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range of applications.

wait for a printed model.

Keywords

Background: The introduction of 3D printing in the medical field led to new
possibilities in the planning of complex procedures, as well as new ways of training
junior physicians. Especially in the field of vascular interventions, 3D printing has a wide

Methodological innovations: 3D-printed models of aortic aneurysms can be used
for procedural training of endovascular aortic repair (EVAR), which can help boost
the physician’s confidence in the procedure, leading to a better outcome for the
patient. Furthermore, it allows for a better understanding of complex anatomies

and pathologies. In addition to teaching applications, the field of pre-interventional
planning benefits greatly from the addition of 3D printing. Especially in the preparation
for a complex endovascular aortic repair, prior orientation and test implantation of
the stent grafts can further improve outcomes and reduce complications. For both
teaching and planning applications, high-quality imaging datasets are required that
can be transferred into a digital 3D model and subsequently printed in 3D. Thick slice
thickness or suboptimal contrast agent phase can reduce the overall detail of the
digital model, possibly concealing crucial anatomical details.

Conclusion: Based on the digital 3D model created for 3D printing, another new
visualization technique might see future applications in the field of vascular
interventions: virtual reality (VR). It enables the physician to quickly visualize a digital
3D model of the patient’s anatomy in order to assess possible complications during
endovascular repair. Due to the short transfer time from the radiological dataset into
the VR, this technique might see use in emergency situations, where there is no time to

Vascular surgery - Teaching - Endovascular repair - Medical engineering - Surgical planning

Background

With the introduction of new computer-
based technologies, striking innovations
have found their way in many different
fields of medicine. The ongoing advances
in the field of radiology have contributed
significantly to the development of mod-
ern therapeutic strategies [1]. With the
available imaging modalities, the physi-
cian can obtain a clear understanding of

the anatomy, which is crucial for proce-
dural planning. Preoperative planning has
been traditionally based on 2D images and
reconstructions, which means that physi-
cians need to mentally reconstructimages,
observed onflatmonitors, to 3D structures.
This can prove complicated for junior sur-
geons who lack experience or in cases of
complex anatomy [2].

In vascular medicine, endovascular
treatment is becoming the first-choice


https://doi.org/10.1007/s00117-022-01047-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s00117-022-01047-x&domain=pdf

/ - b

\a%

Fig. 1 A Designworkflow to create a 3D-printed modelfrom a CT dataset.a Starting ata contrast-enhanced CT dataset, masks
based on Hounsfield units can be drawn to select the desired anatomy.b Based on these masks, 3D models can be created and
manipulated to create a hollow model of the aortic arch (Step 2).c The created model can then be transferred to a 3D printer

and subsequently printed

therapy for an increasing number of indi-
cations. Endovascular treatment of aortic
aneurysms, in particular, has become the
first-line therapy for the abdominal and
thoracoabdominal aorta steadily replac-
ing the gold standard of open repair [3, 4].
Today, complex thoraco-abdominal and
aortic arch pathologies can be treated
with sophisticated endografts [5, 6]. The
physicians who perform these complex
procedures need to be highly skilled in
endovascular techniques. One powerful
tool that offers a better 3D understanding
of the patient-specific anatomy is a 3D
working station. Procedures planned with
multiplanar reconstruction and central
line analysis have better postoperative
results with lower re-intervention rates
[71. The main drawback is that these
are still 2D images projected on screens
with lack of tactile experience, which can
lead to anticipated difficulties for both
experienced and inexperienced surgeons.

To overcome these shortcomings, 3D
printing technologies have been intro-
duced in the field of medicine in recent
years. The concept of 3D printing, also
referred to as “additive manufacturing”
(AM), “rapid prototyping” (RP), or “solid-
freeform technology” (SFF), was devel-
oped by Charles Hull over 30 years ago
[8]. Today, 3D technology in medicine
is not used only for planning of surgical
procedures and education, but also for cell
bioprinting [9], metallic internal implants
[10], scaffolds [11] etc.

A recently published systemic review
showed that 3D printing is well integrated
in surgical planning and research. The ma-
jority of the publications stem from the

field of orthopedics, maxillofacial surgery,
and spine surgery. The cardiovascular field
accounts for only 3.5% of the scientific pa-
pers. The main advantages described in
the selected papers are reduced surgical
time, improved medical outcome, and de-
creased radiation exposure, with greater
advantages when used to handle complex
cases and with less experienced surgeons
[12].

Because this technology enables the
creation of patient-specific models at a rel-
atively low cost, it is especially interesting
in planning endovascular surgical proce-
dures [13, 14], education and training [15,
16], and vascular device and tissue engi-
neering [17, 18].

