resent 42% (7.3 million) of all CVD deaths [62].
An acute heart attack is normally caused by the
blockage of one of the coronary arteries, which
results in a lack of blood flow and ischemia.
When deprived of oxygen, cardiomyocytes
(CM) die and a vigorous inflammatory response
is incited. This causes fibroblasts and endothelial
cells to migrate to the area and form noncon-
tracting fibrotic scars. Scars contain little
myocardial tissue and reduce the contractile
function of the heart, ultimately leading to heart
failure. During injury, a great number of CM die.
Due to the relative inability of CM to divide,
these lost cells are not replaced [63]. In severe
cases of heart failure, heart transplantation is
often the next consideration in treatment. This
strategy is complicated and not always ideal due
to a shortage of donor organs and the risk of
organ rejection by the body. Cellular cardiomy-
oplasty, or cell-based cardiac repair, has made
remarkable progress in myocardial tissue regen-
eration [64]. This approach involves injecting
cells into the myocardium, a less invasive pro-
cedure than other treatments. This technique has
been limited by the low viability and difficulty
the injected cells have in integrating with the host
cells.

Tissue engineering and bioprinting might be
able to help with cell survival and growth.
Myocardial tissue engineering (MTE) requires
the use of a high density of CM and other sup-
porting cells, along with proper vascularization
and efficient oxygen exchange, in order to gen-
erate synchronous contractions [65]. 3D bio-
printing can be used to pattern and assemble cells
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with high density, defined organization, and
defined spatial distribution. It also allows the
creation of multilayered constructs with multiple
cells types within each layer. Laser-induced
inkjet bioprinting has been used to pattern
HUVEC and human mesenchymal stem cell
(hMSC) on a polyester urethane urea cardiac
patch (Fig. 18.2a) [66]. It is possible to generate
specific vascular patterns with HUVEC (green)
and hMSC (red) arranged in a capillary-like
pattern (Fig. 18.2b). Some patches with pat-
terned cells and some with randomly seeded cells
were transplanted in vivo to the infarcted zone of
rat hearts after left anterior descending (LAD) li-
gation (Fig. 18.2c). EBB has been used to bio-
print alginate and RGD-modified alginate
scaffold with human fetal CM progenitor cells
(hCMPC) (Fig. 18.2d) [67]. It was demonstrated
that within the 3D culture, the printed hCMPCs
had high cell viability (Fig. 18.2e). This group
further implanted the bioprinted patch composed
of an hCMPC HA/Gel matrix in a mouse model
of myocardial infarction [68]. In this test, the
hCMPCs retained their cardiogenic phenotype in
the bioprinted constructs for up to one month
(Fig. 18.2f, g). The patch was able to preserve
heart function by reducing LV remodeling and
improving myocardial viability.

As in standard MTE approaches, it is essential
for 3D bioprinting of thick muscle-like tissues to
generate synergistic contractile force. This is
essential for the adequate repair or replacement
of damaged heart tissue. One problem is the
difficulty to functionally integrate the graft and
the host tissue. This problem is due to both
electromechanical and vascular connections. The
cells being used in the 3D bioprinting of vascular
tissue are stem cells, such as embryonic stem
cells (ESC) and induced pluripotent stem cells
(iPSC). Autologous cells, such as skeletal myo-
blasts and mesenchymal stromal cell (MSC), are
also being utilized yet are not very successful at
integrating with host cardiovascular tissue. The
ideal cell source does not seem to exist [69]. This
means that different strategies will need to be
developed to use the cell sources available in a
more effective manner. 3D bioprinting has the
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Fig. 18.2 3D

bioprinting  of
¢ Inkjet-based bioprinting of cardiac patch
a Schematic bioprinting setup, b Patterned cells, ¢ Patch
implantation in vivo in a rat model. d—g Extrusion-based
bioprinting of scaffolds with hCMPC d, e [67], f, g, [68];

myocardium.  a—
[66].

ability to control the micro- and macro-
architecture as well as the pore size/porosity, but
the challenge of vascularizing thick tissue con-
structs has not been able to be overcome as of yet.

