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Abstract
Purpose of Review Although simulation was adopted many years ago to complement training programs, more recently it has
become an integral part of planning individual invasive procedures as well as understanding and developing new devices and
techniques. Here, we review the different types of simulation and modeling and their impact on the field of interventional
cardiology.
Recent Findings Three-dimensional model printing has been employed to strategize complex structural procedures for various
congenital heart defects and valvular heart diseases. Ex vivo bench testing permitted understanding the relationship of new
technologies with neighboring structures and enabled the refinement of the devices and procedural steps themselves. In vitro
simulation and computational analyzes have enhanced our understanding of flow dynamics in bifurcation diseases, transcatheter
therapies, congenital defects, and predicting outcomes for transcatheter valve technologies and techniques.
Summary Incorporating simulation, bench testing, computational analyzes, and three-dimensional modeling will enable the field
of interventional cardiology to expand while optimizing techniques and maintaining best practices.
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Introduction

The field of interventional cardiology has evolved significant-
ly over the last decade permitting a more predictable and de-
tailed understanding of disease physiology and anatomy, ap-
proved devices and the endorsed techniques. Cadaveric dis-
sections and wet labs were conventionally used to refine op-
erator skills and test devices. More recently, the advent of
computed tomography (CT) imaging and models allowed a
more sophisticated means to both improve operator skill, and
test techniques and devices. In this review we provide an
overview of the latest developments that include three-
dimensional (3D) model printing, ex vivo bench testing,

in vitro simulations, and ultra-CT imaging for structural,
endovascular, and coronary interventions.

Three-Dimensional Modeling

3D printing was first described by Charles Hull in 1986 and
further developed thereafter. Today, generating a 3D model
begins with image acquisition using a CT, cardiac magnetic
resonance (CMR) image or echocardiographic image that is
volume rendered and processed in segments. ECG-gated CT
has the advantage of providing submillimeter tissue resolution
with a very high spatial resolution. It can often image metal
implants like pacing wires, mechanical prostheses, and calcifi-
cation without significant artifact. Volumetric 3D echocardiog-
raphy is another option that is readily available, low cost, and
with no radiation exposure to the patient. However, it is limited
by artifacts, shadows, and a limited beam making it most suit-
able for chambers and valve leaflets only. CMR provides high
resolution images without radiation and is particularly useful
for congenital heart defects and tumors. The commonest limi-
tation of CMR is pacing wires and mechanical prostheses, and
its spatial resolution doesn’t allow evaluation of the valves and
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coronary arteries well. The processed segments are then recon-
structed, and a patient specific model is generated. This model
is then printed with different material. [1•]

Stereolithography fabricates a solid object from a
photopolymeric resin using digitally guided ultraviolet laser
or visible light to harden the surface layer of a polymer liquid.
Layer by layer fused deposition creates a 3D structure by
extruding melted thermoplastic filaments. The physical sup-
port material later dissolves away and the model is created.
PolyJet technology is created using laser and fused metal/
ceramic powder. Jetting thin layers of liquid photopolymers
are instantly hardened by ultraviolet light creating models
with smooth surfaces and thin walls suitable for patient-
specific anatomical models. [2••]

The model is used to educate the individual patient and
provide a detailed explanation of the procedure and potential
risks. Since they are a patient specific replica, they can be used
by the operators to predict individual risks and consider strat-
egies to avert them. Several successful examples have been
published as case reports delineating the role of 3D printing
are available including that of transcatheter aortic valve re-
placement (TAVR), tricuspid valve replacement, left ventric-
ular assist devices, and congenital heart defects. [3–5]
Figures 1 and 2 are examples of patient specific 3D printed
models used to plan tricuspid valve replacement of a patient
with a permanent pacemaker and leads across the valve as
well as 3D printed model used to identify the appropriate
access for TAVR in a patient with coarctation of the aorta.
Larger series have allowedmore streamlined guidance into the
role of printed models for a variety of procedures such as
mitral valve interventions, paravalvular leak closure, left atrial
appendage occlusion and trans-septal punctures. [6–8] These
models allowed hands-on procedural sizing and planning as
well as device training for such structural interventions.

Ex Vivo Bench Testing

Ex Vivo bench testing is routinely used by industry as they
develop their products to test function and durability permit-
ting appropriate modifications to the technology. Often sever-
al generations of devices are produced and subsequently test-
ed in vivo in randomized controlled trials. A prime example is
stent technology with open and closed cell designs, absorb-
able polymers (subluminal or otherwise), and drug coating.

