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Introduction

In recent years, three-dimensional printing (3DP), an additive
manufacturing process, has gained widespread clinical application, and
3DP has been considered as the third industrial revolution.! In its early
introduction in the 1980s, 3DP served as a software-controlled technol-
ogy that converted computer-aided-design (CAD) data into a physical
object via a single process. By depositing multiple two-dimensional
cross-sections one above the other, 3DP can now be used to build arbi-
trarily complex geometries and patient-specific constructs using the pa-
tient’s imaging data. Till date, computed tomography has been the main
imaging data source for 3DP owing to its excellent spatial resolution.
Furthermore, current 3D printers have enabled bedside on-demand
fabrication of medical products in hospitals. New materials including
polymers, ceramics, biomaterials, and metals have been developed for
such applications over the last few decades. Medical fields that employ
3DP technologies have also expanded, such as tissue engineering,
regenerative medicine, pharmaceutics, and medical models and devices.?
The market for additive manufacturing is expected to surpass $20 billion
in the global industry by the end of the 2020.% Although the use of 3DP
technology in interventional medicine is still relatively new, advance-
ments are occurring within this discipline at a rapid rate. Different 3DP
technologies, materials, and clinical applications relevant to the inter-
ventional field are discussed in this article.

Technologies in 3D printing

ISO (international standardization organization) standards currently
recognize several methods for additive manufacturing, all of which have
been adapted for medical use. These processes include vat photo-
polymerization, material extrusion, material jetting, powder bed fusion,
binder jetting, and direct energy deposition (Table 1).>*
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Laser based 3D printing
Stereolithography

Stereolithography (SLA) systems are the most widely used type of
3DP. Chuck Hull invented the first SLA printing machine in 1986 and
commercialized it 2 years later.® In SLA printing, an ultraviolet (UV) laser
(of wavelength 300-400 nm) is used to scan and cure thin layers of liquid
material, e.g., photocurable resin, one above the other at the surface of a
vat. The material is then hardened using a scanning laser or digital light
processing projection (also known as continuous-liquid-interface pro-
duction), and the base is shifted down in the z-direction by one layer.
This process is repeated until the structure is completely fabricated. SLA
offers a spatial resolution of up to 25 pm with a minimum structure size of
300 pm.° A disadvantage of SLA is that the printing materials are
required to be photocrosslinkable. Several biocompatible biomaterials,
such as poly (propylene fumarate), poly (D, r-lactide), and poly (e-cap-
rolactone) (PCL), have been used in SLA.”

Two-photon polymerization

Two-photon polymerization (TPP) comprises the use of a near-
infrared femtosecond laser to initiate the fabrication directly inside the
photosensitive resin. In SLA, the polymerization process takes place at
the surface of a photosensitive resin. It is only possible to build 3D
structures layer by layer. However, in TPP, two photons are absorbed
simultaneously by a photoinitiator and act as a single photon to start the
polymerization. This allows the laser to directly build polymeric 3D ob-
jects into the volume of the photosensitive material. Furthermore, TPP
provides a much higher resolution (less than 100 nm) than most 3DP
methods. However, the application of TPP is also limited to photo-
polymerizable materials. TPP has many medical applications in tissue
engineering, microdevices, and drug delivery (Fig. 1).°
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Table 1
Overview of 3DP technologies, materials, and fabrication parameters.
Technology Material Available material ~ Layer Temperature
category thickness stability (°C)
(p m)
SLA Liquid- Elastomers, epoxy 50-250 80
photopolymers resins, ceramic
Ceramics particles in liquid
resins (silica,
alumina, zirconia)
SLS Plastic powder Polyamid, 100-200 80-150
Ceramic polystyrene
powder thermoplastic
Composites polyurethane
Bioglass, silica,
zirconia, alumina,
sands, graphite
Composite
materials
(Alumide,
ceramic—ceramic,
polymer-matrix)
SLM Metal powder Stainless steel, 20-200 350-1000
tool steel,
aluminum,
titanium, cobalt-
chrome
EBM Metal powder Titanium, cobalt- 50-100 500-1000
chrome
FDM Plastic filament ABS 100-1000 80
Composites Polylactids, waxes
2PP Photoresists SU-8, OrmoComp <1 100-300
PolyJet Acryl- VeroClear, 16-32 50
(PJ) photopolymers VeroWhite,
TangoBlack, ABS
Multijet Acryl- VisiJet family 16-32 50
modeling  photopolymers (polycarbonat-
(MJM) like)
3D-Printing Chalky powder Zirconia, silica, 150-500 115
(3DP)/ Ceramics sands, Ti3SiC2
Binder Composites Zirconia, silica,
Jetting sands, Ti3SiC2,
(BJ) Ti3SiC2 Ceramic-

ceramic, polymer-
ceramic

Modified from Krujatz F. et al., N Biotechnol’.

SLA = stereolithography; SLS = selective laser sintering; SLM = selective laser
melting; EBM = extrusion-based methods; FDM = fused deposition modelling;

2PP = two-photon polymerization.

Powder-fusion printing

In powder-fusion printing (PFP), granular materials such as plastic,
polymer, ceramic, or metal particles in a powder bed are locally heated
and fused with a laser beam or electron beam into thin layers. PFP

Near-infrared
Ultraviolet femtosecond
light laser pulses

Photosensitive
resin

Photosensitive
resin

-

@) (b)

Fig. 1. Schematic showing SLA printing at the surface of a photosensitive
polymer (a) and TPP printing at the focal point inside the resin volume (b).®
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technologies include selective laser sintering (SLS), selective laser
melting (SLM), and electron beam melting.? After a layer has been
printed, a new layer of powder is spread across the bed and selectively
sintered. To facilitate the spreading of the powder, the granules used in
this printing method typically have diameters between 10 pm and 100
pm. The powder left unfused serves as a support material during the
building process and is removed and recycled after the fabrication is
complete. The sintering process (e.g., SLS) provides a porous structure
and a rough surface, in contrast to the melting process (e.g., SLM), which
provides a higher density and mechanical strength.’ SLS was invented in
1986 by Carl Deckard and is now used for the production of
tissue-engineered scaffolds in clinical applications.'® As in the case of
SLA, the resolution of the SLS techniques is dependent on the diameters
of the laser and the powder particles. One of the significant advantages of
SLS is the vast range of materials that it can be used with. SLS has recently
gained popularity in patient-specific medical-device production and
in-hospital printing.'!

