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Background

Three-dimensional image
reconstruction is state of the artin
clinical radiology

Computed three-dimensional (3D) im-
agereconstruction of digital imaging data
has been available for nearly four decades
[25]. Advances in virtual 3D recon-
struction have helped greatly to improve
visualization of complex anatomic rela-
tions—both for radiologists as well as for
clinical partnersand patients [28]. Today,
virtual 3D reconstruction of CT images
of any given anatomic region is possible
with photorealistic results [11].

While radiologists are experts in cog-
nitively transferring information of 2D,
grey-scale imaging data to an individual
patient’s anatomy, many clinical partners
and patients benefit from anatomically
precise 3D visualizations [13, 26]. Vir-
tual 3D image reconstruction is regarded
as state of the art in the visualization of
diagnosis and surgical therapy planning,
for intraoperative correlation of imag-
ing findings, for volumetry of organs,
tissues, and tumors, and for visualiza-
tion of individual pathology in patient
education [10]. For example, overlaying
the rendered virtual 3D model of a pa-
tient’s aortic root with preformed virtual
3D models of implantable aortic valves
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allows for precise preprocedural sizing
and positioning of the implant, and is
routinely performed in planning of tran-
scatheter aortic valve implantation pro-
cedures (TAVI) [34]. However, the pre-
sentation of virtual 3D reconstructions
on 2D displays is sometimes regarded as
a limiting factor, especially for persons
used to haptic feedback, i.e., surgeons
[22]. Augmented reality and virtual real-
ity are emerging promising technologies
to further the potentials of 3D imaging;
however, these are outside of the scope
of this article [37].

Medical three-dimensional
printing is a novel technology
closely related to diagnostic
imaging

Three-dimensional printing or, more pre-
cisely, additive manufacturing, was in-
troduced in the 1980s [6]. The poten-
tial for life sciences was quickly recog-
nized and printing of the first medical
image-derived anatomic models started
in the early 1990s [19]. Over the past
decade, the market share of 3D printers
began to rise exponentially, and medical
3D printing is being evaluated in many
medical disciplines [5]. A lot of differ-
ent techniques and materials for creating
3D objects from virtual 3D models have
been developed in the meantime. A short

overview of the most relevant technolo-
gies in medical 3D printing is provided
in @ Table 1.

Three-dimensional imaging proved to
bean excellent source of data for 3D print-
ing [22]. As experts in virtual 3D image
reconstruction, radiologists may trans-
fer their existing work to a 3D printer
to produce individualized models [12].
There are many possible applications for
3D printing in medical education, re-
search, and patient care, ranging from
coarse anatomic models sufficient for pa-
tient education, to precise models for
procedural training and patient-specific
models for preprocedural simulation of
complex interventions, to the additive
manufacturing of medical products such
as surgical guides and implants. Albeit
different in nature, the corresponding
printing results all share the purpose of
aiding preparation or execution of med-
ical interventions.

Many 3D printers may be operated
rather intuitively; however, expertise
is needed to achieve reliable and re-
producible results [3]. A subgroup of
3D printers have become an affordable
on-site technology. Albeit somewhat
arbitrarily, 3D printers can be catego-
rized into entry-level, hobbyist, enthusi-
ast, professional, and industrial quality.
Hardware investment for printers us-
ing fused deposition modelling (FDM)


https://doi.org/10.1007/s00117-020-00739-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s00117-020-00739-6&domain=pdf