3D Printing of Heart Valves

The human heart has four valves that ensure
unidirectional flow of blood. There are two
atrioventricular/inflow valves, known as the
mitral and tricuspid valves, and two
semilunar/outflow valves, known as the aortic
and pulmonary valves. Each valve is composed
of leaflets that are attached to a fibrous annulus
wall or root wall. Both the leaflets and root wall
are biomechanically and structurally anisotropic
[70, 71]. Leaflets and root walls are made up of
mostly valve interstitial cells (VIC) and smooth
muscle cells (SMC), respectively. They have
valvular endothelial cells (VEC) covering the
surfaces. The pathophysiology of valve disease is
broad. One of the most common heart valve
abnormalities is calcific aortic valve disease
(CAVD) [72]. CAVD is commonly treated with
surgical or interventional repair or replacement.
The options for these replacements are

d Bioprinted scaffolds, e High cell viability of hCMPC,
f in vivo engraftment of the printed patch on the infarcted
area of the ventricular wall for 4 weeks, g Presence of
human Lamin A/C

mechanical or bioprosthetic valves [73]. Tissue
engineering has great potential to address current
limitations of nonliving prosthetics by providing
living constructs that can grow, remodel, and
integrate into the patients.

3D bioprinting, mainly EBB, has been
implemented in the fabrication of
tissue-engineered heart valves. The advantages
of using 3D bioprinting techniques over tradi-
tional tissue engineering approaches are the
ability to generate anatomically accurate trileaflet
valves, mechanically heterogeneous valve con-
duits, and living engineered valves with correct
spatial and temporal valve cells (VIC and SMC)
distribution.

There are several different valve models and
designs that have been used for 3D bioprinting.
Duan et al. implemented a flat model with bio-
printed trileaflet valve conduits. They used a
combination of methacrylated hyaluronic acid
and methacrylated gelatin to accommodate
human aortic VIC (Fig. 18.3a, b) [74]. Control of
the hydrogel viscosity and construct stiffness was
created by optimizing the polymer ratio and
concentration. The encapsulated cells were
shown to have high viability and matrix remod-
eling ability with sulfated GAG deposition



18 3D Bioprinting for Cardiovascular Tissue Engineering

Fig. 18.3 3D bioprinting of
heart valve. a—c Flat valve
[74]; d—f Axisymmetric valve
[75]; g-m Anatomical valve
[77]. a, d, e, k Valve model;
b, f, m Bioprinted valve;

¢ Safranin-O staining showed
GAG deposition; h pCT
scan slices and their
reconstruction; i, j The

valve scans were viewed,
thresholded, and segmented
into separate STLs for the
leaflet and the root;

1 Fluorescent image of first
printed two layers of aortic
valve conduit

(a)

(d)‘\ '

te)f;g‘

(Fig. 18.3c). This testing model did not contain
any sinuses, which are the widenings between
root wall and leaflets. Both of these structures are
needed to relieve abnormal stress and prevent
blood back flow. Hockaday et al. used an
improved design with an axially symmetric
shape (Fig. 18.3d, e) and a combination of 700
and 8000 MW poly(ethylene glycol) diacrylate
(PEGDA) to print valve conduits with biome-
chanical heterogeneity. In this design, the leaflets
were more flexible while the root remained rel-
atively rigid [75]. Axially symmetric heart valve
scaffolds can be printed with various dimensions,
showing that they can be made to fit adults and
children, as well as varying heart sizes
(Fig. 18.3f). The same group also was able to
create an aortic valve geometric model using a

(b)

Hf”li'll

—_—

LCT of a porcine aortic valve that was freshly
obtained (Fig. 18.3g) [76]. When used with the
scan, the model was able to maintain the normal
anatomical characteristics of native valves, such
as the ostium and sinus (Fig. 18.3h—j). For
heterogeneous bioprinting, the valve root, made
of SMC laden hydrogel, was deposited first and
subsequently, the leaflet region of the layer,
made of VIC-laden hydrogel, was extruded along
its print paths (Fig. 18.3k) [77]. The same steps
were repeated with aortic valve conduits with
SMC and VIC encapsulated in the root and
leaflet tissues, respectively. These exhibited
geometry comparable to the original image of the
derived valve (Fig. 18.31, m) [77].
Tissue-engineered valve size and geometry
play important roles in maintaining functionality
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and stability under hemodynamic loading con-
ditions [78, 79]. Computer simulations show that
incorrect valve design may result in radial com-
pression and eventually reduces leaflet size [80].
It is not known yet how valve geometry influ-
ences hemodynamic properties or how cells in
the bioprinted valve conduits respond to such
changes and remodel the matrix.

