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ABSTRACT

College of Cardiology Foundation.

tructural heart disease intervention (SHDI) is a

dynamic and rapidly growing field. Advance-

ments in device technologies paralleled with
advances in cardiovascular imaging have significantly
expanded the indications for such interventions in
patients otherwise deemed at high or prohibitive
risk for open heart surgery. SHDI relies heavily on
preprocedural planning and simulation to improve
procedural outcomes and predict and prevent poten-
tial procedural complications. Physical and computa-
tional modeling technologies have revolutionized the
field by enabling patient-specific detailed assessment
of the cardiac anatomy-device interaction, an aspect
that is not provided by traditional cardiovascular im-
aging techniques. This insight into the relationship

Structural heart disease interventions rely heavily on preprocedural planning and simulation to improve procedural
outcomes and predict and prevent potential procedural complications. Modeling technologies, namely 3-dimensional
(3D) printing and computational modeling, are nowadays increasingly used to predict the interaction between cardiac
anatomy and implantable devices. Such models play a role in patient education, operator training, procedural simulation,
and appropriate device selection. However, current modeling is often limited by the replication of a single static
configuration within a dynamic cardiac cycle. Recognizing that health systems may face technical and economic
limitations to the creation of “in-house” 3D-printed models, structural heart teams are pivoting to the use of
computational software for modeling purposes. (J Am Coll Cardiol Img 2024;17:428-440) © 2024 by the American

between tissue and devices allows for benchtop pro-
cedural simulation, appropriate device selection,
and prediction of device-related complications. It
also facilitates procedural training, which can
improve the early operator’s learning curve and has
the potential to decrease procedural time as well as
operator and patient radiation exposure.
Three-dimensional (3D) printing refers to the
fabrication of a patient-specific cardiac anatomical
replica based on volumetric imaging data sets. This is
achieved by depositing multiple layers of material
over digitally defined geometries. 3D printing is a
multistage process that entails volumetric data
acquisition followed by image segmentation, print
material selection, and then printing. An important
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step in the evolution of 3D print modeling has been
the refinement of 3D print material to more closely
mimic the mechanical properties of cardiovascular
tissue as well as the replication of geometry. This
development has been central to the effort to model
tissue-device interaction within a patient-specific
heart construct. With advances in 3D print methods
and materials, patient-specific models can be fabri-
cated using various materials to approximate me-
chanical properties of different cardiac tissues.' For
example, the PolyJet (Stratasys) technology has the
ability to simultaneously print different materials and
colors using UV-curable photopolymers.*
Computational simulation relies on numerical
analysis methods to evaluate blood flow patterns and
assess stress and deformation of cardiac tissue.*°® The
properties of cardiac tissues used in computational
modeling are derivatives of in vitro tests performed
on human cadavers and/or animal tissues.””® How-
ever, this process is expensive and lengthy. To
circumvent these limitations, the overlay of virtual
devices within computational cardiac models is now
routinely performed using commercially available
software. However, the bidirectional deformation
associated with in vivo SHDI (ie, device deformation
of tissue/tissue deformation of device) is not yet
routinely incorporated into all computational models.
Recent years have witnessed significant advance-
ments in 3D cardiovascular imaging, especially mul-
tislice computed tomography (MDCT), which is the
most commonly used imaging modality for physical
and computational modeling.® The recent integration
of artificial intelligence in computer-aided design
software and segmentation techniques has also
shown favorable results.'°"** In general, the implan-
tation of a cardiac device into a virtual or physical 3D
model facilitates the selection of device type and size
and can be useful to predict certain structural com-
plications. In some instances, the modeling may
suggest the exclusion or inclusion of specific in-
terventions. These patient selection outcomes may be
different from those based only on standard imaging
protocols that do not involve models of the cardiac
device implant. Such technologies have proven
helpful in various SHDIs including but not limited to
transcatheter mitral valve replacement (TMVR), left
atrial appendage occlusion, paravalvular leak closure,
transcatheter tricuspid interventions, and atrial
septal defect closure. As the complexity of SHDI
continues to increase and as the indications expand
to include lower-risk patients, advances in physical
and computational modeling will be key for appro-
priate patient
outcomes.

selection and predictable good
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HOW TO CREATE A 3D
PRINTING MODEL?