Extrusion-based methods

Extrusion-based methods (EBM) comprise the use of an extrusion
nozzle to selectively deposit material in a layer-wise fashion to fabricate
the desired 3D object. Different materials are supplied as a filament
through the extrusion head. EBM bioprinting is the most common tech-
nique used in the medical field. The EBM 3DP technologies used in
medicine include fused deposition modeling (FDM) and direct ink
writing (DIW).

Fused deposition modeling

Fused deposition modeling (FDM) was first introduced in 1989 by
Scott Crurnp.3 FDM comprises the use of a pressure-driven system to push
molten material through a heated printing head onto a stage layer by
layer. As the material is deposited, it cools and solidifies to form the 3D
object. FDM is currently the cheapest 3DP method and can be used to
process almost all types of thermoplastic polymers. Acrylonitrile buta-
diene styrene (ABS), polylactic acid (PLA), and biomedical materials,
such as hydrogels and some polymer—ceramic hybrids (polycaprolactone
with bioactive glass), are commonly used in FDM. FDM is based on
surface chemistry, thermal energy, and layer manufacturing technology.
FDM can be used to fabricate implants, prostheses, anatomical models,

Fig. 2. Picture showing the fused deposition modeling 3D printer (MakerBot
Replicator 2 Desktop 3D Printer).'?
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and surgical guides for personalized medicine. Cells or bioactive mole-
cules are not suitable for the FDM process (Fig. 2).12’13

Direct ink writing

Direct ink writing (DIW) was reported by Lewis et al. and has been
proven to be advantageous for printing biomaterial structures for appli-
cations in tissue engineering and biomedical implants.'* DIW is similar to
the FDM approach and is an extrusion-based technique in which soft
material is delivered through a disposable nozzle. Viscoelastic inks are
extruded in the form of a continuous filament, which is consolidated via
chemical reactions or a physical mechanism shortly after its deposition in
the printing tray. The nozzle’s diameter limits the resolution of the
printed fibers. The ink must be sufficiently fluid to allow for smooth
extrusion and have sufficient strength to facilitate the building of an
undistorted structure. The conventional inks for DIW 3DP are elastomers
and hydrogels. DIW is particularly suitable for the printing of cell-laden
(bioink) structures. Structural instabilities are a limitation of the DIW
3DP approaches (Fig. 3).1%16

Inkjet-based 3D printing

Inkjet-based 3D printing (IBP) method is a non-contact technique in
which jet-ink materials comprising low-viscosity droplets are allowed to
solidify on a tray. The printing materials are deposited via thousands of
small print heads that are similar to those used in commercial inkjet
printers; however, photoresin or glue (such as binder-jetting) is jetted out
in IBP instead of ink. Once the material is solidified, the printing tray is
lowered, and the next layer is printed. Compared to the continuous fil-
aments produced in EBM techniques, the IBP system can generate a
higher resolution and more delicate structures. The IBP method also of-
fers compositional control and facilitates the fabrication of heteroge-
neous items comprising individual voxels of different properties.
Moreover, instead of a photoreactive polymer, binder or glue can be
jetted onto powder beds to locally bind particles together in a method
similar to SLS printing.>!”°

Currently, the cost of a 3DP printer ranges in thousands of USD, and
some equipment can be purchased at a few hundred USD. However, 3D
printers that have a very high resolution and multi-material printing
capabilities can be prohibitively expensive. The majority of fabrications
cost approximately USD 100-200 based on the complexity of the
required structure and the materials used.'® In emergent situations, such
as inlt;acerebral hemorrhages, a model can be printed in less than 60
min.

Modalities of bioprinting
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3D bioprinting is a fabrication technology used to precisely place cell-
laden biomaterials for the construction of functional tissues or artificial
organs (Table 2).20

Table 2

Summary of 3D bioprinting technologies.

3D bioprinting technologies

DBB

EBB

LBB

Resolution

Droplet size
Printing speed

Preparation
time
Cell viability

Cell density

Structure
stability

Bioink

Bioink
viscosity
mPa st

Cost

Throughput of
printing

Advantages

Disadvantages

Medium (~100
pm)

50-300 pm
Fast (1-10000
droplets/s)
Short

Medium-high
(80-90%)
Low (<10°%/ml)

Poor

Cell suspension
3.5-12

Low
High

Low cost; high
resolution; high
throughput;
gradients can be
generated by
altering droplet
size

Easy nozzle
clogging; low
droplet
directionality; can
print using only
low-viscosity ink;
high shear force
can cause cell
deformation

Low (~200 pm)

100 pm-1 mm
Medium (10-1000
pm/s)

Medium

Medium (40-90%)
High
Good

Viscous material
30-6x107

Medium
Medium

High cell density at
physiological level;
sample process;
ability of printing
large structure;
good
reproducibility

Low resolution; low
cell viability due to
high shear force;
nozzle clogging;
low speed; limited
biomaterial

High (~20 pm)

20 pm

Medium
(200-1600 pum/s)
Long

High (>95%)

Medium (~10%/
ml)
Fair

Both
1-300

High
Low

High resolution;
single-cell
manipulation; low
shear stress on cell;
no clogging
associated with
nozzles; wide
viscosity range
High cost; time-
consuming;
technically
challenging;
limited printing
volume; low
throughput; low
cell density

DBB indicates droplet-based bioprinting; EBB = extrusion-based bioprinting;
LBB = Laser-based bioprinting. (Modified from: Borovjagin AV, et al. Circ Res.