Table 1

Technologies for medical three-dimensional (3D) printing

3D print- Principle Pros
ing
method
Fused de- Material extrusion: Cheap
position filaments of thermic Many different materials
modelling  plastic on spools are PLA biocompatible
(FDM) heated and extruded in  Printing two materials (e.g., two
multiple layers through  colors or water-soluble support
anozzle material)
Stereo- Photopolymerization: High spatial resolution
lithography liquid photopolymers  High surface quality
(SLA) are polymerized layer Thin structures
by layer through laser ~ Great material choice
light
Multijet Material jetting: High spatial resolution
printing a printer head jets High surface quality
(MJP) material or multiple Blending/mixing of materials
materialsin layers, ana-  Soluble or melting support mate-
logue to inkjet printers  rial
Freedom of part geometry
Printing of assembly groups in one
(e.g., ball bearing)
Binder Powder bed fusion: Fast
jetting inkjet-like printer head  Full colored, solid parts
applies a liquid binding  No printed support structures
adhesive agent to needed
layers of powdered Freedom of part geometry
material
Selective Powder bed fusion: Many materials, from plastics to
laser sin- sintering or molding noble metals
tering/ layers of granular mate- Good mechanical properties of
molding rial in material bed by parts (especially metals)
(SLS/SLM)  laser No printed support structures

needed
Freedom of part geometry

Cons

Needs printed support material
Nozzle size limits spatial resolution
Visible layering

Reduced thermic resistance

Only one kind of material per
model

Support structures of same mate-
rial

Susceptible to UV light

Expensive
Material shrinking (~19%)

Less mechanical endurance
Handling of powdered material
Excess material in printer bed only
partly reusable

Expensive

Thermal strain with risk of deforma-

tion

Coarse surfaces, metals need fur-
ther machining

Handling of granular or powdered
material

Excess material in printer bed usu-
ally not reusable

Investment

Printers from ~150 € (entry
level)

Professional ~1000 €

Material 20-80 €/kg

Price of sample®in PLA: 13.17 €

Printers from ~230 € (entry
level)

Professional ~1500-3000 €
Material 60-250 €/kg

Price of sample” in standard
resin: 28.16 €

Printers starting at ~50,000 €
Material ~200 €/kg

Price of sample® in multicolor:
36.82¢€

Printers starting at ~50,000 €
Leasing alternatively available
Price of sample”in Nylon:
22.40¢€

Printers starting at ~10,000 €
(plastics)

Price of sample® in flexible
plastic: 56.91 €

Printers ~80,000 € to
>250,000 € (metals)

Price of sample® in aluminum:
183.54¢€

“To compare exemplary printing costs, a simplified sample model file of a cube with 3cm edge length was uploaded to a randomly chosen online 3D

printing service (www.all3dp.com)

or stereolithography (SLA) technology
starts in the range of only a few hundred
euros and material prizes start as low as
20€ per kg (FDM filaments) when in-
cluding entry-level machines (B Table 1).
Printers of the seemingly more appropri-
ate enthusiast or professional categories
start at a few thousand euros. With mod-
erate hardware investment and material
costs, little need for laboratory space,
already great and growing choice of ma-
terials, and spatial resolutions down to
the low two- or even one-digit microm-
eter range, SLA printers have become
quite popular and are used in many
medical 3D printing laboratories. At the
other end of the spectrum, industrial-
quality printers reach the price range of

several hundred thousand euros. They
also come with higher operating costs
and more challenging logistics.

For the production of classified medi-
cal products, i.e., surgical guides and im-
plants, radiologists usually need merely
provide exquisite 3D-source imaging
data, while postprocessing and com-
puter-aided design (CAD) construction,
as well as manufacturing, is performed
by engineers. However, in light of an
already existing demand for printing of
anatomic models for research and edu-
cation and with on-site printing facilities
for medical products on the horizon, ra-
diological expertise would seem highly
valuable for on-site 3D printing labora-
tories.

This article addresses basic require-
ments and considerations for an on-
site 3D printing laboratory for anatomic
models, explains an exemplary SLA
3D printing workflow, and introduces
some exemplary possibilities of individ-
ualized medical 3D printing. These steps
have the intention of providing patients
with top-level precision medicine and
personalized therapy.

