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Abstract

The past several decades have seen remarkable advancements in percutaneous interventions for treatment
of congenital heart disease (CHD). These advancements have been significantly aided by improvements in
noninvasive diagnostic imaging. The use of three-dimensional (3D) printed models for planning and simulation
of catheter-based procedures has been demonstrated for numerous cardiac defects and has been shown to
reduce complications, procedure times, and limit radiation exposure. This paper reviews the process by which
patient-specific 3D cardiac models are produced, as well as numerous applications of these models for use in
percutaneous interventions in CHD.
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INTRODUCTION

Over the past several decades, there has been a tremendous reduction in the morbidity and mortality
associated with congenital heart disease (CHD) treatment. The wide array of anatomic pathologies can
make diagnosis and management of these defects particularly challenging. Advances in the therapies
for CHD have been aided largely by improvements in noninvasive diagnostic imaging. Traditional
echocardiography demonstrates cardiac anatomy in two-dimensional (2D) planes, thereby limiting one’s
ability to fully visualize complex intracardiac structures and spatial relationships. While three-dimensional
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(3D) printing has been in use since the 1980s, recent application of this technique to the field of CHD
has aided in both diagnosis of cardiac defects and pre-procedural planning, and has been shown to be

particularly beneficial in guiding treatment of patients with more complex intracardiac anatomy[H].

3D reconstruction of imaging data from computed tomography (CT), magnetic resonance imaging (MRI),
and 3D echocardiography allows for enhanced understanding of complex intracardiac anatomy prior to
surgical or catheter-based procedures”™. 3D models have been shown to be especially useful in devising
percutaneous interventions for treatment of CHD. In recent years, there has been a remarkable evolution
of catheterization techniques and technologies, including the development of numerous minimally invasive
techniques to treat patients with CHD"™. Catheter-based interventions have become the standard of care
for a variety of procedures involving valve pathology, septal defects, and vascular abnormalities'®. 3D
models have the potential to provide additional anatomic insight and can be used to mimic device or stent
implantations prior to the procedure. This is particularly useful for interventional cardiac procedures, as
3D models can be used to ascertain optimal shape and size of the device, understand how the device will fit
into a specified location, and simulate the procedure in order to determine the optimal approach“’zl. These
models also enable proceduralists to perform entire procedures beforehand, thereby providing a means
to anticipate complications, reduce radiation exposure, and potentially improve patient outcomes'”. Here,
we discuss the process by which patient-specific 3D cardiac models are produced, as well as numerous
applications of these models for use in percutaneous interventions in CHD.

IMAGE POSTPROCESSING

Prior to creating a 3D model, a volumetric imaging dataset is acquired. CT and MRI are the most
commonly used modalities for creating 3D reconstructions, although echocardiography and rotational
angiography have also been used”. Preference of one modality over another depends largely on the
experience of the center, the structure of interest, and age of patient. CT has been shown to be the easiest
modality for model creation as it allows for particularly detailed segmentation of great vessels and
intracardiac anatomy due to high spatial resolution'”. Alternatively, MRI or contrast-enhanced magnetic
resonance angiography offers whole heart 3D datasets while avoiding radiation exposure, which is preferred
in younger patients"’. More recently, there have been several reports on the use of 3D echocardiography in
creating 3D reconstructions. Novel echocardiographic transducers as well as advancements in software and
hardware have enhanced echocardiographic images, making them more suited for 3D modeling”. The use
of echocardiography is beneficial as it is more widely available and avoids both radiation exposure and the
necessity of radiocontrast administration'. This modality, however, has an inferior tissue-to-blood pool
contrast, which makes image segmentation significantly more challenging. Echocardiography is also the
preferred means by which to visualize cardiac valves and the atrial septum, which are poorly delineated in
both CT and MRI. Hybrid imaging techniques have also been developed, which combine cross-sectional
datasets with ultrasound in order to create complete heart models with embedded valve leaflets for more
comprehensive visualization of intracardiac anatomy'”