IMAGING METHODS, SEGMENTATION, AND
PRINTERS. A 3D model is created based on
imaging data, and for it to be an accurate
replication of the patient’s cardiac anatomy,
the data set needs to be volumetric and of
good quality in terms of spatial, temporal,
and contrast resolution with clear depiction
of the relevant anatomical details in the
selected cardiac phase. There should be no
artifacts or regions of tissue ambiguity to
avoid the need for subjective input to resolve
anatomical uncertainty. This is typically
achieved with high-quality MDCT, 3D cardiac
magnetic resonance (CMR) sequences, and 3D
echocardiographic acquisitions (both trans-
thoracic and transesophageal). The most
relied on technology is MDCT given its vatve
excellent resolution and clear distinction of
various tissues based on their discrete atten-
uation properties. If a specific cardiac phase
(early/mid/late systole or diastole) is required, then a
retrospective multiphase scan (4-dimensional [4D]
MDCT, the fourth dimension being time) is required,
with the timing of contrast optimized to the structure
of interest. The 3D cardiac MRI sequences have infe-
rior resolution and require a relatively long breath-
hold (which may be challenging in cardiac patients),

with calcified areas showing as signal void (lack of
protons) and prosthetic material creating suscepti-
bility artifacts. Also, if a multiphase acquisition is
required, 4D CMR sequences pose even more chal-
lenges and are not readily available. Printing based on
3D echocardiography is feasible although more chal-
lenging because it may be difficult to resolve various
tissues properties (eg, valve leaflet thickening and
calcium both create more echogenicity) and potential
artifacts.

Once high-quality imaging data are obtained, the
next step is image segmentation, which is the process
of converting the 3D data sets in the Digital Imaging
and Communications in Medicine format into a digital
model in the Standard Tessellation Language format
that includes the desired anatomical areas.'® There
are numerous dedicated software programs for seg-
mentation. Each typically relies on the threshold in-
tensity of pixels to identify the various anatomical
structures, creating segmentation masks that are ul-
timately converted into digital models. These can be
further adjusted (color coded and edited with the
addition or removal of certain components). In some
instances, coregistration of data from different
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ABBREVIATIONS
AND ACRONYMS

3D = 3-dimensional

CMR = cardiac magnetic
resonance

FDA = Food and Drug
Administration

LVOT = left ventricular
outflow tract

intervention

valve replacement

THV = transcatheter heart

VoR = volume rendering
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CM = computational modeling

CT = computed tomography

MDCT = multislice computed
tomography

PVL = paravalvular leakage

SHDI = structural heart disease

TAVR = transcatheter aortic

TMVR = transcatheter mitral
valve replacement
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FIGURE 1 Examples of Benchtop Structural Applications Using 3D-Printed Heart Models

vV

Continued on the next page
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imaging modalities can be performed (eg, leaflets
segmented from 3D echocardiographic data can be
combined with an annuloplasty ring segmented from
MDCT).'* Once the segmentation is complete and the
digital model finalized, the Standard Tessellation
Language file is exported to the 3D printer.

There are numerous types of 3D printers depend-
ing on the underlying technology (eg, PolyJet, ster-
eolithography, fused deposition, and selective laser
sintering). A detailed discussion of the various types
of printers is beyond the scope of this review and can
be found elsewhere.”” The PolyJet printers are
currently the most commonly used given their ability
to print models with a mixture of soft and hard tis-
sues and the possibility to have different colors with
varying degrees of opacity. Typically, soft tissue is
printed using flexible “rubbery” material, whereas
more solid tissue, such as calcium and prosthetic
material (rings and leads), are printed with a more
rigid material.'® It is worth mentioning that delicate
hollow structures can be difficult to model by 3D
printing because the postprocessing cleaning pro-
cedures can distort such structures.