Requirements

Basic requirements for a 3D printing
laboratory start with access to suitable
3D imaging data. Appropriate imag-
ing parameters have been published by
the Radiological Society of North Amer-
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Abstract

Three-dimensional (3D) imaging has been
available for nearly four decades and is
regarded as state of the art for visualization
of anatomy and pathology and for procedure
planning in many clinical fields. Together
with 3D image reconstructions in the form
of rendered virtual 3D models, it has helped
to better perceive complex anatomic and
pathologic relations, improved preprocedural
measuring and sizing of implants, and
nowadays enables even photorealistic
quality. However, presentation on 2D displays
limits the 3D experience. Novel 3D printing
technologies can transfer virtual anatomic
models into true 3D space and produce
both patient-specific models and medical

devices constructed by computer-aided
design. Individualized anatomic models

hold great potential for medical and patient
education, research, device development
and testing, procedure training, preoperative
planning, and fabrication of individualized
instruments and implants. Hand in hand with
3D imaging, medical 3D printing has started
to revolutionize medicine in certain fields
and new applications are developed and
introduced regularly. The demand for medical
3D printing will likely continue to rise, as it

is a promising tool for plastic preparation

of medical interventions. However, there is
ongoing debate on the appropriateness of
medical 3D printing and further research on its

efficiency is needed. As experts in 3D imaging,
radiologists are not only capable of advising
on adequate imaging parameters, but

should also become adept in 3D printing to
participate in on-site 3D printing facilities and
randomized controlled trials on the topic, thus
contributing to improving patient outcomes
via personalized medicine through patient-
specific preparation of medical interventions.

Keywords

Computer-aided design - Stereolithography -
Radiologists - Quality control - Prostheses and
implants

Dreidimensionale Bildgebung und 3D-Druck zur plastischen Vorbereitung medizinischer Eingriffe

Zusammenfassung

Die dreidimensionale (3D) Bildgebung steht
seit fast vier Jahrzehnten zur Verfiigung und
gilt als State of the Art fiir die Visualisierung
von Anatomie und Pathologie sowie fiir

die Therapieplanung in vielen klinischen
Bereichen. Zusammen mit 3D-Bildrekonstruk-
tionen in Form von gerenderten virtuellen
3D-Modellen hat sie dazu beigetragen,
komplexe anatomische und pathologische
Zusammenhénge besser zu verstehen und die
préprozedurale Vermessung und Groenbe-
stimmung von Implantaten zu verbessern.
Heute kann dabei sogar fotorealistische
Bildqualitét erreicht werden. Die Betrachtung
auf 2D-Displays schrankt jedoch die 3D-Per-
zeption ein. Neuartige 3D-Drucktechnologien
konnen virtuelle anatomische Modelle in den
echten 3D-Raum iibertragen und erlauben
die Herstellung sowohl patientenspezifischer
Modelle als auch mittels CAD (,computer-

aided design”) konstruierter medizinischer
Gerdte. Individualisierte anatomische
Modelle bergen ein groBRes Potenzial fiir

die medizinische Lehre und Forschung,
Patientenaufklarung, Gerdteentwicklung und
-priifung, fiir Operationskurse, praoperative
Planung und Herstellung individualisierter
Instrumente und Implantate. Zusammen mit
der 3D-Bildgebung hat der medizinische 3D-
Druck begonnen, die Medizin in bestimmten
Bereichen zu revolutionieren, und es werden
regelmafig neue Anwendungen entwickelt
und eingefiihrt. Die Nachfrage nach medizi-
nischem 3D-Druck als ein vielversprechendes
Werkzeug fiir die plastische Vorbereitung
von medizinischen Eingriffen wird wahr-
scheinlich noch steigen. Andererseits wird

in der wissenschaftlichen Debatte kritisch
hinterfragt, wann medizinischer 3D-Druck
angemessen ist, und zur Beurteilung der

Effizienz des Verfahrens sind weitere Studien
erforderlich. Als Experten auf dem Gebiet
der 3D-Bildgebung kdnnen Radiologen nicht
nur zu addquaten Bildgebungsparametern
beraten und optimale 3D-Bilddaten liefern.
Vielmehr sollten sie sich auch selbst mit dem
3D-Druck vertraut machen, um als Partner
an lokalen 3D-Druck-Enrichtungen und an
randomisierten kontrollierten Studien zu
diesem Thema teilzunehmen und so dazu
beizutragen, die personalisierte Medizin
mittels patientenspezifischer Vorbereitung
medizinischer Eingriffe voranzubringen.

