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Abstract

Three-dimensional (3D) printing in congenital heart disease has the potential to
increase procedural efficiency and patient safety by improving interventional and
surgical planning and reducing radiation exposure. Cardiac magnetic resonance
imaging and computed tomography are usually the source datasets to derive 3D
printing. More recently, 3D echocardiography has been demonstrated to derive 3D-
printed models. The integration of multiple imaging modalities for hybrid 3D printing
has also been shown to create accurate printed heart models, which may prove to be
beneficial for interventional cardiologists, cardiothoracic surgeons, and as an
educational tool. Further advancements in the integration of different imaging
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modalities into a single platform for hybrid 3D printing and virtual 3D models will drive

the future of personalized cardiac medicine.
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High-resolution cardiac imaging and 3D printing has ushered in an era where rapid
prototyping of congenital heart defects (CHDs) is possible.[1] The insight provided by
3D-printed models has the potential to increase procedural efficiency by improving
interventional or surgical planning and reducing radiation exposure. The source images
for 3D-printed models are usually derived from high-resolution, cross-sectional cardiac
MRI (c-MRI) or computed tomography (CT).[2,3] Intravenous contrast is often required
for CT and exposes patients to ionizing radiation. For c-MRI, intubation and sedation is
necessary in many pediatric patients. 3D echocardiography, a noninvasive bedside
imaging tool, has been recently demonstrated to generate 3D-printed models.[4]
Accurate morphology of valvular structures derived from 3D transesophageal
echocardiography (TEE) integrated with “blood pool” imaging from CT has also been
used in 3D printing.[5] Further advancements in the integration of different imaging
modalities into a single platform for virtual dynamic 3D modeling and hybrid 3D
printing will drive the future of cardiac imaging.

Initially, 3D printing in medicine was primarily used in orthopedic and plastic surgery. It
involved the use of 3D radiological images to generate a replica of anatomical
structures. The complexity of CHDs requires high-quality image acquisition of
cardiovascular anatomy and morphology. Although on-screen 3D renderings of cardiac
structures are now routinely available on standard CT or MR workstations, these
renderings cannot be used interactively to simulate transcatheter or surgical
implantation of medical devices. The output format derived from these renderings
generally does not permit conversion into tangible models. Segmentation of individual
imaging data sets creates multiplanar 3D virtual models. This data set is then exported
into a dedicated postprocessing software such as Mimics® (Materialise N. V., Leuven,
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semi-automated integration of multiple imaging modalities in a single platform and

realignment of the integrated anatomy to generate printable 3D data sets.

Furthermore, rapid prototyping from the data sets for printing patient-specific cardiac
models can be sliced in the required anatomic planes to display the region of specific
interest.[4-6] The present state-of-the-art technology involves the use of multiple
imaging modalities acquired within a short period of time, followed by segmentation
and prototyping of the 3D model within 24 h. Note that as each imaging modality has
different strengths - CT enhances visualization of extracardiac anatomy [7]; c-MRlI is
superior to other imaging modalities for quantification of ventricular volumes and
myocardial architecture [8]; 3D ultrasound provides the best visualization of valve
morphology [9] - it can impact the quality and accuracy of the 3D model.

Utilization of information derived from integrating multiple imaging modalities can
provide precise models of complex CHDs. It is of utmost importance that printed
models closely replicate the cardiac structure itself for the benefit of the
interventionalist or surgeon. This is also a significant factor for patient safety if clinical
decisions are to be made from the 3D-printed model. Therefore, all efforts must focus
on integrating the best aspects of each imaging modality to create highly accurate
hybrid 3D models. It is recommended that the cardiologist and surgeon involved in the
patient’s care be actively involved in the process of identifying the targeted cardiac
phases for reconstruction, segmentation and rapid prototyping.[10,11] The accuracy of
depiction of cardiac structures and the plane of interest for a particular condition can
be determined only by providers directly involved in the patient’s care. The 3D models
can be printed in rigid or flexible materials or a combination of both in one to define
tissue differentiation or specific areas of calcification. We recently demonstrated the
feasibility of such an approach in a patient with congenitally corrected transposition of
the great arteries by integrating CT and 3D TEE for hybrid 3D printing using HeartPrint®
Flex technology (Materialise N. V.).[5] Currently, there is no material that can
completely and accurately mimic human tissue, but the flexible model comes close to
representing the properties of soft tissue.[4,5,11] We made further progress in hybrid
3D printing (Burton Precision and Engineering 4 Life, Comstock Park, Ml, USA) derived
from MRI and 3D TEE in a patient with pulmonary atresia and single-ventricle palliation
who subsequently underwent successful 1% ventricle repair. Although the operative

anatomy confirmed the anatomic details of double-chambered right ventricle as
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additional tool along with other imaging modalities for interventional and surgical

planning.