Following the acquisition of the imaging dataset, a 3D rendering is created through a process known
as segmentation'”. The files are first uploaded as a DICOM (Digital Imaging and Communications in
Medicine) dataset into 3D visualization software, such as Mimics (Materialise, Belgium), or open-source
software, such as 3D Slicer (Slicer Wiki). Pixel-intensity-based thresholding is then employed to highlight
the blood pool within the desired region. Subsequently, regions of interest are isolated through manual or
semi-automatic techniques. The process of segmentation is the most time-consuming step of creating a
3D reconstruction. Accuracy of the model is largely determined by blood pool-to-tissue contrast, spatial
resolution of the imaging technique, motion artifact of the image, and the technician’s understanding of
anatomic relationships'™. The 3D rendering is then imported as a stereolithography (stl) file into a 3D
visualization software, such as 3-Matic (Materialise, Belgium), or open source programs, such as Blender
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or Owlet, for post-processing to establish a print-compatible model™. This process involves converting
the object into a meshed surface file, hollowing the model, smoothing surfaces, and trimming vessels
or chamber walls in order to visualize the area of interest”. The 3D rendered object is converted into a
computer-aided design format that can be converted into a physical object using a 3D printer".

Once complete, the 3D rendering undergoes rapid prototyping on a 3D printer. Capabilities of 3D printers
vary based on build volume, layer resolution, materials, and colors available”. The print technology utilized
should be chosen based on the specific goal of the heart model. In making this decision, the material
needed, level of detail, and turnaround time are all taken into consideration. Options for 3D printing
include fused deposition modeling (FDM), Colorjet, Polyjet printing, and selective laser sintering’. In
FDM, a thermoplastic filament is extruded in a specified pattern that immediately hardens. This process
typically has a shorter turnaround time and comes at a significantly lower cost””. Colorjet printing is
an additive manufacturing technology in which a core material is spread in thin layers and solidified
by extrusion of a color binder. This technology allows for recreation of highly complex geometries in
relatively short production times'™. Polyjet printing, in contrast, allows for higher resolution printing
of multiple materials in different colors, but it is much more costly and thus less often employed for
routine modeling"”. This technique enables the use of flexible, translucent materials, which are optimal for
rehearsing surgical procedures as they can be cut, retracted, and sutured in order to effectively simulate
procedures'. Additionally, selective laser sintering utilizes a high-power laser to fuse metal or ceramic
powder, resulting in a highly accurate model. This method, however, is often cost prohibitive in comparison
to other techniques”. For each technique, the print material is sequentially layered, and the final model is

encased in support material, which can be removed manually or by soaking in a solution”’.

CLINICAL APPLICATIONS

The use of 3D printed models has been described widely for numerous percutaneous interventions for
the treatment of CHD. One of the most well described interventions in which 3D models play a role is
transcatheter valve implantation. These procedures represent the fastest growing area of innovation in
the field of pediatric interventional cardiology, with numerous devices developed in the last decade.
Transcatheter valve replacements are beneficial because they enable proceduralists to correct valve
regurgitation or stenosis without the need for repeat surgical interventions over the course of the patient’s
life™"". Among these procedures, pulmonary valve replacement in repaired cases of Tetralogy of Fallot and
aortic valve replacement for aortic stenosis or regurgitation are the most widely described. Poterucha et al™
described a case of repaired tetralogy of Fallot in which the native right ventricular outflow tract (RVOT)
was deemed to be unfavorable for percutaneous intervention. A 3D model of the RVOT [Figure 1] was
then developed using 3D rotational angiography, which helped the interventionalist identify a landing zone
for implantation of a Melody Valve (Medtronic, Fridley, Minnesota). A study by Shievano and colleagues
showed that the use of 3D printed models allowed for more accurate selection of candidates for successful
percutaneous pulmonary valve implantation (PPVI) than 3D MRI reconstructions alone™”. Qian et al."’
demonstrated the use of 3D printed models of the left ventricular outflow tract (LVOT) and aortic root of
patients with aortic stenosis. The models approximated the precise anatomy and flexibility of the LVOT,
which had substantial tissue calcifications, and were used to test valve implantation prior to the procedure.
This permitted the proceduralists to assess the feasibility of the intervention and predict paravalvular
leak after transcatheter aortic valve replacement”". To test paravalvular leak, the models underwent
analysis of strain distribution using a maximum bulge index, which aided in prediction of the degree of
leakage following percutaneous valve implantation. This technique ultimately assisted in identifying ideal
candidates for percutaneous rather than surgical intervention"". Along the same lines, Ripley et al.""”
studied the use of 3D models to replicate patient-specific aortic root anatomy prior to transcatheter aortic
valve replacement, and they found that the models provide insight into how the patient anatomy will
interact with implanted medical devices. This enables interventionalists to predict potential challenges in
device placement and complications during or following the procedure.
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Figure 1. 3D DynaCT reconstruction and 3D printed models: pre-Melody valve implantation in the RVOT (A, C); and post-Melody valve
implantation in the RVOT (B, D). Reprinted with permission from Poterucha et a/"*. 3D: three-dimensional; RVOT: right ventricular
outflow tract