2017.%%)

Fig. 3. Schematic of the nozzle in DIW printer.'®
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Droplet-based bioprinting

Droplet-based bioprinting (DBB) is a cellular bioprinting technique
based on traditional 2D technology and was introduced in 2003.%!
Inkjet-based 3D printers (also known as drop-on-demand printers) are
one of the most commonly used bioprinters. Bioinks consist of bio-
materials such as living cells, biologics, and bio-chemicals. Inkjet-based
bioprinters use thermal or acoustic forces to eject the droplets onto the
supporting substrate. The deposited droplets can be polymerized via
crosslinking mechanisms, such as the use of crosslinking agents, pH, and
UV radiation, to form 3D objects. The minimum cell viability in DBB is
generally greater than 70%.%>

Extrusion-based bioprinting

Extrusion-based bioprinting (EBB) technology is based on the
continuous extrusion and rapid polymerization of hydrogel filaments of
bioinks. Mechanically driven extrusion systems of EBB deposit cell-
support materials in the form of hydrogel solutions. EBB can be used
for depositing materials with a high cell concentration to accelerate tis-
sue growth and formation. One key area of research is in situ bioprinting,
which comprises printing cells and biomaterials directly into the wounds
of a patient.>®> However, the high dispensing pressure and shear stresses
in this process can be detrimental for the deposited cells and decrease
their viability. Multiple cell types can be bioprinted in a spatially orga-
nized manner, thus mimicking in vivo organization.

Laser-based bioprinting

Laser-based bioprinting (LBB) technologies comprise the use of laser
energy (focused laser beam) for transferring and arranging biomaterials.
There are many different forms of LBB 3D bioprinting. In LBB printing,
single cells or cell suspensions are placed onto the biological material
side of a donor slide. A laser pulse is used to locally heat the energy-
absorbing side of the donor slide to create a bubble. Subsequently, the
microbubble bursts and generates shock waves that propel the cell con-
taining materials from the donor slide onto a collector substrate, where
the fabrication takes place. The laser scan is repeated to fabricate a
multilayered construct with precise cellular deposition at specific posi-
tions. This process is time-consuming for large tissue printing.

ermal pressure B

Nozzle
Droplets

Inkjet bioprinting

Air pressure

Plunger

Bioink

Nozzle

Pneumatic extrusion bioprinting
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Furthermore, using this technique, the cells may suffer from metal
contamination (Fig. 4).25’26

3D bioprinting offers very precise control on the placement of cells,
proteins, DNA, drugs, growth factors, and other bioactive substances to
better reproduce the structural and functional complexity of living tis-
sue/organs comprising vasculature and neural networks.?” The demand
for clinically transplantable organs is likely to be met by the application
of 3D bioprinting techniques in the tissue engineering field. However, the
complexity of the physiological and biological behavior of tissues creates
challenges for successful tissue regeneration. Current research in the
3D-printed organ field is focused on the fabrication of vascularized tissue
for the diffusion of oxygen and nutrients.

4D printing

The development of 3DP and smart materials has led to the new
concept of four-dimensional (4D) printing. 4D printing is based on the
use of photo- or thermal-responsive shape memory polymers (SMPs) and
FDM printing technology. 4D printing is 3DP with the additional
dimension of time. SMPs are a class of unique polymeric materials that
can be used to memorize a permanent shape. Environmental stimuli, such
as temperature, electricity, pH, or light, could trigger the shape recovery
behavior of 4D printed devices, which would then recover from their
temporary form to their original shape.’® The 4D printing strategy could
provide opportunities for the production of smart medical devices and
even biologically active constructs. Currently, the majority of the 4D
printed devices have shown a high shape-memory function.?’ In a
recently published studies, researchers have synthesized and 4D-printed
methacrylate  polycaprolactone  precursor polymers using a
UV-light-emitting-diode SLA printer based on magnetic resonance im-
aging (MRI) data. The 4D printed stent accurately matched the
tracheobronchial structure and cartilaginous rings with reduced migra-
tions. Furthermore, the low profile of the SMP stent also made it easier
and less injurious in stent deployment.® The 4D bioprinting strategy is
based on the integration of shape-memory biomaterials and 3D bio-
printing technology for the production of transformative polymer-cell
bioconstructs.>* This innovative technology is now expected to be used
in areas such as tissue engineering, regenerative medicine, bio-
electronics, and personalized medical devices.

——1Laser pulse

Donor layer

2. Piezoelectric vdtaggnergy absorbing layer

SNyttt s eee” Biomaterial

“High pressure bubble

+ = Bioink droplets

Laser-assisted bioprinting

Mechanical force

Plunger

Bioink

Nozzle

Mechanical extrusion bioprinting

Fig. 4. Illustrations of three mainstay bioprinting techniques. (A) IBP. (B) Laser-assisted bioprinting. (C) Extrusion bioprinting.*®
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3DP technologies in interventional radiology

3DP technologies have been used for many years in the clinic, espe-
cially in designing patient-specific devices and anatomical models based
on CT and MRI data. Currently, 3DP can be used in interventional radi-
ology for preprocedural planning, medical device production, and med-
ical research. At present, the cost of printing personalized medical
implants, such as stents, via SLS EBM technologies is significantly higher
than that of mass-produced ones. However, meta-analyses have shown
that the use of customized devices could significantly increase surgical
accuracy, reduce procedural/radiation exposure time, improve the
outcome of the surgery, and reduce hospital stay time. Nevertheless,
more evidence and long-term follow-up data are required to determine if
the use of 3D-printed devices could become routine clinical practice. In
the following sections, we discuss the recent clinical applications of 3DP
in interventional therapy.