From CT and MRI datasets to 3D-
printable models

To create accurate, patient-specific dig-
ital models, the workflow always starts
with a large image dataset (@ Fig. 1). Dif-
ferent modalities can be used to create
a 3D model including mainly computed to-
mography (CT) scans, magnetic resonance
imaging (MRI) scans but also occasionally
x-ray and even ultrasound imaging [19,
20]. Both CT and MRI are the most com-
mon imaging modalities used for the 3D
modeling of the vascular system, and dif-
ferent parameters can impact the quality
of the final model. It is of course essential
to acquire contrast-enhanced images to
enable visualization of the blood flow and
lumen in the vessels [20]. This is especially
helpful in the modeling of aneurysms and
aortic dissections. Additionally, the slices
of the dataset should be as thin as possible.

The 3D modeling software used to create
the digital anatomical model will interpo-
late the areas between individual slices,
leading to very crude models, lacking de-
tail if the slice thickness is inappropriate
(>1mm).

The range of modeling software that
creates 3D models from radiological
datasets has steadily increased in the
last decade, offering medically licensed
modeling software (i.e., Materialise Mim-
ics Innovation Suite, Materialise NV,
Leuven, Belgium) or even open-source
freeware (i.e., 3DSlicer, www.slicer.org, ul-
timaker.com). While every software offers
a different range of additional features,
the underlying principle in creating a 3D
model from a radiological dataset remains
the same. Based on Hounsfield unit (HU)
values, masks can be created, marking
specific areas with similar HU values in
every slice of the dataset. From these
masks, 3D models can be rendered by
interpolation. Additionally, most model-
ing software offer editing tools to remove
artifacts and unwanted anatomical struc-
tures from the final model. Commercial
software suites like the Mimics Innovation
Suite offer additionally functionality, i.e.,
hollowing of the model, adjustment of
the model’s surface.

Depending on the individual require-
ments of every case, different printing ma-
terials are available, varying in color, elas-
ticity, chemistry, weight, and costs. Pro-
duction prices of 3D-printed models can
range from just $3.50 to $700 [20, 21].
Total printing time, resolution, and mate-
rial composition vary greatly with the size,
complexity, and printing technology with
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Fig. 3 A 3D-printed flexible model for fenestrated endovascular aortic repair (FEVAR) planning and
training.; a Implantation of the FEVARusing fluoroscopic imaging. b Fluoroscopic image of the graft
deployment. c 3D-printed model of an abdominal aortic aneurysm with implanted FEVAR. d Distal

view of the implanted graft inside the model

a flexible real-size aortic arch printed us-
ing a Polyjet printer taking approximately
12-18h (@Fig. 2).

3D-printed models in education
and teaching

In the field of vascular interventions there
is a lack of literature about the use of 3D-
printed models for educational purposes
[22]. Nevertheless, 3D models for educa-
tion and training can help young surgeons
gain skills and increase their confidence
level before performing a procedure on
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a patient ([23]; @ Fig. 3). The complexity of
these training simulators can vary widely,
from simple setups that enable the learn-
ing of basic guidewire skills [23], to pa-
tient-specific models with a pulsatile flow
loop attached [24]. Karkkdinen et al. fabri-
cated an abdominal aortic (AAA) phantom
to simulate an endovascular aortic repair
(EVAR) for young trainees. In a total of 22
EVARsimulations, the experienced trainees
could significantly lower the procedural
and fluoroscopy time (p < 0.05). The group
concluded that EVAR simulation was feasi-
ble and simulated all procedural steps with

Fig. 2 € 3D-printed mod-
els of aortic pathologies.
aModel of an aneurysm
in the ascending aorta;
binfrarenal aneurysm;
ccomplexabdominal
aorticaneurysm

high fidelity [25]. Another study with 3D-
printed aortic models for EVAR simulation
of AAA came to similar conclusions [23].

The main advantage of 3D-printed
models compared to computer-based
models is the opportunity to use all ma-
terials (guidewires, sheaths, catheters,
implants, and the interventional devices)
that are used in real-life scenarios. More-
over, the effect of blood pressure on the
behavior of guidewires and catheters and
on the implant deployment can be imi-
tated [25]. Additionally, the price of a 3D-
printed model is significantly lower than
computer-based simulators [26], which
have been considered the most impor-
tant educational tool for endovascular
procedures for some time. Due to the
complex nature of endovascular interven-
tions, constant training could potentially
help surgeons improve the handling of
the devices and overall confidence. Es-
pecially in lengthy, complex procedures,
extensive prior training might help reduce
radiation exposure for both the patient
and the physician [23]. The described
3D-printed models can be upgraded to
simulate more complex procedures like
thoraco-abdominal pathologies, as well
as iliac aneurysms, to train less experi-
enced surgeons before they perform these
procedures on a patient [25].