IN VITRO AND BENCHTOP STRUCTURAL APPLICATIONS.
3D-printed physical models have numerous potential
applications, including enhanced visualization and
improved spatial representation. Despite the paucity
of evidence to demonstrate their utility, a prepon-
derance of the literature supports their added value
for procedural and surgical planning and for educa-
tion of both patients and medical care teams."”
Specific to the field of structural heart interventions,
3D-printed models can also be used for simulation
and anticipation of procedural outcomes and poten-
tial complications. This is particularly useful for
challenging cases or when a new technology with
limited operator’s experience is being considered.
Following are some illustrated clinical applications in
which 3D printing was a key component in guiding
patient’s management (Figure 1).
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TABLE 1 Physical Models vs Digital Models

Physical Models

Digital Models

v Shown to improve procedural planning
® Requires a 3D printing laboratory:
hardware (printer, materials, ...), software,
and staff
v 3D display

are used
v+ Allows direct manipulation, simulation, and
interaction with the model

® No automation
measurements
v~ Possibility of incorporating into a flow loop
® Static—typically 1 phase of the cardiac cycle
cycle

® Limited replication of tissue properties and

device deformation device deformation

v Shown to improve procedural planning
+» Requires only a software

® Indirect manipulation, simulation, and
interaction with the model

v Automation in detection, simulation, and

v~ Possibility of computational modeling
® Static—typically 1 phase of the cardiac

® 2D display, unless virtual reality techniques

® Limited replication of tissue properties and

2D = 2-dimensional; 3D = 3-dimensional.

1. Transcatheter aortic valve replacement (TAVR) in a
nonsurgical patient with a failing homograft pre-
senting with severe aortic regurgitation and non-
calcified aortic valve leaflets (Figure 11); the main
concerns were the balloon-expandable valve
anchorage with the risk of annular rupture in case
of overexpansion. The 3D-printed model allowed
for optimal valve size selection and simulation of
its deployment in the patient’s specific anatomy to
ensure it will anchor appropriately.

2. TAVR with a self-expanding valve in a patient with

a prior ascending aortic endovascular stent (as part
of an investigational study to treat prior type A
dissection in a nonsurgical patient) now presenting
with severe aortic valve stenosis (Figure 11l); the
main concern was future coronary access, and the
3D-printed model helped confirm that this will not
be impeded.

3. Transcatheter valve in mitral annular calcification

with a nonuniform calcium distribution (Figure 1ll);
valve deployment on the 3D-printed model
confirmed appropriate sizing but raised concern for

FIGURE 1 Continued

(I) Transcatheter aortic valve replacement (TAVR) with a balloon-expandable valve in a failing, noncalcified homograft. (A) The 3-dimensional
(3D)-printed model shows the noncalcified valve. (B) Simulation of valve deployment. (C) A well-anchored valve. (Il) TAVR with a self-
expanding valve in a patient with prior ascending aortic stent with concern for future coronary access. (A) The printed valve along with the
ascending aortic stent and coronaries. (B) Simulation of valve deployment. (C) Testing the left main coronary access with the TAVR valve in
place. (Ill) Transcatheter mitral valve replacement in mitral annular calcification (MAC). (A) The printed valve with near circumferential MAC.
(B) Simulation of valve deployment. (C) The valve deployed within the model. The red arrow points toward the anterolateral gap concerning
for potential paravalvular leak. (V) Simultaneous valve in ring and valve in gap in a failed tricuspid ring. (A) The printed model shows the
significant gap between the open part of the C-shaped annuloplasty ring and the septum caused by severe annular remodeling. Also, note
the pacemaker leads in green. (B) Both transcatheter valves deployed inside the ring and the gap. (C) There was concern of incomplete
sealing of the gap and deformation of the implanted valves at the area of contact near the open part of the ring.
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FIGURE 2 3D Modeling of the Volume and Distribution of Aortic Valve Calcification