An increasing number of devices have become available for atrioventricular valve repair using a
percutaneous approach. Little et al."” reported a case in which a 3D printed model was used to aid in
procedural planning for a patient undergoing mitral valve repair with Mitraclip (Abbott, Abbott Park,
Illinois). This group printed a multi-material 3D model in order to produce more realistic, deformable
valve leaflets and recreate subvalvular calcium deposits within the adjacent myocardium. The model
was then used to aid in the selection and sizing of the specific clip [Figure 2]. It enabled more accurate
determination of a landing point for the device that avoided adjacent calcified tissue, and provided direct
visualization of the effect of the implant on surrounding valve morphology and function"*. Scanlan and
colleagues performed a study in which patient-specific pediatric atrioventricular valves were modeled from
3D echocardiography'”. The valves were printed and molded using custom software. The molded silicone
valves were shown to be significantly more realistic for cutting and suturing, thus enhancing pre-procedural

[17]

simulation. The technique is presently too time and labor intensive for widespread implementation

3D printed models are commonly used as guides for percutaneous closure of complicated atrial and
ventricular septal defects. Velasco Forte et al." described a case in which a flexible, translucent 3D model
was developed from a cardiac MRI in order to simulate the correction of a sinus venosus atrial septal
defect (ASD). The model in this case allowed the interventionalists to accurately assess the anatomy and
precise spatial relationships among the superior vena cava (SVC), left atrium (LA), and an anomalous
pulmonary vein (PV). The model was also used to determine the length of the stent required to close the
defect and assess the positioning of the stent necessary to redirect blood flow from the anomalous PV to
the LA without obstructing flow from other vessels [Figure 3]. Ultimately, a custom stent was successfully
implanted into the SVC to close the sinus venosus ASD and commit the anomalous PV drainage correctly
to the LA™
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Figure 2. CT images (A) are used to create a digital model (B) and to assign tissue properties (C); the multi-material patient-specific
3D model (D, E) is then printed to replicate the mitral valve leaflet geometry, regional calcium deposition, and pathology. Reprinted with
permission from Little et a/"®. CT: computed tomography; 3D: three-dimensional

C

Figure 3. The flexible, translucent model (A) was examined to assess the relationship of the anomalous PVs (arrows) to the SVC and
LA. A balloon-mounted stent catheter was placed in the SVC to RA junction (blue catheter), while a dilator (red) was passed from the
anomalous right upper PV to the left upper PV. This model allowed for calculation of the length of the stent required to close the defect
and redirect the flow of the partial anomalous pulmonary venous drainage toward the LA. CT of the model was performed using 3D
rotational X-ray acquisition, shown from anteroposterior (B) and postero-anterior views (C) (dilator in red; stent in green). Reprinted
with permission from Velasco Forte et a/"™®. PV: pulmonary vein; SVC: superior vena cava; LA: left atrium; RA: right atrium; CT:
computed tomography; 3D: three-dimensional
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Another technically challenging percutaneous intervention that has the potential to be enhanced by
patient-specific 3D printed models is endovascular stenting of the aorta in cases of aortic hypoplasia
or coarctation. Placement of a stent within the aorta can result in many complications including stent
migration, stroke, and occlusion of head and neck vessels by the stent itself. Valverde et al™ presented
a case in which a 3D model of a hypoplastic transverse aortic arch was created that closely mimicked
the distensibility of the native vasculature and its response to stent delivery. In the case described, the
endovascular stenting procedure was simulated on the printed model under fluoroscopic guidance prior
to the percutaneous intervention. This simulation provided the proceduralists the opportunity to devise an
optimal interventional approach, as well as determine the appropriate stent size, length, and position within

