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Abstract Congenital heart disease affects 1-2 % of the
world’s population and is the leading cause of mortality
among infants in the US. The diagnosis and management of
congenital heart disease are largely driven by review of
two-dimensional (2D) images derived from echocardiog-
raphy, cardiac magnetic resonance, and cardiac computed
tomography. However, congenital heart disease is a three-
dimensional (3D) problem, and 2D display methods often
lack critical spatial information. Cardiologists and cardio-
vascular surgeons rely on mental conversion of 2D data
into a 3D understanding of the spatial relationships of
intracardiac structures. Over the last 10 years, significant
advances in 3D printing technology have made it possible
to create life-like, printed models of any part of the human
anatomy, including congenital heart defects. These printed
models, placed in an operator’s hands, have the potential to
assist in communication of the size, location, and degree of
defect and aid in procedural planning. The use of 3D
models has the potential to decrease operative procedure
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times, decrease radiation exposure in the cardiac catheter-
ization laboratory, and overall sedation and anesthetic
requirement. In addition, they have considerable educa-
tional value wherein defects can be examined from every
angle, and the complex 3D relationships of cardiac struc-
tures can be displayed in three dimensions and held in the
hand.

Keywords Congenital heart disease - 3D printing -
Cardiac surgery - Cardiac imaging

Introduction

Congenital heart disease affects 1-2 % of the world’s
population and is the leading cause of mortality among
infants in the US [1ee, 2]. The diagnosis and management
of congenital heart disease are largely driven by review of
two-dimensional (2D) images derived from echocardiog-
raphy, cardiac magnetic resonance (CMR), and cardiac
computed tomography (CT). However, congenital heart
disease is a three-dimensional (3D) problem, and 2D dis-
play methods often lack critical spatial information. Car-
diologists and cardiovascular surgeons rely on mental
conversion of 2D data into a 3D understanding of the
spatial relationships of intracardiac structures. Although
3D images of the heart represent a significant advancement,
this still falls short of providing a precise roadmap for
cardiovascular surgery or other type of intervention.

Over the last 10 years, significant advances in 3D
printing technology have made it possible to create life-
like, printed models of any part of the human anatomy [3],
including congenital heart defects [4, 5]. These printed
models, placed in an operator’s hands, have the potential to
assist in communication of the size, location, and degree of
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defect and aid in procedural planning. In short, 3D models
have the potential to decrease operative procedure times,
decrease radiation exposure in the cardiac catheterization
laboratory, and overall sedation and anesthetic requirement
[6]. In addition, they have considerable educational value
wherein defects can be examined from every angle. With
3D modes, the complex 3D relationships of cardiac struc-
tures no longer need to be inferred from 2D imaging, and
they can be displayed in three dimensions and held in the
hand [7°].

In this review, the current clinical cardiovascular imag-
ing standards will be discussed, along with the process of
creation of a 3D model from imaging. The utility of these
models will be reviewed, both in terms of clinical utility and
educational utility. Finally, future therapies involved with
3D printing of cardiac structures will be discussed.

Current Cardiovascular Imaging
Echocardiography

Echocardiography is the main diagnostic imaging tech-
nique of the heart, largely owing to its portability, safety,
excellent spatial and temporal resolution, and ease of use.
This is particularly true for infants and children with
favorable ultrasound windows who are being imaged to
understand their congenital heart defect. A single acquisi-
tion in 2D echocardiography requires specific placement of
the ultrasound probe to display heart anatomy in stan-
dardized cross-sectional views (subcostal, parasternal,
apical and suprasternal with their respective long axis and
short axis planes), and then recording the image over
several heart beats. The 3D orientation of a heart lesion can
be obtained from a single acquisition using special 3D
probes and software to process and display the acquired
data [8]. Occasionally, an acquisition performed over
longer recording (more heart beats) can be “stitched”
together for increased temporal and spatial resolution with
acquisition over more heart beats, ideally with respiratory
suspension. Experienced clinicians are required to then
mentally piece together the heart anatomy to fully under-
stand the defect and guide therapy.