Ex vivo simulation involves test stenting of porcine or ca-
daveric human donor hearts using the Visible Heart perfusion
circuit (Medtronic Visible Heart, University of Minnesota,
http://www.vhlab.umn.edu/). This has permitted the
evaluation of evaluation of implantable devices such as
transcatheter heart valves, permanent pacemakers and
implantable defibrillators, and stents. An important
development in this area was the application of bench

testing to optimize percutaneous coronary interventions in
bifurcation disease. When this type of simulation is
combined with ultra-CT or invasive optical coherence tomog-
raphy (OCT), more detailed definition of stent configuration,
apposition, expansion, scaffolding, overlapped layers at each
step can be documented and refined. [9•, 10••, 11••] The latest

Fig. 1 Panel A Cardiac computed tomography derived three-
Dimensional model of the permanent pacemaker leads in the right
atrium and ventricle used to plan percutaneous transcatheter tricuspid
valve replacement (Alasnag M, et al. 3-Dimensional modeling to plan
tricuspid valve in valve in a patient with a permanent dual-chamber
pacemaker. HeartRhythm Case Rep. 2020 Jun 5;6(9):588-590.). Panel
B Fluoroscopic image post-procedure demonstrating a deployed
Edwards Sapien 3 valve in the Tricuspid Valve position with the leads
of the previous maker andMICRA leadless pacemaker (AlasnagM, et al.
3D model guiding transcatheter aortic valve replacement in a patient with
aortic coarctation. JACC Case Rep. 2020; 2: 352-357.)
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European Bifurcation Club Consensus Document referenced
simulation as a key technology to study patient specific anat-
omies, train interventional cardiologists, and further improve
on bifurcation techniques. [12••]

As for TAVR, bench testing on the Visible Heart Model
(Medtronic Visible Heart, University of Minnesota) proved
useful in the assessment of coronary arteries after implantation
of self-expanding valves. [13] Endoscopic evaluation of the
coronary ostia demonstrated the various issues related to co-
axial and selective engagement of the coronary arteries using
different catheters. Jailed ostia treated by the chimney and

snorkel techniques were studied further using ultra-CT tech-
nology that reconstructed the relationship between the de-
ployed stent and valve cage. These images demonstrated that
these techniques are able to maintain coronary patency in spite
of adverse commissural post alignment.

The future direction of ex vivo bench testing is fas-
cinating. There are preliminary reports of a biorobotic
hybrid heart composed of organic endocardial tissue
from a preserved explanted heart with intact intracardiac
structures and intermixed with active synthetic myocar-
dium that can conceivably drive the motion of the heart.

Fig. 2 Panel A Three-
Dimensional model of a stenosed
bicuspid aortic valve and
coarctation of the aorta used to
plan percutaneous transcatheter
aortic valve replacement. Panel B
Fluoroscopic images of the
ex vivo simulation using the
three-dimensional model to
identify the most suitable access
point for the procedure
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High-fidelity testing of intracardiac devices such as wall
grafts, pacemaker leads, and stents require dynamic car-
diac models that mimic the complex motion of the heart
while maintaining the intricate anatomical structures in-
side the heart. Other therapeutic experiments on the ho-
rizon are hearts that are injected with stem cells to
create a reconstructed animal heart and ghost hearts
which could be used as scaffolds to grow transplant
hearts for patients. [14]

In Vitro Simulation

Unlike ex vivo models, in vitro simulation involves a
patient-specific silicone-based phantoms. The phantoms
utilized for bench tests were initially rigid and com-
posed of polymethyl methacrylate. More recently, they
have been replaced by flexible silicone material that is
designed into a 3D structure that can be tailored to the
structure evaluated. For example, for bifurcation stenting
strategies, vascular branching structure to simulate
branching coronary arteries with proximal and distal
reference dimensions that are tapering can be designed.
Subsequently, images of these structures using the ultra-
CT or OCT are obtained. Ultra-CT provides images
with a resolution of 10 to 20 μm. The post-processing
modules include geometric rotation, cut planes, fly-
through animations that simulate OCT imaging and
open dissection. OCT images usually have an axial res-
olution of 5 μm and lateral resolution of 20 μm.