(A) Measurement of aortic annular dimensions: derived area 553 mm?, perimeter 85 mm. (B) Measurement of left coronary height: 17.9 mm. (C) Measurement of
membranous septum height: 1.7 mm. (D) Three-dimensional (3D) reconstruction of aortic annulus calcification. (E) Two-dimensional multislice computed tomography
image showing significant calcification in each aortic cusp. Automatic calcium quantification shows a total calcium volume of 1,973 mm?* (NC: 679 mm?, RC: 598 mm?,
LC: 695 mm?>). (F) After automatic calcium detection, manual adjustments can be made, and the Agatston score is calculated (3,538). LC = left coronary cusp;

NC = noncoronary cusp; RC = right coronary cusp.

residual anterolateral paravalvular leak, which ul-
timately occurred during the procedure and was
plugged.

. Transcatheter valve in a failed (severe regurgita-
tion) incomplete C-shaped annuloplasty tricuspid
valve ring, with severe annular remodeling
resulting in a large gap between the open part of
the C-ring and the septum (Figure 1IV); one
consideration was to deploy a valve within the ring
and another valve within the gap. Simulation on
the printed model showed incomplete sealing of
the gap and raised concern regarding the interac-
tion of both implanted valves at the open part of
the C-ring. Thus,
performed.

. Transcatheter tricuspid valve replacement with a

the procedure was not

new technology—the first-in-human case;'® there

was concern whether the delivery catheter would
be able to reach the valve coaxially. The access was
simulated using a 3D-printed model to demon-
strate that the catheter access would be sufficient
to allow valve deployment (Video 1).

Additional clinical uses include the following:

. Evaluation of post-TAVR sinus hemodynamics,

which can impact leaflet degeneration and valve
thrombosis; differences in post-TAVR sinus flow
washout and stasis were studied using different
TAVR valves implanted in 3D-printed models using
simulator flow loops.’” Similarly, sinus hemody-
namics were also studied in different TAVR
angular alignments and different native aortic
valve morphologies (trileaflet vs bicuspid
valves).”*!
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2. Prediction of life-threatening TAVR complications:
coronary obstruction; Hatoum et al®® studied the
3D-printed model of an 80-year-old-patient who
developed coronary obstruction post-TAVR. The
study demonstrated that coronary obstruction
could have been prevented either by using a
different valve type or a different valve size-
balloon size combination.*”

3. Evaluation of the hemodynamic significance of
anomalous aortic origin of a coronary artery; this
was achieved by the evaluation of differences in
pressure, fractional flow reserve, and coronary
flow in 3D-printed models of 3 patients with
anomalous right coronary arteries.”®

4. Device sizing for left atrial appendage occlusion; a
study by Fan et al** demonstrated superior out-
comes in terms of improved safety and efficacy
when echocardiography-based 3D-printed models
were used in conjunction with imaging in 72 pa-
tients undergoing the procedure.

5. Screening for the feasibility of transcatheter atrial
septal device closure in patients with a deficient
rim; using a computed tomography (CT)-based 3D
model, benchtop trials of different transcatheter
devices proved helpful in establishing feasibility
and device sizing for a patient with a large atrial
septal defect and a deficient rim.*

One of the major limitations in these simulations is
the accuracy of the material used in replicating the
physical properties of the cardiovascular tissues and
their deformation when the device is implanted.
However, there has been continued technological
advancement in both the printers and materials used,
aiming to also provide an accurate replication of the
tissue’s mechanical properties.

ADVANCES IN DIGITAL MODELING

Contemporary digital software packages can process
MDCT data into a 3D virtual model. MDCT has supe-
rior spatial resolution compared to CMR and echo-
cardiography and provides the ability to convert
image pixels (picture elements) into voxels (volumes
of pixels), enabling the step to 3D reconstruction.?®
Several anatomical properties can be evaluated
within a virtual heart model, such as annulus
morphology, the coronary arteries, and the cardiac
conduction system. Virtual device implantation sim-
ulations show a strong correlation with post-
procedural MDCT.?”*® Of note, based on known
device geometries, a registration-based reconstruc-
tion method was accurate modeling of a TAVR in vivo
stent and leaflet geometries from patient-specific CT
images.”®
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FIGURE 3 Virtual Modeling of Fluoroscopic Transcatheter Aortic Valve Replacement
Views

resulting angulations.