Schliisselworter

Computer-aided Design - Stereolithographie -
Radiologen - Qualitdtskontrolle - Prothesen
und Implantate

ica (RSNA) 3D Printing Special Interest
Group [8].

For segmentation and rendering of
anatomic details of interest, many differ-
ent software solutions are available to fit
specific requirements or personal prefer-
ences. Recent research in 3D segmenta-
tion and rendering focuses on automa-
tion, e.g., using artificial intelligence [9].
However, to produce anatomically pre-
ciseand reproducible models ofa patient’s
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individual anatomy, it is still important
to confirm correct results in every step
of the 3D printing process, i.e., to imple-
ment quality control mechanisms, which
requires expertise of specialized person-
nel [23].

Careful consideration is necessary
with regards to the intended use of the
3D printed parts. If they classify as
medical products there are complex le-
gal and safety issues [33]. For additive

manufacturing of surgical instruments,
devices, and implants, which qualify as
class II and class III medical products,
the whole manufacturing process has to
be certified, e.g., Food and Drug Admin-
istration (FDA) approved or CE marked
(other local regulations may apply), in-
cluding all software used [29]. More
and more clinical imaging software so-
lutions, which must be certified for use
in patient care per se, offer extensions
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for exporting 3D printable file formats.
Usually, standard triangulation language
(STL) files are created [12]. One has to be
aware that with the creation and export
of a 3D printable file, the clinical imaging
software’s range of validity ends and the
further workflow may not be covered
by the certification. To the best of the
authors’ knowledge, there is currently
only one FDA-approved and CE-marked
software solution for further processing
of STL files commercially available for
end users [16]. As an alternative option
in education and research there is well-
documented software distributed as open
source, with vibrant user communities
as sources of information and help (good
overviews have been published by Virzi
et al. [39] and Hodgdon et al. [20]).
Choosing the right 3D printer hard-
ware for a printing laboratory can be
a challenging task. Many details have to
be considered, suchas the size of the mod-
els, the type, quality, and cost of materials,
spatial resolution, the possibility of print-
ing multiple materials or different colors
in one model, and available laboratory
space among other resources. There is
definitely not a “one-stop shop” solution,
and with multiple different printing tech-
niques, vendors, and models on the mar-
ket and frequent emergence of new prod-
ucts, one might fear misinvestment. An
in-depth discussion of different printing
techniques and properties of the diverse
materials is out of the scope of this arti-
cle. @Table 1 provides an overview over
the main printing techniques and oth-
ers have published helpful information
regarding material choice [15]. Help-
ful sources of information are also pro-
vided by local academic societies in the
form of scientific meetings and hands-
on courses [4], the 3D Printing Special
Interest Group of the RSNA with online
resources and publication of guidelines
[8], as well as the pertinent journal 3D
printing in Medicine [40]. On the other
hand, both industrial partners and aca-
demic (non-medical) 3D printing core
facilities provide 3D printing as a ser-
vice, which is an option with minimal
investment for getting projects started.
Depending on the chosen printing
technology, specific occupational health
and environmental safety issues need to