3D Bioprinting for Pediatric
Applications

Deaths in children due to congenital heart dis-
ease, structural or electrical cardiac abnormali-
ties, rank sixth in causes of death in 1- to
19-year-olds [81]. Cardiovascular repair or
regeneration for children poses numerous chal-
lenges due to the small patient size, the risk of
thromboembolism, the highly dynamic environ-
ment, and immature cell populations present in
pediatric patients. In addition, the cardiovascular
tissues in young patients are growing and
remodeling much faster than in adults. Therefore,
many prosthetic devices are suboptimal options
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Fig. 18.4 3D bioprinting for pediatric applications.
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because they cannot grow, remodel, or integrate
with the host tissue [82]. 3D bioprinting allows
for more precise fabrication of living constructs
than traditional techniques. Hydrogel valves have
been printed to span a range of clinically relevant
sizes, as small as 12 mm inner diameter, which is
approximately the size of a 6-month infant aortic
valve, up to 22 mm inner diameter, which is an
adult size [75]. The shape fidelity of printed
valves was characterized using surface deviation
analysis through micro-CT imaging in compar-
ison with the design (Fig. 18.4a). In general, the
accuracy of the design decreased with the
decrease in the valve size, but the overall shape
fidelity was decent even for pediatric valve
printing. Recently, a whole heart structure was
created using a thermoreversible support bath to
enable bioprinting of freeform reversible
embedding of suspended hydrogels [83]. This
process allowed the printing of embryonic hearts
with mechanical robustness and complex 3D
internal and external anatomical architectures at a
resolution of ~200 um (Fig. 18.4b—f). Several
groups have been using decellularization tech-
niques to decellularized embryo or fetal tissues

chick heart; ¢ 3D image of the embryonic chick heart
stained for fibronectin (green), nuclei (blue), and F-actin
(red); d Cross section of the 3D CAD model of the
embryonic heart; e Cross section of the 3D printed heart
(fluorescent alginate green); f 3D printed heart with
internal structure visible through the translucent heart wall
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[84, 85]. It has been demonstrated that fetal
cardiac ECM significantly promoted the adhe-
sion and expansion of neonatal cardiomyocytes
compared with neonatal ECM and adult ECM
[86]. Therefore, decellularized fetal or neonatal
cardiovascular tissues have great potential to be
further processed into bioinks for bioprinting.

Challenges and Future Perspectives

3D bioprinting is a promising technique for the
generation of cardiovascular tissue due to its
ability to print heterogeneous and clinically
relevant-sized tissue constructs. Despite the great
progress and promise, there are still many chal-
lenges that hinder its further applications.

Development of High-Performance
Bioinks and High-Resolution
Bioprinter

Although there are a large variety of bioinks to
choose from, the challenge remains to develop
the ideal bioink which is capable of printing
biologically functional and mechanically robust
tissue constructs. There are also many different
tissue types, with varying properties, which
makes finding the best bioink very difficult. The
ideal bioink should be bioprintable, support car-
diovascular cell functions, have comparable
mechanical properties to native tissue/organs,
and be affordable and commercially available
with regulatory guidelines for clinical use [43].
One of the major hurdles in currently available
hydrogel-based bioinks is to balance the cell
functions and mechanical properties of
cross-linked hydrogels. A high concentration of
hydrogel results in stable mechanical properties,
but causes low mobility and less spreading of the
encapsulated cells. To get past this problem,
bioinks that are crosslinkable in situ with spa-
tially and temporally controllable cross-link rates
and degrees are being developed [87, 88]. In
addition, advanced biofabrication techniques are
desirable to fabricate scaffold-free cell
aggregation-based bioinks in high throughput to
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decrease the fusion time and enhance the
mechanical properties and maturation.

Currently, a number of bioprinters, mainly
extrusion-based, have been developed and com-
mercialized. The commercialization of some
bioprinters is limited due to the inadequate
bioinks available. The ideal bioprinter should
have at least a submicron resolution. It needs to
have the ability to bioprint a matrix with an
orientation which can induce the alignment of
cardiovascular cells, such as cardiomyocytes and
VIC. The bioprinter should also have multiple
printing cartridges available to be used at the
same time. This would allow the bioprinter to
utilize multiple bioinks toward the bioprinting of
one heterogeneous construct. This is especially
significant for the bioprinting of the whole heart.
More powerful and easy-to-use software would
be needed to control the small resolution and
multiple printing cartridges needed for the ideal
bioprinter.