Neurointervention

3DP can recapitulate the brain vascular system using angiography
data and validate procedural manipulation in vitro. Furthermore, 3DP
has been used in research and patient education for providing models
with patient-specific anatomy (Fig. 5).>! A 3DP replica was shown to be
an anatomically precise model, and many of them were fabricated using
ABS (Fig. 6).2

Intracranial aneurysms

Intracranial aneurysms (IAs) are accompanied by the risk of cata-
strophic rupture. Nowadays, an increasing number of interventionalists
are using 3DP in brain aneurysm treatment.>> Frolich et al. used 3DP to
produce hollow aneurysm models, thus replicating a wide range of
aneurysm geometries and sizes. The authors observed a high level of
anatomical accuracy in the models with a mean Dice index of 93.6 +
2.4% as compared with the angiography data. They highlighted that
more research is required to create aneurysm models with realistic
texture. If coils and other implants could be placed in 3DP models in a
manner similar to arteries, experiments could be performed on neuro-
interventional devices in vitro to replace the use of animals.>* Similarly,

Image Acquisition

3D rendering
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Anderson et al. also showed that aneurysm diameter measurements of the
3D printed models correlated well with the source images (r = 0.999; p <
0.001), with no statistically significant group difference (p = 0.4). 3D
printed models could be produced in-hospital and on-demand. These
models can be used for flow studies with computational fluid dynamics.>”
Kim et al. used aneurysm models to educate patients and obtain informed
consent from them, and the use of the 3D model was associated with a
higher understanding and satisfaction of preoperative patient consulta-
tion as compared with conventional counseling.>®

Coiling is the mainstay of IA treatment. Appropriate microcatheter
shaping is crucial for the stable embolization of IAs and affects the
packing density of the coil. There are many publications on 3DP-aided
microcatheter shaping. In 2015, Namba et al. reported using 3DP
models to optimize microcatheter shaping to improve microcatheter
accuracy and stability during IA treatment. The microcatheter was pre-
shaped and validated prior to the procedure using the 3DP model. Ten
consecutive IAs were coiled using this method, and nine of the pre-
planned microcatheters demonstrated stability during embolization
(Fig. 7).¥” Xu et al. reported another application of 3DP in microcatheter
shaping for IAs. The authors selected the best-shaped microcatheter tips
using a 3D software, printed the tips using 3D printers, and then
compared them with real microcatheters before the coil embolization.
The use of this method enhanced the accuracy and stability of the
microcatheter position during the procedure. A total of 13 patients were
enrolled in the study, no complications such as an aneurysm rupture
occurred, and the catheter tip position remained stable. All the aneu-
rysms were densely coiled in the report (Fig. 8).%® Another team used
3DP in a different manner for microcatheter shaping. The microcatheter
was placed in the target position of a cerebral vascular model and
immersed in hot water for 5 min for the shaping. The shaped micro-
catheter was then sterilized and directly used for brain aneurysm
embolization. It was found that the new shaping method used for
embolization was safe and efficient.>’

For device testing, Xie et al..*° first introduced the usage of rapid
prototyping in 2009. They developed a neurovascular model with a
sinuous shape mimicking the human intracranial carotid artery (ICA).
The curved vessel model was established with the help of a 3D-printed
silicon tube based on MRI data of a human ICA. The navigability and
device performance of intracranial stents were successfully tested with

Simplified 3D rendering

15t STL model

2" STL model

—p —— —_— —_— 30_ .
i i ,l Ig Printing

314 STL model

Fig. 5. Preparation steps for 3DP.>
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Fig. 6. Comparison of the brain vascular model. (a) No blister-like dilation bulges in the vascular model; (b) presence of a blister-like aneurysm.32

Fig. 7. Pre-planning of the shaping mandrel of microcatheter using 3DP rapid
prototyping technology.®”

this model. They opine that their method has high controllability,
repeatability, and factuality, and 3DP is also useful for training the
neuroradiologists and interventional physicians. 3D neurovascular
models have also been used to directly test the navigability of catheters in
vitro in different tortuous anatomies and positions and for devices such as
optical coherence tomography lenses and flow diverters (Fig. 9).*' In
basic research, Kaneko et al. cocultured and coated a patient-specific IA
model with endothelium; they used the endothelialized model to study
the biological effect of a complex-flow stress on the endothelial cells.*?

A 3DP vascular model has also been used to simulate the process of a
cerebral aneurysm formation and to familiarize the neurosurgical clini-
cian with patient-specific anatomy of cranial nerves, the brain, vessel
branches, and the skull at a low cost (approximately USD 25 per
replica).32

Brain arteriovenous malformation

Brain arteriovenous malformation (bAVM) treatment requires
detailed information regarding the anatomical and lesion structure.
Although it is difficult to reconstruct bAVM models as the structure of the
lesion is often complicated, Shah et al. reported successful 3DP of a
complex bAVM for preoperative investigation. All the models depicted
the course, size, and number of feeding vessels and draining veins, as well
as the relationship of the nidus with the brain. Using this model, it was
possible to identify the normal and abnormal vessel architectures

Fig. 8. Application of 3DP in selecting the best-shaped microcatheter tips using a 3D software, and the tips were printed using 3D printers. Using this method, it was
possible to enhance the accuracy and stability of the microcatheter position during embolization.>®
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Fig. 9. Surgical simulation of flow diverting treatment of intracranial anterior circulation aneurysm with 3DP silicone replica. White arrows indicate pipeline shield

and black dashed arrows indicate the microwire.*!

