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Three-dimensional (3D) printing has emerged as a tool for clinicians to understand the
underlying mechanisms and pathophysiology of these disorders in a simulated setting.
Three-dimensional printing consists of manipulating a two-dimensional (2D) image
obtained via noninvasive modalities, such as computed tomography (CT), magnetic
resonance imaging (MRI), or 3D echocardiography, to a 3D dataset and then finally into
a physical model. Three-dimensional printing allows for creation of specific models in a
variety of diseases such as cardiac shunts that can be visualized by surgeons prior to
device placement in a matter of hours. Further, cardiac tumors, which typically invade
the myocardium, have been replicated to allow surgeons the ability to plan procedures
prior to any incision. This creates the potential for propagation of error within the
health field. Three-dimensional printing has emerged as a tool for clinicians to
understand the underlying mechanisms and pathophysiology of these disorders in a

= cardiac care

Introduction

Recent advancements in technology have brought three-
dimensional (3D) printing to the forefront of medicine.
Three-dimensional printing consists of manipulating a
two-dimensional (2D) image obtained via noninvasive mod-
alities, such as computed tomography (CT), magnetic reso-
nance imaging (MRI), or 3D echocardiography to a 3D dataset
and then finally into a physical model. These models can then
be used to enhance patient care in both acute and chronic
clinical settings. Critical care medicine represents one area
that has been influenced by the development of 3D printing.
Multiple congenital abnormalities such as ventricular septal
defect (VSD) or ventricular septal rupture following a myo-
cardial infarction can be simulated prior to being witnessed
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simulated setting though standardization of the technique is yet awaited.

in patients. Here, we summarize how 3D printing is currently
being implemented in critical care medicine.

Outlining Three-Dimensional Printing

Three-dimensional printing (also known as rapid prototyp-
ing) is characterized by creating a 3D virtual object using a 3D
image dataset in a process known as segmentation (~Fig. 1).
These files are then transformed to physical models with the
use of specialized printers. Multiple medical and surgical
specialties have capitalized on this development to create
patient-specific model.! Traditionally, CT imaging was the
only available modality transformable to 3D models. How-
ever, other forms of imaging have now emerged as potential
sources for segmentation. Cardiac MRI has been used to
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Fig. 1 Three-dimensional (3D) printing workflow. CT, computed tomography; MRI, magnetic resonance imaging (Reproduced with permission

from Dr. Thomas Bartel).

simulate multiple congenital heart disorders, whereas 3D
transesophageal echocardiography has been instrumental in
replicating mitral valve pathology.>>

Procedural Applications

A variety of pathologies are encountered in a critical care
setting. Historically, it has been difficult to train physicians
for these clinical situations, outside of experiencing them
firsthand. Three-dimensional printing has emerged as a tool
for clinicians to understand the underlying mechanisms and
pathophysiology of these disorders in a simulated setting
(=Fig. 2). For instance, ventricular assist devices (VADs)
remain an underutilized option in patients with heart failure,
predominantly due to variable and complex anatomy that
prohibits placement of the device.* Three-dimensional print-
ing allows for creation of specific models that can be visua-
lized by surgeons prior to device placement in a matter
of hours.”> Furthermore, cardiac tumors, which typically
invade the myocardium, have been replicated to allow sur-
geons the ability to plan procedures prior to any incisions.®
Three-dimensional models can clearly differentiate bound-
aries between these intracardiac tumors and the myocar-
dium.” Complex congenital diseases such as atrial septal
defect, VSD, or tetralogy of Fallot can be visualized prior to
repair (~Fig. 3).8°13

Catheter-based procedures have also benefited from 3D
printing. Models of complex coronary vasculature for patients
admitted following myocardial infarction can be created prior
to interventional procedures.'* Perfusion hemodynamics and

Fig. 2 Simulation model demonstrating catheter ablation for atrial
fibrillation. The catheter is visualized entering the left atrium after
transseptal puncture. Pulmonary veins are colored blue.

stenosis of vessels can be visualized in full before and after an
intervention is made.® Valvular pathologies including aortic
stenosis and mitral regurgitation can be modeled for prepro-
cedural planning. Transcatheter aortic valve repair for aortic
regurgitation is complicated by the spectrum of flow dynamics
that exist with this condition. Three-dimensional printing
allows for creation of specific models that highlight patient-
specific flow hemodynamics (~Fig. 4)."> Three-dimensional
modeling for percutaneous mitral valve repair allows clini-
cians to gauge the proper valve size needed for repair, in
addition to whether further imaging would be needed.'®
Another potential use of 3D printing is in the placement of
the extracorporeal membrane oxygenation device by cardiac

Fig. 3 Atrial septal defect closure. The closure device, viewed from
the side, is colored blue.

Fig. 4 Model of a transcatheter aortic valve replacement. The
artificial valve is colored blue. The coronary vessels are colored pink.
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Fig. 5 Left atrial appendage closure. The upper panels depict the virtual 3D modeling showing closure. Bottom panels depict the actual 3D
printout. The closure device is colored blue. Ao, aorta; LA, left atrium; LAA, left atrial appendage; LV, left ventricle; LVOT, left ventricular outflow

tract.

Fig. 6 Model of a calcified aortic valve.

anesthesiologists in intensive care units, as well as assisting in
left atrial appendage closures to minimize stroke risk in
patients with atrial fibrillation (~Fig. 5).

Outside of specific interventions, 3D modeling allows for
training of medical professionals. Complex structural anat-
omy is easily seen and specific pathologic changes can be
demonstrated (=Fig. 6). In addition, 3D models can be used
to educate patients on complicated visual-spatial anatomy
prior to procedures. Data suggest that the use of these
models enhances the patient-provider relationship.®'?
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Conclusion

Three-dimensional printing has become increasingly more
popular in the field of medicine. It allows for the clinicians to
develop comprehensive models of complicated anatomy and
physiology. These 3D models are then used for preprocedural
planning, understanding and visualizing complex pathology,
and facilitate discussion with other health professionals and
patients. Also, they serve as a source of quality control because
potential surgical results can be immediately visualized.

Although 3D printing represents a promising technologi-
cal advancement in medicine, certain issues remain that
need to be addressed. Currently, the supplies and techniques
involved in 3D printing are not standardized. Multiple types
of materials can be used to create models, in addition to the
plethora of printer types and imaging modalities that can be
used to create 3D image sets. This creates the potential for
propagation of error within the health field. Furthermore,
cost associated with creating these models varies widely
depending on the complexities of the anatomy and physiol-
ogy being replicated. Literature regarding the utility of 3D
modeling has also only been based on small case reports.
Whether 3D modeling and imaging results in an improve-
ment in patient outcomes remains to be seen.'”

Overall, 3D printing represents a promising new area of
advancement in the field of medicine and critical care.
Further development and refinement of 3D printing together



with reduction in its cost will certainly contribute to
enhancement of patient care and could change the way
cardiology and cardiac surgery are practiced today.
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