Bioprinting of Functional
Cardiovascular Constructs

With 3D bioprinting being in its infancy, so are
most of its applications, especially in the car-
diovascular realm. A major problem with bio-
printed constructs is the lack of mechanical
strength and integrity. This is mostly due to weak
mechanical properties of the hydrogel-based
bioinks that are being used [89]. For heart
valves, the tensile and compressive properties of
different bioprinted constructs were found to be
much smaller than the peak moduli of native
valve tissue [74]. However, healthy valve cells
are subjected to physiological strain range rather
than failure strain. Within a normal physiological
strain range (~15% strain), valve cells can
behave and function normally. The stiffness and
moduli of bioinks are tunable and quite compa-
rable to those of pulmonary valve leaflets in the
physiological strain range. Although hydrogel
bioinks may not meet the full mechanical
strength range of native valve tissue initially, the
tissue-engineered constructs may be strengthened
through further hemodynamic conditioning via
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collagen deposition and scaffold remodeling. Full
characterization of the mechanical properties and
functions of the constructs is crucial to produce
the constructs that will withstand the complex
hemodynamic pressures and flows of the cardiac
environment [90, 91]. These properties and
functions include electrophysiological functions,
hydrodynamic response, compliance, and
remodeling. In addition to having proper
anatomical architecture and mechanical support,
the bioprinted cardiovascular tissues should
avoid thrombogenesis and be resistant to calci-
fication after implantation. This is of particular
importance for in vivo and pre-clinical applica-
tions. Avoiding these unfavorable developments
often relies heavily on choosing and/or devel-
oping appropriate bioinks [92]. Another major
point of importance for bioprinting cardiac tissue
is to regulate the microenvironment, including
matrix components, stiffness, and physiochemi-
cal stimuli. Regulating the microenvironment
allows the control of the differentiation of stem
cells and other cell sources toward the desired
cardiovascular phenotypes [93].

Whole Heart Bioprinting

Bioprinted cardiac and valve tissue constructs
are used as patches or conduits for infarcted
myocardium and for valve tissue engineering.
They do not have an intact 3D structure with
heart geometry [94]. The whole heart, as an
organ, is complex, making it extremely difficult
to bioprint cardiac tissue with full functions
comparable to the native cardiovascular tissue.
This is due to the tissues being composed of
multiple cell types, ECM, and multiscale struc-
tures for pumping blood. Although matching all
of the functions of the tissue types is difficult,
the general structure of the whole heart can be
bioprinted. One of the biggest hurdles in creat-
ing a fully functioning heart construct is gen-
erating multiscale vascularization with high
enough density and branching networks. To
achieve this, the bioink and bioprinter
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resolutions need to be improved. The ability to
prevascularize the construct in vitro or in vivo
would promote the formation of vascular net-
works. Currently, miniature organs with partial
functions can be considered to be a future trend
in organ printing. This is a practical strategy to
use as a stepping stone to transition toward
generating fully functioning organs.

Conclusions

3D bioprinting has gained enormous attention as a
technique for fabricating biological products,
especially cardiovascular tissue. This is largely
due to early successes and promising results of this
process. Various bioinks, containing multiple cell
types, biomaterials, and biomolecules can be bio-
printed using several different printing mecha-
nisms. This leads to major promise in using
bioprinting for engineering cardiovascular con-
structs. Cardiovascular constructs, i.e., vascular-
ized constructs, myocardium, and heart valve
conduits, have been successfully bioprinted with
decent resolution, similar architecture, and some
of the normal functions of native tissue. 3D bio-
printing techniques are helping to answer complex
questions in cardiovascular disease and to generate
engineered constructs for cardiovascular regener-
ation in both pediatric and adult patients. How-
ever, this group of techniques is still in its infancy
and many challenges remain before we can gen-
erate tissue/organ analogs with full biological
functions and complex microarchitectures. To
advance the bioprinting techniques, efforts are
being made to develop high-performance bioinks
and high-resolution bioprinters. 3D bioprinting,
combined with other tissue engineering, biofabri-
cation, and biological strategies, shows a lot of
promise in enabling significant improvements in
cardiovascular tissue engineering and further
clinical applications.
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Introduction

As living organisms have evolved, optical per-
ception of the environment in three dimensions
(3D) has become more refined and complex. The
ability to see in 3D is an essential component of
human development, progressing alongside a
higher level of brain and motor function as seen
in primates and humans. These abilities enabled
humanity to accurately assess their environment
and contributed significantly to the establishment
of civilization. In modern day medicine, one may
consider the common task of envisioning a 3D
mental construct from a two-dimensional (2D)
echocardiographic image as the powerful
demonstration of human brainpower at the top of
the evolutionary tree. Nevertheless, through
human history, we have searched for ways to
assist our brains in processing 2D descriptions of
structures in a more realistic 3D manner. The use
of 3D imaging to help man comprehend and
depict pathology predates the invention of the
X-ray by Conrad Roentgen. This is well
demonstrated in Florentine wax museum models
that depict human anatomy and disease from the
eighteenth and nineteenth centuries. During the
industrial revolution, David Brewster invented
the stereoscope to make 3D photographs, fol-
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lowed by the invention of the Kinematoscope in
1861 for 3D representation. Multiple other
innovations for 3D depiction followed, leading to
modern technologies such as 3D holographic
modeling and 3D printing or additive
manufacturing.