This mental reconstructive process can be difficult for 3D
interpretation of atypical structures in congenital heart dis-
ease—for example, atrioventricular orientation in a criss-
cross heart, systemic and pulmonary venous blood flow in an
inter-atrial baffle, or ventricular septal defects in double-
outlet right ventricle. With the advancement of 3D ultra-
sound probes and software, 3D images can also be obtained
in one acquisition [9], although they are still limited by the
acoustic quality of transthoracic imaging. Echocardiography
is also often limited in evaluating extracardiac vessels such

as the aorta and the pulmonary arteries due to acoustic
shadowing.

Cross-Sectional Imaging (CMR and CT)

The images provided by CMR and CT allow for effective
3D interpretation of cardiovascular anatomy, as the images
are displayed in a consistent cross-sectional plane. Addi-
tionally, CMR and CT allow for image acquisition of
extracardiac vessel anomalies not well visualized by
echocardiography. Vascular rings, pulmonary slings, and
coarctation of the aorta are appreciated well with contrast-
enhanced CMR or CT angiography [10e¢]. The distal pul-
monary vasculature in congenital heart disease can also be
well defined with cardiac imaging angiograms, such as the
major aortopulmonary collateral arteries (MAPCAs) seen
in Tetralogy of Fallot with pulmonary atresia [11]. How-
ever, traditional cross-sectional imaging without post-pro-
cessing still requires a mental reconstruction of anatomy.

Creating 3D Heart Models

The creation of 3D models is a collaborative process that
requires coordination between imaging personnel and
clinicians to properly represent complex heart structures.
As shown in Fig. 1, the relevant cardiac structures should
be carefully identified and preserved during each step of
creation, from data acquisition to image segmentation and
subsequent post-processing.

Data Acquisition

Creation of a 3D heart model begins with acquisition of a
3D image dataset from CT angiography, cardiac MRI, or
3D echocardiogram. The optimal dataset for 3D imaging
should have adequate spatial resolution such that the blood
pool and myocardium are contrasted and defined clearly.
As with all cardiac imaging modalities, ECG gating is
necessary to ensure that the images acquired are in the
same cardiac phase (typically end of diastole to maximize
volume). For 3D echocardiograms, probe technique and
ultrasound settings are particularly important to minimize
stitch artifact, and the image datasets may require post-
acquisition processing such as using filters to remove
ultrasound speckle and other image noise [12ee].

Image Segmentation
The conversion of a 2D image dataset into a digital 3D
model is typically performed by a process known as

“segmentation,” where each 2D image in the dataset is
partitioned into boundaries that define regions or masks

@ Springer



30

Curr Pediatr Rep (2016) 4:28-34

Fig. 1 Creation of a cardiac
model. CMR images were
obtained from an adult patient
with transposition of great
arteries status post Mustard
atrial switch procedure,
followed by image
segmentation, creation of a
digital model and, finally, a
printed model. a Three
orthogonal views (axial,
sagittal, and coronal) of the 3D
dataset with segmentation
masks overlaid in color. Noted
are the systemic venous baffle
(blue mask), left ventricle
(orange mask), pulmonary
arteries (purple mask),
pulmonary venous baffle (red
mask), right ventricle (yellow
mask), and aorta (green mask).
b The segmentation software
reconstructs a 3D digital object
from each respective
segmentation mask. ¢ A
combination of Boolean
functions, smoothing, and
wrapping functions are used to
finalize the 3D digital model.
Cuts are made onto the model to
display internal anatomy. d The
3D digital models are
transferred to a 3D printer and
physical components are printed
as shown. Each piece is held
together by magnets. The
internal chambers are also
painted with color to represent
the flow of saturated and
desaturated blood (Color

figure online)
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(Fig. 1a). By stacking adjacent 2D images together, the  editing. Segmentations can be performed manually by
defined contours across each respective image form a 3D drawing contours between the endocardium and blood
reconstruction (Fig. 1b). This technique is different from  pool, or automated via thresholding, edge detection, region
other conventional 3D visualization methods such as vol-  growing, and other functions that select image voxels of
ume rendering, which have limited capability in 3D  similar intensity and other characteristics (in this case, the
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blood pool), or by a combination of both [13]. Numerous
freeware and commercial software are currently available
for image segmentation; two examples are given in these
references [14e: http://www.itksnap.org/pmwiki/pmwiki.
php; http://biomedical.materialise.com/mimics].