Fig. 10. (a) A case of a 21-year old male patient with Sylvian fissure bAVM (b) and printed 3D model showing the nidus and the arterial feeders and the drain-

ing veins.*®

(Fig. 10).% Similarly, Dong et al. used bAVM models as an educational
and clinical tool for patients, doctors, and surgical residents. The whole
printing process was completed “in-house” using CT angiography (CTA)
or digital substraction angiography (DSA) data. Intraoperative validation
of the model fidelity based on DSA images of the same patient showed

that the printed models precisely replicated the actual bAVM structure
with a mean variation of less than 2 mm. The authors emphasized that
the solid model—other than digital 3D images—of the lesion and sur-
rounding anatomy may potentially reduce operative time and surgical
risks. The FDM technology of 3DP can be fast, accurate, and cost-effective

Fig. 11. (A) Liquid-based 3D printers using laser to harden resin to create 3D structure (Courtesy: Formlab© 2015, Somerville, MA). (B) Prototype stents can be
printed using different materials including metal (indicated by different colors). (C) A PLA bioabsorbable 3DP stent that is commercially available.*®
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in bAVM-model fabrication.**
Acute ischemic stroke

Thrombosis in acute ischemic stroke patients involves factors
including the blood, vessel wall, vessel geometry, and flow patterns.
Costa et al..*® were able to reproduce the 3D geometry and blood-flow
patterns of stenotic blood vessels by applying SLA 3DP. They produced
a proof-of-principle miniaturized artery of patient-specific geometries
with endothelialized microfluidic chips in it to study the impact of vessel
morphology and blood flow patterns on platelets in arterial thrombosis.

3DP in cardiovascular intervention

Cardiovascular disease is among the leading causes of mortality
worldwide and causes approximately 20 million deaths annually.*®
Millions of heart vascular implantations are performed globally every
year. Cardiovascular applications of 3DP technology include
patient-specific models for the evaluation of heart valve and vessel
function, procedural planning, medical teaching, and development of
new percutaneous devices (Fig. 11).47’48

Percutaneous coronary intervention (PCI)

Stenting is a common revascularization strategy in PCI for treating
coronary artery stenosis.

However, patients generally receive metal stents without an indi-
vidualized design. Current stents used in the clinic are only available in
certain sizes, and stents of the same lengths may not achieve the same
effectiveness in different arteries. Therefore, personalized stents for
accurately measured lesions may be necessary in improving the outcomes
of such treatments.*® Misra et al. first introduced a prototype of a
personalized stent fabricated using 3DP to reduce the restenosis in a pig
coronary artery model. They suggested the feasibility of using 3D printed
biodegradable stents in real patients after necessary improvements.*® A
4D-printed, thermo-responsive, shape-memory cardiovascular stent was
fabricated by Ge et al. and on heating it, the stent was able to recover its
original larger diameter, which was used to dilate the narrowed artery.*°

In-stent restenosis is a critical issue after coronary interventions.
Wang et al..>! described a method of decreasing restenosis via optimal
stent positioning based on a 3DP model. They placed real stents inside
patient-specific microfluidic coronary models, studied hemodynamic
changes after stenting, and suggested that by studying the hemodynamic
results of the 3DP models, the best stenting strategies could be identified
to maximally reduce restenosis. 3DP was also used in the interventional
planning and device sizing for coronary fistulae.>?

Congenital cardiovascular diseases and valvular disorder

Congenital cardiovascular diseases are often complex and comprise
distinct geometries. It can be very difficult to completely understand
some diseases, such as tetralogy of Fallot and hypoplastic left heart
syndrome, using current imaging modalities.>®> 3DP heart models have
been used for enhanced structural orientation, patient-specific hemody-
namic evaluations, pre-procedural planning, aiding ventricular device
placement, and testing novel strategies.>® Testing devices of various sizes
and designs in 3DP models may aid in reducing shape/size mismatches
between interventional devices and surrounding structures. 3DP has also
been applied in treating valvular disorders by fabricating the mitral,
aortic, and pulmonic valves in order to select optimal devices for
reducing complications such as paravalvular regurgitation, device fail-
ure, or ventricular outflow tract obstruction (Fig. 1 2).475% Vukicevic used
deformable 3D models to evaluate the deformation of the surrounding
structures (e.g., vessel wall, chamber wall, and valve leaflet) caused by
the implanted TMVR (transcatheter mitral valve repair) device before
surgery, thus assisting in the optimization of TMVR approaches. They
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Fig. 12. Transcatheter aortic procedure performed within an aortic steno-

sis model.*”

also found that texturized 3D modeling could be invaluable in studying
the impact of valvular calcification on device landing and in simulating
patient-specific valve function.’®

Pre-TAVR (transcatheter aortic valve replacement) 3DP based on
cardiac imaging data has been used to evaluate the interaction between
the aortic root and implanted valves. In addition, 3DP was also applied
using flexible materials to replicate calcified, stenotic aortic valves with
leaflet movement to improve patient-specific TAVR planning.57 Qian
et al. used 3D printed phantoms for performing an in vitro simulation
before performing a TAVR. The system could aid in predicting the
occurrence, severity, and location of post-TAVR paravalvular leaks.>® The
use of a 3D-printed right ventricular outflow tract in intervention plan-
ning and device selection for treating percutaneous pulmonary valve
stenting dates back to 2007.%°