An example of a virtual fluoroscopy view showing the 3 cusps aligned view and the

METHODS OF IMAGE SEGMENTATION. MDCT images
are loaded into a specialized imaging software pro-
gram that offers a semiautomated segmentation pro-
Images are automatically dissected into
individual pixels, after which the software evaluates

cess.

each individual pixel. Collections of pixels exhibiting
a similar gray scale are identified as an anatomical
structure according to thresholds typical for vessels,
muscle tissue, or blood, which are preset by the user.
The automatic recognition of cardiac structures and
their relation to adjacent anatomy allows for accurate
depiction of a virtual heart model. MDCT images are
analyzed by different techniques. Volume rendering
(VoR) involves the placement of voxels within a
volumetric grid, after which anatomical structures
are automatically visualized in different colors
and opacities. VoR expedites the transition from
2-dimensional to 3D images at the potential expense
of limitations in automatic quantification. Another
technique is computational modeling (CM), which
uses a mesh network of triangles to visualize the
surface of various anatomical structures. The number
of triangles is determined by image resolution and
curvature of anatomical structures. CM provides
excellent spatial appreciation of anatomical struc-
tures and offers the ability to export the 3D model to a
3D printer.

RECENT EVOLUTIONS IN MDCT ANALYSIS. In order
to expedite procedural planning and improve overall
reproducibility, various software packages for VoR
introduced advanced levels of automation based on
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FIGURE 4 Computational Modeling of Transcatheter Mitral Valve Replacement

29 mm, Edwards Lifesciences).

(A) An example of a 3-dimensional computation model with the left ventricle, left atrium, aorta, mitral annular calcification (yellow), and
mitral annulus tracing (green dots). (B) Virtual mitral annulus reconstruction. (C) Virtual implantation of a transcatheter heart valve (SAPIEN 3

machine learning and artificial intelligence. Auto-
mated annulus and calcium detection and simula-
tions of device positioning and neo-left ventricular
outflow tract (LVOT) estimation have been recently
validated.?°** Computer modeling has intrinsic limi-
tations when displayed in 2 dimensions. Virtual re-
ality techniques may augment the 3D experience.'>>*

FIGURE 5 Computational Modeling to Predict Neo-LVOT Area Following
Transcatheter Mitral Valve Replacement

(A) An example of a 3-dimensional computation model illustrating an implanted trans-
catheter heart valve (THV) (SAPIEN 3 29 mm) in 55/45 position (55% left atrium and
45% left ventricle). The neo-left ventricular outflow tract (LVOT) has an area of 512 mm?.
(B) The same THV in 30/70 position (30% left atrium and 70% left ventricle) showing a
smaller neo-LVOT of 420 mmZ.

MODELING TISSUE DEFORMATION. A different
approach is to assess tissue/device interactions by
assigning material properties to anatomical regions
and specific implant devices such as transcatheter
heart valves (THVs).?® Although the prediction of
cardiac tissue deformation is challenging, this
biomechanics discipline has progressed such that the
complexities of cardiac mechanobiology are now
better understood.** As a limited application, dedi-
cated software using finite element modeling and
computational fluid dynamics can now be used to
predict calcium displacement, device deformation,
and potentially the development of paravalvular
leakage (PVL) after THV implantation. In addition, the
contact pressure exerted by a THV frame within the
LVOT that comprises the membranous septum and
conduction system can be calculated for a prespecified
implantation depth and device size.?®3437 Table 1
demonstrates the strengths and limitations of phys-
ical and computational modeling.