In 1938, Dr. Robert Gross, a surgeon at Har-
vard medical school, performed the ligation of a
patient ductus arteriosus, ushering in an era of
congenital cardiac surgery [1, 2]. Dr. Gross was
then the chief resident of surgery under Wil-
liam E. Ladd, the surgeon-in-chief, at Boston
Children’s Hospital. He performed the dissection
of numerous human cadavers to inspect the
anatomy of the patent ductus arteriosus and
practiced the operating steps on dogs. This
preparation was akin to anatomic simulation,
using cadaver hearts to provide a 3D road map to
plan and practice the procedure. Such a road map
may be considered analogous to a current day
version of what would be a 3D printed cardiac
model with a PDA. Dr. Gross, having thoroughly
trained himself for the task, eventually set out to
accomplish the actual operation with great
success.

After Dr. Gross’ monumental procedure, the
establishment of the field of congenital heart
surgery soon followed. As surgeons gained
experience, more complex malformations were
amenable to repair. However, the success of the
field hinged ultimately on the simultaneous
advancement of imaging technology to help
make accurate diagnoses and plans for surgery.
When Edler [3] invented M-mode echocardiog-
raphy for evaluation of acquired mitral disease as
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a guide for treatment, it paved the way for 2D,
color Doppler, and transesophageal echocardio-
graphy which have become standard methods for
evaluating congenital cardiac malformations.

Cardiac Surgical Training

The field of congenital cardiac surgery involves
performing surgery on some of the most complex
congenital malformations. Congenital heart dis-
ease, with its critical and sometimes fragile
physiology, combined with its complexity and
rarity, makes the training of a congenital cardiac
surgeon very demanding. Robust training
requires repetitive demonstration of cardiac
defects. The traditional apprenticeship model of
teaching is based on the gradual accumulation of
experience of the trainee, under the guide of a
mentor, learning from both successes and fail-
ures. This learning continues well after comple-
tion of training and expertise is established not
only by natural skill but also by practice and
exposure. This learning curve has an impact on
patient comfort, safety, surgical outcome, and
cost [4, 5]. Healthcare institutions are becoming
more aware of this issue and in an effort to cir-
cumvent this factor have turned to simulation
technology. Surgical simulation has played an
increasingly important role in training young
surgeons working toward improving patient care
and surgical outcomes. A simulation creates an
artificial and safe environment for the apprentice
to learn a new procedure without risking a
patient’s safety or comfort. Ideally, the surgical
trainee would hone his or her skills in a virtual or
a simulated setting until the technique was per-
fected. Only then would he or she be allowed to
move on to real patients. Unfortunately, current
medical simulators lack the fidelity to provide
training beyond a basic skill level. It is predicted
that with the refinement in simulation software
and rapid growth of computing power, virtual
simulation will soon provide advanced surgical
training and possibly even result in some form of
certification.

In the early 1990s, the medical industry began
to see the impact of a novel form of surgical
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simulation, i.e., the application of 3D printed
anatomic models in surgical training [6-8]. Its
application was enthusiastically adopted in sev-
eral surgical subspecialties including orthope-
dics, urology, plastic surgery, obstetrics, and
gynecology as well as thoracic and cardiac sur-
gery [9-11]. The use of 3D printed models of
diseased body parts or organs as a preoperative
road map is the most common application of this
technology. Numerous reports of successful use
reaffirm its role as a valuable tool for surgeons.
Naturally, the field of congenital cardiac surgery
has fully embraced 3D printing technology,
which provides better understanding and allows
management of complex malformations that can
be accurately replicated in full-scale heart models
[10]. More recently, surgical training courses
have become available for congenital surgeons
using 3D printed heart models. In 2015, such
courses were offered at The Hospital for Sick
Children, (Toronto, Canada) where surgeons and
instructors worked on 3D printed models of
congenital cardiac malformations such as trans-
position of the great arteries, hypoplastic left
heart syndrome, and interrupted aortic arch. This
method of training will eventually become rou-
tine for many training programs.

Although 3D printing technology is rapidly
gaining momentum in the medical field, the
process  remains relatively  costly and
time-consuming. In cases of well-known or
simple congenital heart diseases, 2D echocar-
diography usually provides most of the needed
anatomic information one needs to formulate an
effective treatment plan. However, when faced
with rare or more complex conditions, echocar-
diography may not clearly demonstrate all of the
relevant anatomic spatial relationships. In these
cases, the congenital cardiac surgeon would
typically perform an inspection intraoperatively
to get a complete 3D picture of the anatomy. In
less experienced hands, this could mean pro-
longed cardiopulmonary bypass, unnecessary
myocardial ischemia, increased morbidity and
mortality, and increased cost. This gap in spatial
information is effectively addressed by cardiac
3D printing. It may in fact level the playing field
and give the less experienced surgeon a tool to
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become more efficient. A clear understanding of
the complexity of anatomy with a well-planned
procedure will likely reduce the risks for com-
plications and shorten the duration of the
operation.