the aorta"”

3D printed models have recently been described for use in patients undergoing left atrial appendage (LAA)
closure. Occlusion of the LAA in patients with atrial fibrillation significantly reduces thromboembolic risk
in those who have contraindications to systemic anticoagulation”. Given the variable dimensions and
morphology of the LAA, accurately sizing and positioning an occluder device in the orifice of the LAA
can be challenging. Additionally, implanting a sub-optimally sized device to occlude the orifice can result
in complications such as peri-device leakage, thrombus formation, device migration, and cardiac injury.
Fan et al.*” conducted a study assessing the utility of 3D printed models created from 3D trans-esophageal
echocardiography to aid in the selection of an appropriately sized device [Figure 4]. They found that device
sizing based on 3D-printed models was associated with higher implantation success, shorter procedural
times, and fewer complications. Iriart et al.”" described their technique of printing the entire left atrium
and atrial septum in addition to the LAA in order to determine the optimal orientation for transseptal
puncture during device placement. They also found that the models are invaluable in training physicians
and fellows and augmenting communication with patients"".

Percutaneous closure of patent ductus arteriosus (PDA) is another intervention that has the potential to
benefit from the use of 3D printed models. Particularly in adult cases, the PDA can be long, tortuous, and
calcified, which makes catheter-based device placement challenging. Matsubara and colleagues presented a
case in which patient-specific 3D printed models were created to detail the precise anatomy of the proximal
aorta, aortic arch, PDA, and pulmonary artery””. These models allowed for selection of a particular device
and exact size. They also allowed the interventionalists to simulate and practice device deployment within
the models themselves, thereby decreasing fluoroscopic and procedural times'*”.

3D models can be instrumental in decision making to determine feasibility of transcatheter intervention. A
recent case at our center involved a 78-year-old patient with a sinus venosus atrial septal defect with partial
anomalous pulmonary venous return of the right upper pulmonary vein (RUPV) to the superior vena
cava. A 3D model was created from a cardiac CT to demonstrate the relationship between the anomalous
pulmonary venous return, atrial communication, and left atrium for potential use of a covered stent to
reroute the RUPV flow. Although the cross-sectional imaging was helpful in delineating the pulmonary
venous anatomy, the 3D model provided a much clearer picture of the spatial relationship among the
RUPYV, superior vena cava, and the left atrium. It was determined that use of a covered stent would result in
occlusion of the RUPV in the position needed to ensure stent stability and avoid embolization. The patient
will undergo surgical intervention for this congenital heart defect.

Finally, We described a case in which a large fistula, arising from the left coronary artery to the right
atrium, was modeled in order to devise an approach for interventional closure [Figure 5A and B]. The
3D printed model enabled the interventionalists to consider several different approaches to transcatheter
closure of the fistula [Figure 6]. Practicing the device closure on the 3D model demonstrated the feasibility
of using a venous approach to access the fistula and provided insight on the optimal device to use for the
procedure, with the goal of ultimately limiting procedure time and thereby reducing radiation exposure'™
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Figure 4. Echocardiography-based 3D printing of patient-specific models. Segmentation of LAA (shaded area) from 3D TEE data (A, D)
is turned into a digital object (B, E), and printed using tissue-mimicking material (C, F). The major and minor ostial diameters and depth
of the LAA are measured. Arrows denote pulmonary vein ridge; stars denote appendicular trabeculations. Closure devices are then sized
and placed within the 3D model (G-1), and device compression and (H) protrusion are measured using a digital caliper. Device stability
is assessed using the tug-test (I). Device placement visualized on TEE (J-L), and color Doppler assessment showing no peri-device leak
(M). Reprinted with permission from Fan et a/.””. LAA: left atrial appendage; TEE: trans-esophageal echocardiogram; CT: computed
tomography; 3D: three-dimensional