CLINICAL EXAMPLES. Experience is mounting on
digital modeling for preprocedural planning of
transcatheter valve interventions using VoR and CM-
specific software.

TAVR: preprocedural planning. By automated identifi-
cation of the aortic cusps, a virtual annulus plane is
created, and the annulus area, perimeter, and di-
ameters can be measured>® (Figure 2A). Measurement
of coronary height (Figure 2B), membranous septum
length (Figure 2C), and annular root calcification
(Figures 2D to 2F) are illustrated. The creation of

Downloaded for Anonymous User (n/a) at Brazilian Society of Cardiology from ClinicalKey.com by Elsevier on April 05,
2024. For personal use only. No other uses without permission. Copyright ©2024. Elsevier Inc. All rights reserved.



JACC: CARDIOVASCULAR IMAGING, VOL. 17, NO. 4, 2024
APRIL 2024:428-440

Faza et al

3D Modeling for Structural Heart Interventions

435

I 0.4 MPa

0.0 MPa

FIGURE 6 Computational Modeling to Predict Paravalvular Leak Following Transcatheter Aortic Valve Replacement

(A) Simulation of contact pressure on the aortic root caused by the transcatheter heart valve (THV) frame (Evolut Pro+ 26 mm). Calcium is displayed in dark gray.
Contact pressure is shown as orange/red dots. High implant depth results in low contact pressure index (5%). (B) Lowering implant depth increases contact pressure
index to 18%, with significant contact pressure within the region of interest (marked by the black line). (C) Simulation of significant paravalvular leakage (30.6 mL/s) in a
23-mm THV (Evolut Pro+). (D) Implantation of a larger, 26-mm THV (Evolut Pro+) results in only minimal paravalvular leakage (2.8 mL/s).

virtual fluoroscopy views helps determine the con-
ventional coplanar and cusp-overlap (ie, isolation of
the noncoronary cusp by overlapping the right and
left coronary cusp) views>>*° (Figure 3).

In patients who were deemed to be at a high risk
for coronary obstruction based on coronary ostia
height or sinus of Valsalva diameter, a 3D computa-
tional model was developed to evaluate the risk of
coronary obstruction post-TAVR. The study demon-
strated that most of these patients can be treated
safely with TAVR, and a new parameter derived from
this model was found to be predictive of coronary
obstruction.*’ Another example of the use of
computational modeling in the TAVR population is
for the predication of transcatheter aortic valve

thrombosis using patient-specific anatomical and
flow characteristics.*”

TMVR: preprocedural planning. Automated 3D annulus
detection and virtual device placement within the
mitral orifice are illustrated in Figure 4 and Video 2.
The neo-LVOT is an important aspect in preproce-
dural planning.3':3%4346 automatically
measures the neo-LVOT area at a specific time point

Software

in the cardiac cycle for any given THV size and
implant depth (Figure 5).

Assessment of PVL and contact pressure. Estimated
device-host interactions to determine contact pres-
sure (Figures 6A and 6B) and PVL (Figures 6C and 6D)
are illustrated. An example includes a case of an 83-
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FIGURE 7 Computational Modeling Demonstrating the
Relationship Between the Transcatheter Heart Valve and
the Right Coronary Artery

Direct analytical surgical individualization simulation demon-
strating deformation of the right coronary artery stent (arrow)
during transcatheter aortic valve replacement deployment
(permission obtained).*’

year-old woman with a history of a proximal right
coronary artery stent who was undergoing evaluation
for TAVR. CT images revealed that the stent was
protruding into the sinus of Valsalva. DASI simulation
software was used to demonstrate the interaction and
deformation of the stent by the TAVR valve. This
simulation led the operators to adopt a novel tech-
nique by which they performed simultaneous kissing
balloon inflation of the TAVR valve and the ostial
stent to circumvent this complication*’ (Figure 7).