3D Printing in Congenital Heart
Disease

The application of 3D printing had been descri-
bed in preoperative planning in various clinical
scenarios in congenital heart surgery. Vodiskar
et al. [11] reported the use of 3D printing in
planning surgery in a 20-month-old patient who
developed arch stenosis after arterial switch and
aortic arch repair. The anatomic information
gained from the cardiac model was used to
simplify the surgical plan. In this case, the arch
was repaired using descending aortic and ante-
grade cerebral perfusion with complete avoid-
ance of deep hypothermic circulatory arrest, a
surgical maneuver that is known for its associ-
ated morbidities. This technology was also
applied for presurgical planning in another
newborn with an interrupted aortic arch. The 3D
cardiac model allowed the authors to opt for a
simpler approach with aortic arch repair and
pulmonary artery banding through a left thora-
cotomy, without the use of cardiopulmonary
bypass, obviating the risks of a more extensive
open-heart surgery through a sternotomy. In a
third patient with double outlet right ventricle,
the authors fashioned a patch for intracardiac
baffle repair utilizing a 3D model. A similar
patch was placed in the actual operation. The
ventricular septal defect (VSD) was closed and
the heart was septated successfully with no
obstruction of the outflow tracts or interference
with atrioventricular valve function.

As demonstrated in the last mentioned case,
double outlet right ventricle is an ideal pathology
for which 3D printing can greatly enhance sur-
gical planning [12-14]. It is a congenital cardiac
malformation that consists of a VSD and two
ventricular outlets arising from the right ventri-
cle. The surgical repair requires directing blood
flow from the left ventricle through the septal
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defect to the aorta. The double outlet right ven-
tricle diagnosis spans a spectrum of anatomic
variations from the commonly known Tetralogy
of Fallot to transposition of the great arteries.
While surgical repair for these malformations has
been quite successful, a subset of patients with
double outlet right ventricle and a remote VSD,
with or without straddling chordae, remains a
technical challenge. The successful baffling of
the left ventricle to the aorta depends on their
anatomic relations, the size of the VSD and the
presence of any straddling chordae. 2D
echocardiography may not adequately delineate
the 3D spatial relationship of the VSD to the
aorta. Garekar et al. [13] used data from 5
patients with DORV and a remote VSD to create
3D models of the heart. The authors devised an
assessment scale to quantify the information
gained from the 3D models as compared to
conventional imaging and concluded that the 3D
printed hearts scored better in providing surface
anatomy and spatial orientation, which are cru-
cial in planning of an intracardiac baffle. Farooqi
et al. [14] described the use of 3D printing in a
7-year-old with double outlet right ventricle and
a non-committed VSD. Initially, a bidirectional
Glenn shunt had been performed as a palliation
to maintain the pulmonary circulation and allow
the heart to grow until the decision between a
single ventricular pathway or biventricular repair
could be made. The 3D model indicated that the
VSD could be closed for a two ventricular repair.
He underwent placement of a VSD baffle, conal
septal resection, take down of the Glenn shunt
and reconstruction of a right ventricle to pul-
monary artery conduit. His discharge echocar-
diogram showed a patent pathway with good
biventricular function. A patient with similar
anatomy may end up with a Fontan palliation, if
the possible surgical options are unclear from 2D
imaging. This may be a suboptimal option in the
presence of two well-functioning ventricles.

It can be challenging to have a true and
complete anatomic comprehension of complex
cardiac malformations associated with anoma-
lous pulmonary venous return. In lesions such as
partial anomalous right pulmonary venous drai-
nage, i.e., Scimitar syndrome [15], 3D printing
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can demonstrate the location of the vein’s
entrance to the right atrium as well as its relation
to the inferior vena cava (IVC) and the distance
from the left atrial cavity and atrial septum, data
which is crucial in planning a successful repair.
Anomalous pulmonary venous drainage into a
common atrium in heterotaxy syndrome [16] can
also be difficult to precisely locate and atrial
septation with a complex patch could be best
planned using a 3D printed model.