Aortic aneurysms

Aortic aneurysm (AA) patients may lose their lives immediately after
aneurysmal ruptures. The first introduction of the endovascular AA
repair (EVAR) in 1990 provided a mini-invasive method to replace open
surgery. However, for lesions with complex neck anatomies or lesions
close to main arteries, EVAR remains challenging. AA models can be
manufactured using 3DP technology. A hospital center reported using a
3DP simulation model to overcome the difficulties in performing EVAR.
They performed a simulation using AA models before the endovascular
intervention to visualize the guidewire manipulation and determine the
optimal stent placement.® In 2013, Tam et al. described a printed
aneurysm with complex neck anatomy to facilitate the visualization of
the neck anatomy and EVAR surgery.®! Recently, Torres developed an
EVAR simulation system using 3DP aneurysms and found that
patient-specific training prior to EVAR reduced fluoroscopy time, surgery
time, and the volume of contrast used during the procedure (Fig. 13).'8
Meanwhile, a fenestrated endograft is often used in treating abdominal
AAs. However, it is challenging to construct one for complex cases, and
inaccurate positioning of the endografts may influence vessel branch
patency and reintervention. 3DP models have been used to guide
physician-modified endograft planning (Figs. 14 and 15).5%°° Taher et al.
constructed patients’ aorta models to allow the physician to pre-implant
the devices and to review their fitness. They showed that one in five
endografts (22%) were required to be modified before implantation. This
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Fig. 13. EVAR steps simulated in a 3D model. (A) Guidewire and catheter in position. (B) Main body of the stent graft in position. (C) Stent graft deployed.'®

Fig. 14. Process of determining fenestration locations on endograft. (A) Fenestration model created by computer software. (B) 3D printed fenestration model. (C)
Stent graft is deployed inside the model. (D) Fenestration locations are marked onto the graft through the holes of the fenestration model.®*

(»

Fig. 15. Picture of 3D-printed AAA model (left) and its fluoroscopic image
during the simulation (right).63

highlighted the potential of 3DP in avoiding adverse EVAR events asso- . . .
ciated with mismatched fenestrations and branch blocking.®* Rynio et al. Figure 16. (A) 3DP model °f6§he aortic arch. (B) Preparation of stent graft
developed a 3D-printed template of the aortic arch to assist the fenestration in the SDP model.
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Fig. 17. Fluoroscopy images (A) and EVAR simulation result (B) of 3D-printed AAA model with the attachment of plastic/silicone tubes connected to a fluid pump

with water flow (C).°°

fenestration and modification of the stent-graft. This is the first case
report on the use of 3DP in accurate stent deployment for the endovas-
cular repair of a descending thoracic aneurysm (Fig. 16).%° Karkkiinen
simulated EVAR using a printed AAA (abdominal aortic aneurysm) model
connected to a hemodynamic pump. The AAA model was fabricated
using the Objet500 Connex3 (Stratasys, Eden Prairie, MN) printer. A total
of 22 EVAR simulation procedures were performed with a mean pro-
cedure time of 37 + 12 min. The authors simulated all the procedural
steps with high fidelity. This method may be applied to endovascular skill
training (Fig. 17).°°

Aortic dissection aneurysms have also been 3D printed to better
visualize the details of the dissection (size, branches, and true/false lu-
mens); the mean luminal diameter difference between the printed model
and CT images were less than 0.5 mm. This could allow clinicians to
conduct a preoperative simulation of endovascular stent grafting pro-
cedures confidently.®”

Several review papers have highlighted the merits of 3DP in the
cardiovascular field, which include the reduction in procedural compli-
cations, time required, and costs and enhanced precision of cardiovas-
cular interventions, improvement in physician-patient communication,
and as a training opportunity for interventionists.®®

3DP in peripheral vascular intervention
The use of degradable stents may result in fewer rejection reactions
and less damage to vessel walls as compared with that in the case of metal

stents. PLA or PCL vascular stents manufactured using FDM technology
are common.

Peripheral vascular stents

Wu et al. evaluated the self-expanding parameters of a shape-memory
PLA stent. They showed that, at a recovery temperature of 65 °C, the
diameter recovery ratio of the PLA stent was excellent (between 95% and
98%), and the length recovery ratio was greater than 97%. Although the
transition temperature of the PLA is higher than the human-body tem-
perature, the feasibility of self-expansion of the 3D printed PLA vascular
stents was proven.®” Guerra et al. produced a smaller PCL/PLA composite
stent using a novel 3D tubular printer based on FDM and demonstrated
the abilities of the stents in inducing rapid reendothelialization and ful-
filling mechanical requirements. Their 3DP process could produce com-
posite stents with an accuracy as high as 95%. The PCL and PLA stents
reached a cell proliferation of 12.46% and 8.28%, respectively, within 3
days. Furthermore, the composite stents (PLA/PCA) could improve the
mechanical properties of materials. Moreover, the smaller the cell area of
a stent, the better the cell proliferation rate. PCL showed a better
degradation rate than PLA (Figs. 18 and 19).7°

Tumor intervention

3DP has also been applied in tumor intervention. It has been shown
that 3DP is a feasible technology that may facilitate procedural practice
and aid in achieving superior clinical outcomes. 3DP has been used to
visualize anatomic relationships among the hepatic arteries, portal veins,
bile duct, and liver tumor (Fig. 20).”! A recent study has presented data
regarding 3D renal tumor printing, which represents the first model used
for anatomical visualization of arteries, collecting system, and the tumor

Z Axis

Fig. 18. 3D tubular printer (A) 3D-printed stents [PCL in white, PLA in black] (B), and printing methodology ©.7°

10
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Fig. 19. Optical microscope images of 3D-printed stents. The top row of images shows the general view, and the bottom row of images depicts the sectional view.”®
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Fig. 20. 3D-printed liver cancer model. Different colors indicate blood vessels,
biliary tract, and tumors.”’

itself. The 3D tumor printing provided an accurate anatomical repre-
sentation for patient education and procedural practice with realistic
simulation.”?