LIMITATIONS

There are numerous limitations to creating and using 3D printed models that have prevented widespread
adoption in most programs™. A major consideration is that the creation of 3D models is a time-intensive
process requiring familiarity with segmentation and computer automated design software, as well as an in-
depth understanding of cardiac morphology'”. There is no standardized approach to creating these models,
which can ultimately result in a wide variation in the quality of models produced”. This was evidenced
by Burkhardt et al.* in an article evaluating the inter-operator variability in modeling the RVOT based
on the threshold chosen for the initial segmentation. Another limitation is that rigid, or even flexible, 3D
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Figure 5. The course of the coronary fistula (CAF) is viewed from a short axis view of the heart. From the leftward aspect of the aortic
root, it courses posterior to the aorta (Ao) and rightward to drain into the right atrium (RA) (A); coronal view of the heart, as viewed
from the posterior aspect, reveals the course of the CA fistula, almost parallel to the right pulmonary artery (RPA) from left to right to
drain into the right atrium (B). CA: coronary artery; LA: left atrium; RVOT: right ventricular outflow tract

printed models only provide a snapshot of the cardiac structure at a specific point in the highly dynamic
cardiac cycle, thus limiting our understanding of how these structures will change over the course of one
heartbeat. Finally, creation of these models, while helpful in procedural planning, is not reimbursed by
most insurance companies, and the prohibitively high cost of the software and 3D printing equipment
significantly limits their utility on a routine basis". More studies are required to further assess the cost-
effectiveness and diagnostic accuracy of these models prior to widespread implementation in the field of
pediatric cardiology.

FUTURE DIRECTIONS

Recently, there has been movement toward developing materials that more closely mimic the feel and
behavior of myocardium, valve leaflets, and vessel walls. Novel materials combined with the use of
multiple imaging modalities could also aid in enhanced identification of valve tissue, chordae tendineae,
and other structures that are less well defined with current methods. Developing models that accurately
mimic both healthy and pathologic tissue would be invaluable in implementing these models routinely"
This advancement would not only allow for more accurate procedural planning but also be invaluable in
training surgeons and interventionalists””. Further advances in imaging techniques and software to ease the
burden of segmentation would allow for more widespread implementation of this technology to a broader
range of conditions. Finally, 3D printing has the potential to aid in the design and construction of patient-
specific catheter-based devices for numerous percutaneous interventions, which would further help to
decrease procedural complications and improve long-term outcomes.

CONCLUSION

3D printed models have become increasingly invaluable tools in the field of pediatric cardiology. These
models improve diagnostic ability, guide perioperative planning, and have thereby ushered in a vast array
of new surgical and interventional approaches and techniques. Interventional cardiology has particularly
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Figure 6. 3D printed model of the CA printed in a clear resin (Formlabs, Somerville, MA) allows planning of the transcatheter approach
to closure of the fistula as viewed from the posterior aspect. A catheter courses from the inferior vena cava through the fistula (red
dotted line). 3D: three-dimensional; CA: coronary artery; LA: left atrium; LV: left ventricular; RV: right ventricular; IVC: inferior vena cava

benefitted from the advancement of 3D modeling, as the models can be used to devise and adjust
procedural approaches and practice percutaneous procedures, which has the potential to drastically reduce
complications, decrease procedure times, and significantly limit radiation exposure. Ultimately, the use
of 3D models has significantly improved our ability to practice personalized medicine and has helped to
enhance the care of patients with cardiac defects through percutaneous procedures.
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