While image segmentations of static organs can easily
be performed automatically, the complexity and large
patient-to-patient variation of congenital heart disease
often demands some degree of manual segmentation.
Segmentation should also be performed in a systematic and
meticulous manner. Thin-walled cardiac structures such as
the atrial septum are often misrepresented by the automated
thresholding function. Separate masks should be created to
represent respective atria, ventricles, and great vessels.
This limits the potential for overlap artifact that would
inadvertently represent an inter-chamber communication
that did not exist. Segmentations should be reviewed by
overlaying the masks with the original images to ensure
proper representation of all cardiac structures.

Preparation and Display of 3D Printed Model

The 3D reconstructions generated by image segmentation
can then be exported as digital 3D triangulated surface
models [typically stored in a STL (STereoLithography) file
format]. The 3D digital models often require further editing
by software, such as removing small artifacts, smoothing
the wall of the models, or adding thickness to external
features (Fig. 1c). Further preparation of the model can be
made based on the intended viewing method. 3D models
can be viewed digitally via software; in those cases, simple
cuts to the model can be made to display internal anatomy.
Ideally, the cuts should be made such that the relevant
anatomy is in full view (for example, removing the right
ventricular-free wall in order to visualize a ventricular
septal defect). For 3D models that are expected to be
printed into physical objects (Fig. 1d), the cuts should also
be oriented properly to allow for adequate connections to
hold the respective pieces together. At our institution, small
circular holes are cut onto the articulating surfaces of each
piece for placement of magnets to hold the pieces together
with anatomically correct alignment. Using newest printing
and post-processing techniques enables the creation of soft
and multi-colored models that closely match the look and
feel of a heart during surgery.

Preparation and Display of 3D Digital Model

Software applications are available for display of 3D digital
models of the heart, using the STL file that would be sent to
the printer, and loading it into an application designed for 3D
display. There are many types of software packages available
with user interfaces with varying degrees of “user-

friendliness” and ability to modify and manipulate the file
[https://indicated.co/cardiac-review-3d-printing-surgical-
planning/]. The advantages of displaying the 3D model in a
digital environment (as opposed to slicing the file and printing
physical models) are that the user is not constrained by pre-
defined cut planes which section the model to view the
intracardiac defect. There are advantages to viewing an
intracardiac defect from every angle and magnification.
Another advantage of digital models is the ability to easily
share and archive the models, while printed display of these
defects conveys a sense of reality that is difficult to match with
digital displays. Coming closest to reality, novel holographic
display of the 3D cardiac imaging data [15] holds promise for
future display of cardiac defects.

Clinical Value of 3D Heart Models

Digital 3D models are useful in improving the under-
standing of congenital heart disease without requiring a
mastery of the reconstructive visualization process. In
complex septal defects, or septal defects associated with
other lesions, 3D models can help with procedural planning
[16—18¢]. Integration of 3D modeling can enhance the
cardiac surgeon’s understanding of heart defects [19, 20],
thus increasing efficiency of surgical interventions and
reducing procedural time. This has been shown in partic-
ular, in Tetralogy of Fallot with MAPCAs, where there is a
high degree of variability among patients with this disease
[21¢]. In fluoroscopic-based cardiac catheterizations, 3D
models can help the interventionist with planning
approach, such as planning out catheter course and
appropriate device placement, thereby reducing radiation
exposure and contrast dose required for the procedure [22,
23]. Finally, 3D models have been utilized in understand-
ing aortic stenosis in the setting of decreased left ventric-
ular systolic function to gain a deeper understanding of the
aortic valve dysfunction through 3D display [24].