For patients who have developed complica-
tions after previous cardiac operations, an accu-
rate 3D printed model can help in planning a
reoperation. Kiraly et al. [17] created a 3D aortic
arch model in a patient with hypoplastic left heart
syndrome who developed arch obstruction after a
Norwood reconstruction. The surgical approach
and steps of the operation were practiced on a
hollowed, printed version of the aorta. The actual
operation was performed in the same manner as
the preoperative simulation. Similar applications
were used in planning of an aortic translocation,
the Nikaidoh procedure [18] in a patient with
transposition of the great arteries, VSD, and
pulmonary stenosis. 3D printing has also been
used in pediatric patients with congenital heart
disease undergoing cardiac transplantation, as
described by Sodian et al. [19]. They reported
two patients with single ventricle physiology
who had previously undergone multiple correc-
tive procedures and therefore had unpredictable
anatomy for heart transplantation. The cardiac
anatomy of each patient was well delineated by
3D printing before the transplantations and the
procedural plans were determined based on the
3D models. These reports demonstrate that a
patient-specific 3D printed model can be an
excellent surgical planning and guidance tool in a
wide variety of different surgical scenarios.

3D printing can also provide guidance in
managing adult patients with congenital heart
disease with heart failure requiring mechanical
support. Farooqi et al. [20] proposed the appli-
cation of 3D printing in planning placement of
ventricular assist devices in patients with failing
systemic right ventricles, such as patients with
L-transposition of the great arteries or in those
with D-transposition after an atrial switch. 3D
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printing can aid in cannula placement, which
would be especially helpful due to the unique
anatomic features of the right ventricle. Such
models can also assist in cannula placement for a
failing Fontan in either the pulmonary or sys-
temic circulation depending on the clinical
setting.

3D printing has also established a role in the
management of cardiac tumors. The features of
more advanced 3D printers allow the use of
multicolor printing within the same model to
delineate different tissues, which can be critical
in tumor resections. Al Jabbari et al. reported the
application of this technology in two adult
patients [21]. The first patient was a 50-year-old
male status-post left atrium osteosarcoma resec-
tion with tumor recurrence. Cardiac magnetic
resonance image (MRI) showed multiple recur-
rent tumors with involvement of the pulmonary
veins. A cardiac auto-transplantation (i.e.,
explantation and reimplantation of the heart for
facilitation of the cardiac procedure and better
exposure) was performed with excision of the
entire posterior and anterior left atrium, part of
the right pulmonary veins, and the pericardium.
The veins were reconstructed with bovine peri-
cardium. It is self-evident that a representative
model would be extremely useful in such a
complex case. The second patient was a
67-year-old male with recurrent renal cell carci-
noma and IVC involvement. He underwent
complete resection of the right atrium and IVC
and reconstruction with bovine pericardium.
Both patients did well with no recurrence after
6 months follow up. These cases underscore the
effectiveness of 3D printing in accurately
demonstrating the detailed encroachment of the
tumors on cardiac structures and assuring com-
plete tumor excision.

A similar concept which involves combining
different imaging modalities is the use of hybrid
3D printing. Gillaspie et al. [22] fused MRI or
computed tomography (CT) data with positron
emission tomography (PET) scan data from pre-
and post-induction therapy. They were able to
delineate the response of tumors as well as
identify tissues that appeared abnormal but were
not actually involved with the malignancy. This
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approach, which the authors termed “SD print-
ing,” allowed for more precise and complete
removal of the tumor. The authors reported a
39-year-old female who was diagnosed with a
left superior sulcus tumor that invaded the upper
ribs, vertebral bodies, and nerve roots. After
induction chemoradiation therapy, a “5D” prin-
ted model of the involved area was created for
planning of resection. The patient underwent a
staged en bloc resection of the involved struc-
tures together with a PET scan of active tumor
areas and thoracic wall reconstruction. She did
well at 4 months follow up with no evidence of
tumor and required no further therapy. Super-
imposing different imaging data sets along with
3D printing is a powerful and effective tool in
providing anatomic details that can greatly
enhance the success of a challenging operation.