Training of young residents and the ed-
ucation of medical students is another field
in which 3D-printed models offer various
advantages. Especially complex anatomy
and pathologies can be simulated better
with 3D models and can provide an alter-
native to cadaver models, thus resolving
ethical issues that often exist with use of



cadavers for medical training. Some stud-
ies have found that 3D-printed simulations
increased student test scores when study-
ing physiologic and anatomy [27].

3D models for interventional
planning

In the planning of endovascular repair,
Winder et al. in 2002 were the first to de-
scribe the use of a 3D-printed aneurysm
model to determine the usability of a fen-
estrated endograft [28]. While in the be-
ginning most studies focused on the use of
rigid 3D-printed models, newer studies use
flexible silicone-like models to mimic the
behavior of the aorta more accurately dur-
ing pre-interventional implantation. This
is especially useful in the selection of cor-
rect endograft oversizing, landing zones,
access sites and sides in complex aortic
aneurysm repairs. The use of such mod-
els offers a new perspective in complex
cases and can help evaluate the surgeon’s
decision regarding the approach.

With the steady increase in endovascu-
lar procedures and the parallel rise of more
complex cases, endograft manufacturers
have also adapted the advantages of 3D-
printed models in planning. One company
producing fenestrated endografts for com-
plex abdominal aortic aneurysms (Terumo
Aortic, Inchinnan, Scotland, UK) offers a pa-
tient-specific 3D model with every fenes-
trated endograftsothatsurgeonscanmore
accurately plan their approach. A study in
which prototype testing for 60 fenestrated
grafts in a patient-specific aortic model
was carried out revealed that in 21% of
the cases, modifications to the implan-
tation procedure were required and that
in 5% of cases, a new endograft was or-
dered [13]. One of the main drawbacks of
this study was the rigid material used to
create the 3D models, which did not re-
alistically simulate the in vivo behavior of
the aorta. Nevertheless, this confirms that
there can be a discrepancy between the
measurements performed on a 3D work-
ing station and the fenestration position
after deployment of a graft in a 3D model.
Koleilat et al. described the same phenom-
ena in a smaller study and concluded that
an average of six independent measure-
ments could improve the overall results
[29]. While more experienced planners

are not expected to have such a high rate
of deviation from graft to graft planning, it
is obvious that 3D modeling could serve as
a quality assurance tool before implanting
a complex aortic endograft in the patient,
especially in the learning curve of centers
practicing the techniques.

The use of a presurgical patient-specific
phantom allows the physicians to rehearse
and refine their planned approach, with
the possibility of avoiding periprocedu-
ral complications and extra time spent on
device learning during the patient proce-
dure [30]. With further refinements of the
technology, and a focus on the material
used for printing, this could present a valid
option for standardized use in presurgical
planning.

Besides the use of 3D-printed mod-
els for the planning of an endovascu-
lar implantation, the models can also be
used in the planning of physician-mod-
ified stent grafts. If the time to order
a patient-specific fenestrated endograft is
not available, as occurs in emergencies,
many physicians could modify a standard
tube endograft with fenestrations for the
reno-visceral vessels [31]. In these cases,
the 3D-printed model can be used as sur-
gical templates to accurately suture fen-
estrations into the endograft. The stan-
dard thoracic endograft is deployed in the
model of the paravisceral aneurysm and
the fenestrations are marked and then cre-
ated directly at the origins of the ves-
sels. In a series of 12 patients, 3D-printed
templates were successfully used to cre-
ate a physician-modified graft for patients
with symptomatic thoraco-abdominal aor-
tic aneurysms [32]. An even bigger series
of 34 patient with a thoraco-abdominal
aneurysm (19 patients with dissection and
15 patients with degenerative aneurysm)
has also proven that 3D-printed models
are feasible for creating fenestrated stent
grafts for the treatment of thoraco-abdom-
inal aortic diseases. The printing process
took approximately 5h (1h for image re-
construction, 3 h for printing, and 1h for
postprocessing) and the modification of
the graft another 1.26+0.35h [33]. 3D
printing can also be used to create graft
modifications in the aortic arch, which is
especially challenging because of the cur-
vature of the vessel. In a case series of
17 patients, 3D printing was used to create

templates for modifications of endografts
to treat pathologies of the aortic arch. The
technical success rate of the treatment was
94.8%, with 0% early and mid-term mor-
tality and neurological complications [34].

In the field of cardiovascular medicine,
3D printing can be also used for plan-
ning prior of the treatment of congenital
heart disease, as well as planning of tran-
scatheter aortic valve replacement (TAVR;
[34, 35]). Innovative approaches to bench-
top testing and multi-material printing
used particularly in the planning of TAVR
procedures can also be implemented in
the field of complex endovascular aortic
surgery to further improve the existing 3D
models.