Patient-specific care team briefings can also be per-
formed with 3D models, to enhance bedside comprehen-
sion in the postoperative care of a congenital heart disease
patient after surgical repair [25¢].

Educational Value of 3D Heart Models

Utilization of 3D printed models of the human anatomy has
long been shown to be excellent adjunctive teaching aids in
various parts of the human anatomy [26, 27]. This is par-
ticularly true in congenital heart disease, where a wide
spectrum of severity is observed within each type of car-
diac defect. This wide spectrum of severity makes learning
about these lesions complex to trainees, and it is
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encouraging that evidence suggests 3D models aid in
learning about congenital heart defects and their clinical
sequelae for trainees of various levels [28, 29]. Complex
anatomical concepts in congenital heart disease such as
malalignment-type ventricular septal defects, double-outlet
right ventricle, and the spectrum of heterotaxy syndromes
can be demonstrated in a hands-on, interactive environ-
ment. Depth and spatial relationships can be expressed and
elaborated on. The learner can have a primary, tangible
experience with a particular type of heart defect. With
pediatric residents, 3D printed models of tetralogy of Fallot
used during a standard teaching session were more highly
rated than sessions without the models, and learner satis-
faction scores were higher, which correlated with subject
matter retention in adult learners [30].

Work is ongoing to test the ability of an interactive
model displaying hypoplastic left heart syndrome with
moveable components that can be magnetically attached to
simulate creation and takedown of a Sano shunt, creation,
and takedown of a Blalock-Taussig shunt, creation of a
Glenn anastomosis and creation of a lateral tunnel intrac-
ardiac Fontan. This model is being used with trainees in a
“Build-A-Fontan” type session directed toward under-
standing the physiology of hypoplastic left heart syndrome
and the need for three-staged palliative repair. Results from
this trial should be available soon.

Finally, patient-specific 3D models created from patient
data may also be beneficial during consultations with
family members regarding a patient’s diagnosis of con-
genital heart disease. The models make the details of a
particular congenital heart defect more readily attainable,
regardless of educational background.

Future Therapeutic Utility of 3D Printed Cardiac
Devices

In addition to the use of 3D printing for improved diagnosis,
education, and interventional planning, research is also
underway to utilize 3D printing to create surgical implants
for patient-specific vascular grafts, heart valves, and even-
tually an entire heart. This is either achieved by printing a
scaffold (either acellular or seeded with cells) that provides a
3D template for tissue growth or direct bioprinting of cellular
structures. Researchers have explored the use of fabricating
grafts with solvent-cast molding processes, but 3D printing
the graft directly allows for creating more complex 3D
designs of the grafts to best match the patient’s anatomy
including bifurcations [31, 32¢].

Thus far, researchers have created 3D printed poly-
urethane scaffolds using an inkjet technique potentially
suitable for vascular materials [33]. Another group cre-
ated bio-tubular scaffolds combining 3D printing and

@ Springer

electrospinning techniques [34]. Researchers also devel-
oped 3D printing of vascular tissue engineering scaffolds
utilizing poly(propylene fumarate) (PPF) and demonstrated
its efficacy in the mouse venous system [35].

Current work in bioprinting using hyaluronan hydrogels
and tubular channels encapsulating cells in alginate has
accomplished the fabrication of biologically functional
blood vessels [36]. Another group has implemented 3D
bioprinting to fabricate living alginate/gelatin hydrogel
valve conduits with anatomical architecture [37].

Conclusion

3D printed models of congenital heart disease are an
innovative method of displaying 3D cardiovascular imag-
ing. These models can be made using a roadmap from 3D
echocardiograms, or angiograms from cardiac CT or CMR
images. Models have enormous potential for improving
clinical care, and have already gained an important place in
education of medical trainees and allied health profes-
sionals. Work is ongoing to print exciting therapeutics,
such as pulmonary artery conduits, heart valve tissues, and
other potentially implantable devices. Innovative imaging
display techniques like 3D printing and 3D digital display
of cardiovascular imaging are fast becoming a mainstay of
diagnosis and treatment in congenital heart disease.
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