STUDY LIMITATIONS. For now, computational and
physical models remain static and provide incom-
plete information because they are created from only
1 moment in the cardiac cycle. They do not account
for dynamic volume status and changing anatomical
dimensions throughout the cardiac cycle. Automated,
full cardiac cycle analyses are forthcoming. Addi-
tionally, for the modeling of tissue and device
deformation, the current methods offer only an
approximation of the deformation events that may
occur in vivo. Our knowledge of the mechanical
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properties of beating cardiac tissue is currently
imprecise, and the limited published data on in vivo
cardiac tissue properties do not permit age- or sex-
specific modeling by either physical or computa-
tional methods.

VALIDATION OF PHYSICAL AND
COMPUTATIONAL MODELS

The 3D printing terminology covers many branches
of medical care and simulation. In a discussion of
the validity of cardiovascular modeling, it is worth
noting that such processes are highly regulated.
Validation of physical and computational models is
currently separated into 5 main branches by the
U.S. Food and Drug Administration (FDA)*®: 1) de-
vice design stage; 2) software workflow stage; 3)
material controls; 4) postprocessing of 3D-printed
device; and 5) process validation and acceptance
activities stage.

DEVICE DESIGN STAGE. In the field of transcatheter
interventions, early adoption of 3D printing is typi-
cally applied in the research and development phase
for device design. Before the implementation of
design freeze, virtual and physical 3D printing soft-
ware and platforms are used for early device engi-
neering, material testing, and device build. Once
design freeze occurs, large-scale device production
for a clinical trial is moved to a manufacturing plat-
form based on a fixed range of device sizes that can be
reproduced and scaled with set materials and work-
flow validation pathways.

SOFTWARE WORKFLOW STAGE. From an industry-
specific level, routine commercial 3D printing of
patient-specific 3D-printed medical devices is not
adopted for structural heart interventions. With the
exception of compassionate use pathways requesting
access to custom 3D-printed left atrial appendage
occluder devices for patients who are anatomically
excluded from access to commercially available de-
vices,*® custom 3D-printed structural heart medical-
grade devices remain exceedingly rare.

Formal physical 3D-printed medical-grade devices
have specific regulatory pathways to adhere to before
being able to carry the designation of medical-grade
3D printing.”° In a unique revision to the U.S. Digital
Health Center of Excellence guidelines, the 2017 FDA
guidelines defined software used to create files
designated for the generation of patient-specific
3D-printed models used for diagnostic purposes
to be considered software as a medical device.””
Hence, the software platform required for the
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CENTRAL ILLUSTRATION Trends in Use of 3D Printing and Computational Modeling in
Transcatheter Structural Heart Disease Interventions
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Device
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3D = 3-dimensional.

generation of medical-grade 3D-printed devices re-
quires formal regulatory review and approval. In
2018, the Belgian 3D printing company Materialise’s
Mimics Innovation Suite became the first 3D printing
software to receive FDA approval for planning
cardiovascular interventions.>®

Real-world application and validation of 3D
computational models have largely been documented
in adult structural heart interventions.* In the field
of structural heart interventions, early adoption of 3D
physical and virtual 3D computational modeling was
led by the unmet need for understanding trans-
catheter mitral valve interventions.”> Absence of the
surgical field of view and anatomical landmarks
limited a structural heart teams’ understanding of
the complexity of TMVR therapies. Device emboliza-
tion and life-threatening LVOT obstruction in pa-
tients immediately after TMVR interventions were
quickly identified by clinical teams across the world
as barriers to such interventions. This experience
highlights the need for validated and predictable pa-
tient selection algorithms and workflow for patients
being considered for such interventions.>® In 2018,

using pre- and postprocedural CT data sets and the
available intraprocedural hemodynamic real-time
information, Wang et al*® created and validated the
neo-LVOT algorithm for predicting a patient’s specific
risk of developing life-threatening LVOT obstruction
after TMVR using virtual twin computational models
for planning patient-specific TMVR procedures. This
data set along with clinical outcome data showing
the benefit of integration of virtual 3D modeling in
the planning of left atrial appendage closure pro-
cedures led to greater adoption of in-hospital SHDI
programs.>*