Future perspectives

3D printing offers a multitude of possi-
bilities to improve patient care, especially
in surgical disciplines. Nevertheless, the
technology in its current state has some
limitations when approaching an integra-
tion into clinical day-to-day practice. The
most significant limitation is the time re-
quired from CT scan to the final printed
model. Depending on the scale of the
model, it can take up to 48h until the
physician can inspect the final model. In
elective, complex surgical cases, the time
factor is not as relevant as in emergen-
cies. Secondly, 3D-printed models are still
relatively expensive, and currently there
is no standardized reimbursement from
medical insurance for the use of a plan-
ning model in routine surgery. This will
also hinder the regular integration of the
technology into clinical routine.
Atechnology that might be able to help
with both limitations is virtual reality (VR).
Coming from the video game industry, VR
goggles offer the possibility of transferring
the user into a virtual world, where they
caninteract with digital objects. Thedigital
anatomical models created for the printing
process can be easily imported into a VR
development platform and subsequently
sent to a VR device. Several companies al-
ready offer this technology for use in the
medical field (i.e., Materialise NV, Holoeyes
Inc., Tokyo, Japan). The transfer from the
design software to the VR platform takes
minutes, allowing for a faster integration
into the planning process prior to an in-
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tervention. Overall, the implementation
of VR might further improve patient care,
especially in complex endovascular aortic
repair. To achieve a smooth workflow with
excellent outcome for the patient, a close
interdisciplinary cooperation betweenvas-
cular surgeons, radiologists, and engineers
will be of great importance.

Summary

3D printing technology is continuously
gaining ground in the field of cardiovascu-
lar interventions for training of less-expe-
rienced users and adequate pre-procedu-
ral preparation in complex interventions.
While a number of limitations, such as the
quality of materials, production time, and
cost issues, require significant improve-
ment before the technology can be widely
used, the perspectives for 3D printing in
vascular interventions are promising.

Practical conclusion

3D printing can improve planning of en-
dovascular interventions.

3D printing is a valuable tool in the train-
ing of young residents.

Accurate 3D-printed models require excel-
lent quality contrast-enhanced fine sliced
imaging.
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3-D-Druck bei der Planung von und Anleitung zu endovaskuldren
Verfahren

Hintergrund: Die Einfiihrung des 3-D-Drucks im medizinischen Bereich fiihrt zu
neuen Maglichkeiten bei der Planung komplexer Eingriffe sowie zu neuen Wegen
der Ausbildung junger Arzte. Besonders im Bereich der GefaBchirurgie ist das
Anwendungsspektrum des 3-D-Drucks sehr breit.

Methodische Innovationen: 3-D-gedruckte Modelle von Aortenaneurysmen kénnen
fiir das Verfahrenstraining der endovaskularen Aortenreparatur (EVAR) verwendet
werden, was dazu beitragen kann, das Vertrauen des Arztes in das Verfahren zu
starken. Zusatzlich kann es zu einem besseren Ergebnis fiir den Patienten fiihren. 3-D-
Modelle ermdglichen auBerdem ein besseres Verstandnis komplexer Anatomien und
Pathologien. Neben Lehranwendungen profitiert der Bereich der prainterventionellen
Planung stark von der Integration des 3-D-Drucks. Insbesondere bei der Vorbereitung
einer komplexen EVAR kann eine vorherige Orientierung und Testimplantation der
Stentgrafts das Ergebnis weiter verbessern und Komplikationen reduzieren. Sowohl
fiir Lehr- als auch Planungsanwendungen ist es erforderlich, addquate Datensétze der
Bildgebung zu generieren, die in ein digitales 3-D-Modell Giberfiihrt und anschlieBend
3-D-gedruckt werden kénnen. Eine inadaquate Schichtdicke oder die suboptimale
Kontrastmittelphase kdnnen die Gesamtdetails des digitalen Modells reduzieren und
moglicherweise wichtige anatomische Details verbergen.

Schlussfolgerung: Basierend auf dem fiir den 3-D-Druck erstellten digitalen 3-D-
Modell konnte eine weitere neue Visualisierungstechnik kiinftig im Bereich der
GefaBinterventionen Anwendung finden; die virtuelle Realitat (VR). Sie ermdglicht
dem Arzt, ohne Verzégerung ein digitales 3-D-Modell der Anatomie des Patienten zu
visualisieren, um mogliche Komplikationen wahrend der endovaskuldren Reparatur zu
beurteilen. Aufgrund der kurzen Ubertragungszeit vom radiologischen Datensatz in
die VR kann dies in Notfallsituationen sinnvoll sein, in denen nicht auf ein gedrucktes
Modell gewartet werden kann.
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