Visceral aneurysms

Shibata et al. tested the accuracy of hollow 3DP models of visceral
aneurysms based on the CTA data of 19 patients. They found that the
sizes and shapes of the printed models have no significant difference from
the imaging data (P = 0.56). The most accurate model exhibited a dif-
ference of only 2 mm? (0.05%). They concluded that these models could
be used for endovascular treatment simulations.”* Similarly, Takao et al.
used an FDM-type 3D printer to fabricate an a splenic artery aneurysm for

Fig. 21. Peripheral real-size vasculature from a CT angiogram and printed using
red PLA.7®

11

the simulation of endovascular treatment. They found that, as the ma-
terial used for the model production, ABS is more flexible and PLA is
more solid, while but nylon is both strong and flexible.”* Itagaki reported
on small-caliber vascular models used for endoluminal testing of devices.
Before the endovascular treatment of splenic artery aneurysms, a 3D
printed model was used to test the catheter positioning and practice the
procedure. They identified the best guiding catheter and microcatheter
during testing and finally used the combination in embolization suc-
cessfully. They concluded that 3DP vascular models are useful in proce-
dural planning and intraoperative guidance. A complex endovascular
procedure could be practiced and refined using 3DP preoperatively.””

Others

3DP has also been applied in the Budd—Chiari syndrome (BCS). Nai
et al. printed a patient-specific 1:1 BCS inferior vena cava model using
MRA data. The architecture features of the inferior vena cava and the
hepatic veins were successfully reproduced, and the authors simulated
the interventional manipulation before the operation to select an
appropriate balloon and stent. This BCS model was very helpful in
guiding procedures and improving physicians’ and patients’ under-
standing of the disease.”® Percutaneous pulmonary interventions require
extensive navigation of the catheter and guidewire. In a recent study,
Witowski et al. demonstrated that 3DP-assisted balloon pulmonary an-
gioplasty for chronic thromboembolic pulmonary hypertension and 3DP-
assisted stenting for pulmonary artery stenosis were feasible. Personal-
ized real-size models printed prior to the surgery provided additional
tactile experience with straightforward manipulation, and the 3D visu-
alization techniques have potential for reducing the dosage of contrast
medium and thus minimizing the risk of acute kidney injury.”” 3DP can
also be used to produce models for femoral vessel access puncture
training, thus improving the surgeon’s performance and self-confidence
(Fig. 21).78

Non-vascular intervention
Airway obstruction (CAO)

3DP has been adopted by interventional radiologists in central airway
obstruction (CAO) stenting to avoid tissue ingrowth and device migra-
tion, which were commonly observed in conventional stents. Zarek et al.
4D-printed a shape memory (semicrystalline methacrylated poly-
caprolactone) tracheal stent based on the patients’ imaging data; the
stent could prevent migrations better. After being inserted, the tracheal
stent could expand to the permanent shape at a temperature matching
that of the patients’ anatomy (Fig. 22).%°

3DP implants have also been used in newborns in the case of airway
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Fig. 22. 3DP personalized airway stent. (A) Images show the transition between the temporary state (for deployment) and the permanent shape (for performance). (B)

Axial view of the process.>”

Fig. 23. 3DP esophagus stent and released state in the esophagus.®®

collapse. Because the infant airway is under rapid growth, the application
of standard stents is not feasible. To overcome this, Zopf et al. developed
a custom bioresorbable tracheal splint for a child with tracheo-
bronchomalacia, and the device successfully decreased the venous car-
bon dioxide pressure. The child was cut off from ventilation support and
discharged without complications.”® This approach was also successful in
three other pediatric patients with tracheomalacia.’’ In the case of
adults, Guibert et al. treated a post-transplant CAO using a fully
customized silicone airway stent fabricated using 3DP.®! Young et al.
used 3DP-customized silicone stents for treating complex airway stenoses
caused by granulomatosis polyangiitis in two patients, which resulted in
durable improvements. The stents could remain in place for 5-8
months.®? 3DP has also been used to guide impassable procedures.
Guibert et al. reported choosing an appropriate stent and guiding the
stent insertion for impassable inflammatory tracheal stenosis based on a
printed model of the trachea.® For tracheal repairment, Jung et al.
developed a 3DP biomimetic tracheal prosthesis, which could support a
tracheal defect and allow the host tissue to heal in a rabbit model.*

12

Gastroenteric diseases

Complications such as tissue ingrowth and stent migration may be
encountered when treating dysphagia with esophageal stents in inoper-
able patients. Lin et al. recently printed a flexible polymer stent with anti-
migration spirals. Ex vivo experiments in a porcine esophagus showed
that the degradable stent with spirals significantly lowered the migration
distance compared to control stents without spirals. Degradation took
place 6 weeks after the implantation, and the mechanical prosperities did
not considerably change until after 3 months (Figs. 23 and 24).%°

Interestingly, a team collaborated with Mayo Clinic and bioprinted a
novel polyvinyl alcohol biliary stent with a stem cell-collagen-
cholangiocyte coating. This approach may allow the interventionalist
to fabricate personalized bio-integrating stents for use in biliary pro-
cedures. It may pave the way for the translation of bioprinted stents from
bench to bedside in the field of bile duct obstructions.®® Furthermore,
stomach models were printed for endoscopic training, and the 3DP
simulator realistically reflected endoscopic handling and was proven
useful in improving the operative skills of trainee endoscopists
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Fig. 24. Different types of 3DP esophagus stents of different structures and materials (left). The stent was compressed and then recovered to the original

shape (right).85

Fig. 25. (A) Upper gastrointestinal tract prototype STL file. (B). 3D-printed
silicone moldings. (C) Assembled silicone moldings.87

(Fig. 25).7
Iodine-125 (*?°I) brachytherapy

Radioactive Iodine-125 (*2°I) brachytherapy is safe and effective in
treating many tumors, including cancers of the head, neck, lungs,
pancreas, rectum, prostates, and recurrent/metastatic lesions. Because
the dose rate of 12°I seeds declines rapidly in tissue, precise implantation
is a requisite for treatment efficacy. In recent publications, some

researchers used rapid prototyping to design guiding templates to assist
the implantation of 1% seeds into tumors. Pan et al. reported patient-
specific coplanar templates fabricated with a 3D printer to improve the
accuracy and safety of CT-guided 2°I implantation in 30 patients with
malignant tumors. Eighty percent.