Obstacles in Utility

As the use of 3D printing in cardiac surgery
continues to grow, several issues have emerged
that may necessitate a more systematic approach
in utilizing the technology. It is likely that 3D
printing will be limited to more complex con-
genital heart disease, in which its role is crucial
in providing detailed anatomic information for
the operative method. More common defects
such as septal defects, Tetralogy of Fallot, or
transposition of the great arteries can typically be
imaged adequately using 2D echocardiography,
cardiac MRI, and CT. It appears that the decision
to use 3D printing to get a better demonstration
of the anatomy rests on the expertise of the
echocardiographer who detects subtle complex
characteristics or suspects anatomic uncertainty
that could affect the planning of the operation. It
also depends on the comfort level of the operat-
ing surgeon who may prefer the reinforcement
provided by having a physical model of the
diseased heart in hand to plan the operation.
Not all structures are well represented with 3D
printing technology, notably the cardiac valves
and the sub-valvar apparatus. Cardiac MRI and
CT often do not provide details of fine mobile
structures, such as the chordae of the mitral
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valve. In these settings, the rendered images are
the product of computerized assumptions and the
specifics of the involved structure could be lost
or inaccurate. For example, a minor cleft may not
be recreated well on the image renderings but
could have a significant impact on the outcome
of a repair. A major chordal insertion, which may
be difficult to pick up on imaging, can alter the
placement of a patch or even make a heart
impossible to septate. More refined software and
powerful imaging may help to provide better
accuracy in the future.

As an institution accumulates experience in
cardiac 3D printing, issues of storage and keeping
inventory may arise. Space is always a
much-needed commodity in a busy medical cen-
ter, and a large collection of printed models may
pose a logistic issue of storage and retrieval.
Depending on the material used for printing, it has
been possible to recycle the printed material in an
effort to reduce cost, waste, and help with
managing of storage space. The models, once they
have served their purpose, can be broken down and
the printed material can be reclaimed. It is con-
ceivable that due to the time-consuming process of
preparing and printing the 3D models, one would
be reluctant to dispose of models simply for the
purpose of space management. It is likely, though,
that as printing technology advances, that the
production of a model may take minutes instead of
hours or days. An organized storage inventory of
3D heart models can also serve as an effective
educational tool for patients, medical students, and
cardiac surgeons in training.

Virtual Models

The virtual model which is created from
post-processing of 3D imaging data sets and serves
as the source file to create the physical model, may
demonstrate its own utility. Virtual 3D imaging of
cardiac malformations allows detailed examina-
tions and virtual dissections of the heart. Farooqi
et al. [23] created virtual cardiac 3D models of 6
patients with DORV and demonstrated that they
effectively delineated the VSD’s as well as the
pathways for placement of a surgical baffle.
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Indeed, 3D virtual imaging appears to be quite
convenient and possibly equally effective. 3D
virtual files can be easily sent and shared among
team members. The surgeon can navigate him or
herself within the cardiac cavity to learn about the
anatomy and plan the repair. The ability to go
inside the heart to view hard to reach locations
makes virtual 3D modeling a very good
pre-procedure planning tool. The benefit also lies
in not having to deal with storage issues and being
able to retrieve the imaging rapidly. On the other
hand, a virtual model is neither tactile nor direct.
For example, a sample of a VSD baffle patch based
on a printed heart model would be easier to be
fashioned. The produced patch could then be tes-
ted on the physical model, while this same process
is not feasible on a virtual model viewed on a 2D
monitor. The depth and distance perceptions from
a printed model are real and palpable. Neverthe-
less, it would not be surprising to see virtual 3D
imaging become more commonplace and perhaps
the main advanced imaging modality used in
preoperative planning in the near future.

The expansion of computational power con-
tinues to be the driving force for improving and
advancing medical imaging and simulation
technologies. Moore’s law seems to work in our
favor, as computing speed continues to increase.
Clinically relevant dynamic virtual cardiac
models will eventually be feasible [24]. We may
have the ability to non-invasively assess hemo-
dynamics of cardiac malformations before and
after surgery. Dynamic cardiac models are pro-
duced with the construction of a virtual 3D car-
diac model superimposed onto a simulation of
blood flow using computational fluid dynamics.
However, the requirement for computational
power is enormous, and currently, the time nee-
ded to complete this simulation may take days.
However, in a few years, Moore’s law predicts a
reduction of the time to just hours.

Bioprinting
The progression from 3D printed heart models to

printing biological heart components is inevi-
table. The rapid development of patient-specific
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bioprinting holds the promise of the next big step
in medicine [25-29]. Much work has been done
in creating patient-specific cardiac valve scaf-
folds and seeding them with patients’ own cells.
It is possible in the future that a patient can have
his or her cardiac implants prepared before the
actual operation. One can envision the great
potential of 3D bioprinting in congenital heart
surgery, which traditionally involves placement
of vascular conduits, prosthetic patches, and
valves. Current implantable surgical parts do not
grow and are not patient specific. Appropriate
and correctly sized conduits may not be available
due to a wide range of patient sizes. Despite
exploratory efforts in using bioprinting in clinical
applications, the technology is still in its infancy.
Future research and development will involve
producing more physiologically suitable bioink
materials to create functional and durable heart
implants and possibly even full replacements.
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