MATERIAL CONTROLS AND POSTPROCESSING OF
3D-PRINTED DEVICE. In every stage of creation of a
physical 3D-printed model, regulated workflows help
standardize the process of creating a medical-grade
3D-printed device.>® For hospitals using a 3D print
for medical education, standardization of workflows
and protocols requires physician oversight to ensure
the accuracy of anatomical landmarks and patholog-
ical areas of interest. The absence of physician and
medical team oversight of the postprocessing and
material controls of 3D-printed models may lead to
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the introduction of imaging artifacts created from
software platforms agnostic to the procedural needs
of the medical team.”® A hospital-integrated post-
processing pathway of a 3D-printed device addition-
ally requires the implementation of Occupational
Safety and Health Administration regulations for the
creation of a safe 3D printing environment.>”
PROCESS VALIDATION AND ACCEPTANCE ACTIVITIES
STAGE. In the current era of transcatheter in-
terventions, real-world adoption of physical 3D
printing and computational modeling has begun to
branch into all sectors of structural heart disease.””
Process validation has occurred at the medical soft-
ware company level with U.S. FDA regulatory over-
sight.*®°%  Acceptance is largely based on each
medical team’s respective hospital’s access to re-
sources for building and the creation of a 3D printing
structural heart program and the implanting team’s
interest in expanding the complexity of their trans-
catheter procedural volume. Recognizing that health
systems may face technical and economic limitations
to the creation of “in-house” 3D-printed models,
more and more medical teams are pivoting to the
use of computational software for procedural
planning.®*

HOW TO BUILD A STRUCTURAL HEART
DISEASE MODELING PROGRAM

One of the main limitations of 3D printing is the high
cost associated with the 3D printing process itself, in
addition to the use of transcatheter devices, delivery
systems, and pulse-duplicator systems equipped with
pressure and flow transducers. The recruitment of
personnel with expertise in modeling and dynamic
testing further adds to the overall cost. The integra-
tion of a dedicated structural heart imaging program
with 3D printing capabilities requires the under-
standing of each health system’s procedural needs.
Before seeking administrative or philanthropic re-
sources, teams should identify and prioritize the un-
met procedural need within their health system.
Common clinical workflow uses of 3D printing fall
into 3 main categories: 1) high-volume reproducible
procedures that are experiencing a procedural
challenge requiring above average use of procedural
resources (ie, catheters, wires, procedural complica-
tions, and length of stay); 2) clinical trial procedures
that require merging of engineering-led field
specialist teams with clinical implanting medical
teams to unite in procedural imaging and guidance
with a common 3D print denominator; and 3) rare
high-risk procedures that would benefit from the
availability of a patient’s virtual twin for procedural

JACC: CARDIOVASCULAR IMAGING, VOL. 17, NO. 4, 2024
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HIGHLIGHTS

e Modeling technologies aid detailed
assessment of cardiac anatomy-device
interaction in SHDI.

¢ Such models facilitate patient education,
operator training, procedural simulation,
device selection, and complications
prediction.

e A limitation of current technologies is the
replication of a single static configuration
within a dynamic cardiac cycle.

e Continuous refinement of these tools
integrating tissue and device deforma-
tion ensures vital role in SHDI.

planning and modeling in patient care. Understand-
ing these 3 key sectors of the use of 3D printing will
help justify any economic costs and real-world ex-
pectations of resource needs and 3D virtual and
physical computer-aided design modeling volumes.

SUMMARY

As SHDIs continue to increase in complexity so must
the application of noninvasive imaging to aid in pa-
tient selection, procedure selection, device sizing,
and outcome prediction. The development of patient-
specific physical models and computational models
has coevolved with the SHDI procedures themselves
(Central Illustration). The ongoing development and
validation of robust computational tools that incor-
porate both cardiac tissue deformation and device
deformation will ensure that such modeling becomes
fundamental to successful transcatheter-based ther-
apy of complex structural heart disease.
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