(24/30) of the patients achieved excellent dosimetry results (90%
dose of target volume and 100% target volume of prescription dose), and
five patients (16.7%, 5/30) achieved good dosimetry results. The tech-
nique provided a satisfactory quality of implantation with less procedure-
related short-term adverse events.® In the article by Liang et al. the
3D-printed template was also confirmed to be reliable in guiding 121
seeds implantation for the treatment of lymph node metastasis. All the
operations were successfully completed. The quality of 2°I seed im-
plantation was excellent, good, moderate, and poor in 11, 3, 1, and
0 patients, respectively. No severe complications occurred.®’

Owing to the location of the pancreas and its complex anatomical
relationship, complications associated with Iodine-125 brachytherapy in
patients with pancreatic cancer are common.’® A group found that
3D-printed coplanar templates were useful in guiding %I seeds im-
plantation for pancreatic cancer. Their 3D coplanar template was
designed and produced using preoperative CT data. Percutaneous
puncture and %I seed placement were realized in all ten patients with
only one minor complication. The postoperative dosimetry parameters
were consistent with the preoperative planning in all cases (P > 0.05).

Fig. 26. 3D-printed model of L1 osteoblastoma; arrows indicate inferior palpable tumor lobule (A). (B) Advanced 3D visualization displays cryoprobe tracts (blue)
used during the model simulation and theoretic ablation zones (yellow). Red indicates the tumor lobules.’? (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)



G. Zhou et al.

Journal of Interventional Medicine 3 (2020) 1-16

Fig. 27. (A) 3D-printed guiding template for precise PVP. (B) Patient’s intraoperative position. (C) Matching the two location holes. (D) Marking the skin entry points
and disinfect the surgery area. (E) Fixing the sterile guide template on the back skin.”®

Fig. 28. (A) Confirmation of the needles’ location. (B) The needles were gradually inserted into pedicles along the guiding cylinders. (C) The needles were completely

inserted into the guiding cylinders of the template, and its final location was observed in the fluoroscopic images.’

3

Fig. 29. (A-C) Multiparametric MRI prostate transverse view. (D) 3D-printed model of a patient-specific prostate with tumor structure (red) and urethra (green).g6
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

They suggested that a 3D-printed template is helpful for realizing the
precise implantation of 12°I seeds in treating pancreatic cancer.’!

Vertebral tumors

Percutaneous image-guided ablation of vertebral tumors is chal-
lenging because of the presence of adjacent crucial structures such as
nerve roots and the spinal cord. Spinal injuries and cerebrospinal fluid
leaks have been reported after these procedures. For improving the
procedural safety and efficacy, 3DP has been used for the procedural
planning of MRI-guided cervical and lumbar tumor cryoablation in
complex cases (Fig. 26).%%

Similarly, 3DP has been adopted to reduce puncture-related

14

complications in percutaneous vertebroplasty (PVP) treatment of verte-
bral compression fracture. Lia et al. used a 3D printed guiding template
for realizing precise PVP. During the operation, by matching the guiding
template to the patient’s back skin, a stable needle orientation and ac-
curate insertion were easily reestablished. On using this technique, the
patient achieved even cement distribution without any procedural
complications. Furthermore, the pain was relieved after the surgery
(Figs. 27 and 28).%

Prostate cancer

Irreversible electroporation (IRE) is a novel treatment choice for
prostate cancer (PCA), which has a high organ- and function-preserving
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potential.’* IRE uses microsecond electric pulses between two or more

electrodes to generate nanopores in the cell membrane. These nanopores
allow sodium/potassium/calcium to enter into or leave the cell. When
above a certain threshold, the process could cause cell destruction owing
to the ionic homeostasis disturbance.’® However, a prostate with PCA is a
very inhomogeneous tissue with hyperplasia, inflammation, cysts,
calcification, urethra duct, and capsule; this makes prostate-specific IRE
ablation planning challenging. Wendler et al. introduced a 3D bioprinted
model for the simulation of IRE ablation to adjust the actual ablation field
of the tumor and prostate before surgery. They bioprinted a prostate
replica composed of matrices, cells, and possibly inorganic structures
with a resulting heterogeneous structure based on patient-specific MRI
data. This printed biomodel enabled pretreatment determination of the
optimal individual IRE parameters (potential and electrode geometry) for
an efficient PCA ablation (Fig. 20).%

Nevertheless, there are still several concerns regarding the regula-
tions and standardization of 3DP applications in medicine. In May 2016,
the FDA released a draft guidance on technical aspects for additive
manufactured devices, including material controls, printing, and post-
printing process, and assessment of the final devices for cleaning, ste-
rility, and biocompatibility. Furthermore, there is still room for
improvement in software, printing material, speed, precision, mechani-
cal properties, and texture in 3DP. In addition, certain processing steps
are time-consuming and expensive; it is necessary to modify 3DP work-
flows in terms of either the material design or by improving the printing
technology to make it more efficient.>'®

In the near future, 3DP is expected to meet the needs of material di-
versity, realistic texture, and tissue/organ fabrication. It appears that as
the clinical experience of 3DP utilization grows, 3DP can have an
increasingly important role in patient-specific medicine and the devel-
opment of interventional radiology.
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