The ability to perform preoperative evaluation of the size and shape of shunts or
patches is one potential application of hybrid 3D-printed models. The relationship and
the actual distance between vital structures can be also clearly visualized
preprocedure, precluding the need for extensive dissection to confirm such structures.
As a result, the 3D-printed model may indirectly reduce the duration of surgery and
cardiopulmonary bypass time and prevent inadvertent complications. Clinical
preprocedure decision-making has been demonstrated in patients with cardiac tumors,
shunt lesions, transplantation in univentricular hearts, transcatheter aortic and

pulmonary valve implantation and stenting of aortic coarctation.[4,6,12-17]

Multimodality imaging techniques have facilitated the understanding of complex
morphology in CHDs. However, currently used terminologies can be quite misleading.
Individuals with the same anatomic diagnosis can have varied morphology and
prognosis depending on associated comorbidities. Many complex CHDs fall into this
category. A typical example is that of atrioventricular septal defect (AVSD) with a
common atrioventricular valve, which refers to various conditions from simple ostium
primum defects to complex unbalanced AVSDs with heterotaxy syndrome. The
ventricular size in unbalanced AVSDs may be severely underestimated based on
common imaging modalities in current practice.[18] This may have far-reaching
implications for biventricular repair in “unbalanced” AVSDs. Associated defects like
total anomalous pulmonary venous connection in AVSD significantly alter long-term
prognosis.[19] Thus, each individual with CHD is different and there is need for
personalized care, rather than protocol-based management. The number of patients
with distinct conditions is very small, making it difficult to make decisions solely based
on experience. In this context, personalized medicine becomes very relevant and

hybrid 3D printing may enhance management in these patients.[20,21]

The morphology and pathophysiology of complex CHDs is often difficult to comprehend
for inexperienced medical professionals or students. The mental depiction of a defect
created by integrating the basic knowledge of anatomy, physiological principles and
flow dynamics may not reflect the actual CHD. This is further complicated by altered
electrical pathways, artificial connections between vessels, scarred tissue and artificial

valves. As complex CHDs are rare, new surgeons may have inadequate exposure to
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improves understanding of complex interrelationship between structures in the heart.
[23] The creation of a library of 3D CHD models can make pediatric cardiology more
interesting and easier for medical professionals and students to visualize and
understand complex intracardiac anatomy in training and practice.[20] The field of
congenital cardiac interventions is ideal for simulation-based learning because of the
rarity, complexity and individual variability. High-fidelity medical simulations using 3D
printing technology have been shown to effectively complement medical education in
patient care settings.[22-24] Cardiothoracic surgeons can plan their interventions and
have exact measurements of shunts or conduits as 3D-printed models are an exact

depiction of intraoperative anatomy.

As we advance to a stage wherein hearts may be printed out within the duration of an
outpatient visit, it may be worthwhile to consider the indications or degree of
complexity of CHDs for 3D printing. This may reduce commercial misuse of this
significant technological advancement. The time frame for printing a heart presently is
a minimum of 15 h, which includes 2-3 h each for segmentation and rapid prototyping
and 10 h for printing and finishing. The cost involved may vary from $500 for simple
models [4] to $3500 or more for complex models,[5] depending on the size, material,

and complexity of the CHD.

The main limitation of 3D-printed models is that it is a static representation of a
dynamic organ. Virtual 3D anatomic models of CHDs at different phases of the cardiac
cycle need to be created to get further insight into functional morphology and to
evaluate dynamic changes during the cardiac cycle. The discrepancies in the data sets
from gain setting, contour detection and interobserver variability can lead to drop out
in the stereolithography format, creating inaccuracies in the printed model. This could
be overcome by a knowledge-based virtual heart model that can handle variation in
data input. The incorporation of the hemodynamic data into this dynamic virtual model
and development of computer models to predict the results of interventional or surgical
procedures with integrated volume changes, compliance and function will further
advance management of patients. The integration of electrical functional pathways and
properties will also enhance the utility of virtual 3D heart models in the management of
complex CHDs. Visualizing a 3D structure on a 2D screen causes the observer to
imagine it from different perspectives, leading to misinterpretation and interobserver

variability. The advent of holographic projection decreases this risk, leaving no aspect
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has been successfully demonstrated.[25] Deriving the appropriate scaffolds from
multiple imaging modalities and incorporating stem cell cultures from the patient for
3D-bioprinting of different functional structures of the heart or great vessels may not be

a distant dream in personalized cardiac medicine.[11]
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e Reviews the techniques involved in rapid prototyping.
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