Like industry developers, operators have availed the
opportunity to explore new techniques or refine old
techniques using in vitro simulation. To continue with

the example of bifurcation stenting, patient-specific sili-
cone-based bifurcation anatomies are constructed. All
the steps of the various bifurcation strategies (provision-
al or a priori two-stent strategies) are examined on the
model to identify the most suitable technique or stent
design. A visual depiction of strut deformation, realign-
ment, and crushing allowed operators to have a control
for important steps such as proximal or distal cell cross-
ing, simultaneous versus sequential kissing inflations
and proximal optimization (POT), and the impact on
the carina with the various strategies. For example, a
clear understanding of the wire recrossing in a Double
Kiss Double Crush technique (proximal) versus TAP
technique (distal) permits better ostial coverage of the
side branch and avoids a geographic miss. When eval-
uated in concert with flow dynamics generated by ultra-
CT, flow changes can be registered and studied for dif-
ferent angles, stent designs, and bifurcation strategies.
[11••] An example of bench testing to refine the TAP
technique and study the neo-carina is provided in Fig. 3
(Courtesy of Yiannis Chatzizisis). These models have
allowed more precise positioning of noncompliant bal-
loons during POT that is tailored to the different 2-stent
bifurcation strategy which avoids disruption of the neo-
carina.

As mentioned previously, these can be valuable to provide
stations for operators to develop their skill set and for societies
to endorse specific techniques. However, other potential clin-
ical implications can be extracted from such testing. For in-
stance, for individual patient anatomies the duration and po-
tency of antiplatelet therapy with bifurcation stenting can be
reconsidered. This is also fertile ground for future research for
bifurcation stenting as an example.

Fig. 3 In Vitro Bench testing of
the TAP Bifurcation technique
delineating the neo-carina
(Courtesy of Yiannis Chatzizisis)
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Computational Simulation

Computational simulation is what is commonly referred to as
virtual computer generated program. A computer-based algo-
rithm detects patterns, provides scores, or calculates flow dy-
namics. [15] This has proven to be cost and time effective,
feasible, and widely available. This tool has been instrumental
in guiding interventions such as closure of congenital defects,
especially those with mixed shunting or multiple levels of
shunting, paravalvular leaks, TAVR, and stenting using two
stent strategies. Computational simulation has proven partic-
ularly useful for TAVR. As the indication for TAVR has been
extended to intermediate and low risk individuals, it has be-
come imperative to predict and avert risk. Shultz et al reported
the feasibility of predicting calcium displacement using both
balloon and self-expanding THV with this technology.
Modeling was performed in 39 patients treated with a
Medtronic CoreValve System and Edwards SAPIEN XT.
Quantitative axial frame morphology at inflow and nadir, co-
aptation, and commissures was compared with multislice CT
obtained post TAVR. The displacement of the aortic leaflet
calcifications, quantified by the distance between the coronary
ostium and the closest calcium nodule was measured. There
was a strong correlation between the measured CT and pre-
dicted frame dimensions. [16] In another report, Rocatello
et al described a patient-specific computer simulation experi-
ment of 112 cases that revealed that maximum contact pres-
sure and contact pressure index are both associated with new

conduction abnormalities after CoreValve/Evolut R implanta-
tion. [17]

Similarly, Antoniadis et al explored the utility of assessing
flow dynamics for bifurcation stenting. [10••] Since the pre-
mise that bifurcations are particularly vulnerable junctions for
plaque buildup and shear stress, it is conceivable that further
research can be undertaken when flow dynamics using com-
putational simulation are correlated with histopathological
evaluation of in-stent restenosis, intimal hyperplasia or plaque
buildup at bifurcation points. If this can be validated, in the
future individual predictive risk scores could be calculated by
such testing for different stent designs and bifurcation tech-
niques. Figure 4 is an example of a patient-specific computa-
tional model that demonstrates the Medina classification, sig-
nificance of the side branch disease and the suitability, and
potential success of a TAP technique in obtaining optimal
coverage of the diseased segments (Courtesy of Yiannis
Chatzizisis).

Conclusion

Modern day technology has allowed precise and detailed
prediction of the interaction of devices and the different
anatomies. Simulation, 3D printing, bench testing, and
computational analyzes have all contributed to the refine-
ment of operator skills, procedural techniques, and the
development of newer iterations of devices. As these tech-

Fig. 4 A patient-specific computational model demonstrating the Medina classification of the bifurcation disease and predicted success of the TAP
technique to adequately scaffold the side branch and main vessel (Courtesy of Yiannis Chatzizisis)
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nologies mature and become validated, they will contrib-
ute further to the growth of interventional, structural, and
coronary interventions.
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