be considered. Storing, handling, and
disposing of noxious printing materials
as well as supplementary chemicals and
their vapors may be detrimental both for
the personnel and the environment. In
SLA printing, for example, there is a risk
of formation of resin aerosols and volatile
organic compoundsthatcanbeaddressed
by sufficient ventilation [36]. The han-
dling of metal powders and inert gases
in SLM on the other hand is far more
complex. Excess material and debris of
the production process might classify as
hazardous waste. Recycling of unused
materials is not an option in many cases
for quality reasons [18]. Thus, the ex-
tent and quality of 3D printing should,
in the authors’ opinion, be monitored
to avoid excess printing, particularly if
the product is intentionally short lived or
of questionable appropriateness, bearing
the likelihood of forming the waste of
tomorrow without justification through
an increased quality of patient care.
Three-dimensional printing canbe ex-
pensive and, until recently, reimburse-
ment for 3D printing of anatomic models
was basically nonexistent. In 2018, the
American College of Radiology (ACR)
was able to take a step forward when the
American Medical Association (AMA)
accepted their proposal for temporary
“current procedural terminology” codes
(i.e., category III CPT codes), allowing
for reimbursement of individualized 3D-
printed anatomic models and surgical in-
struments for a preliminary period of
5 years starting in 2019 [35]. For perma-
nentreimbursement of 3D printing appli-
cations to become established around the
world, there is a need for more random-
ized controlled trials (RCT) to elucidate
their effectiveness. To date, results are
somewhat inconsistent, e.g., in different
fields of surgery. Recent meta-analyses
of RCT on treatment of tibial plateau
and pilon fractures showed significantad-
vantages of 3D printing-assisted surgery
in terms of operation time, blood loss,
postoperative functional score, postop-
erative pain, rate of excellent and good
outcome, and rate of anatomic reduction
compared to conventional techniques [2,
41]. On the other hand, a group of
Swiss dental surgeons who conducted
an RCT comparing conventional versus

computer-aided planning and 3D print-
ing-assisted placement of implants seems
hesitant as to whether the observed gain
in accuracy and precision would justify
the rise of 20-31% in overall economic
costs [31, 32].

Exemplary three-dimensional
printing workflow

The steps it takes to manufacture a 3D-
printed object from 3D imaging data are
very similar for different applications
and printing techniques. These include
(a) production of applicable 3D imag-
ing data, (b) segmentation of anatomic
regions of interest, (c) generation of
a 3D printable file (STL), (d) postpro-
cessing of the STL file to create the model,
(e) transfer of the designed model to
the printer and printing, (f) cleaning
and curing the printed model, and, fac-
ultatively, (g) further processing of the
model (e.g., grinding, drilling, additional
conventional machining).

Accurate anatomic three-
dimensional models can be printed
on-site by stereolithography

A detailed description of the authors’ SLA
printing workflow for hollow 3D mod-
els of intracranial arteries that are used
for individualized simulation of intracra-
nial vascular interventions, e.g., stent-as-
sisted coiling of intracranial aneurysms,
is presented exemplarily (B Figs. 1, 2, 3, 4
and 5). SLA printing takes roughly one
day from a 3D image stack to the fi-
nal 3D-printed object. The first task
is defining, segmenting, and rendering
the anatomic structures of interest from
the imaging data. For complex models
including different anatomic structures,
each part must be segmented individu-
ally. @Fig. 1 shows segmentation of the
vertebrobasilar arteries in a patient with
an aneurysm of the intradural segment
of the left vertebral artery using contrast-
enhanced CT angiography as the imag-
ing source and the corresponding vol-
ume rendering result. It is important to
check for accuracy of the segmentation
results by comparison with the source
images, e.g., using mask overlay in mul-
tiplanar reformations. The segmented
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Fig. 1 < Multiplanar
reconstruction of a con-
trast-enhanced CT angiog-
raphy in a axial, c sagittal,
and d coronal views is
used to segment the ver-
tebrobasilar arteriesin

a patient with an intradural
aneurysm (asterisk) of the
left vertebral artery (black
arrow) using a combina-
tion of filtersin 3D slicer
(slicer.org). The rendered
virtual model (b) is then
exported as a standard
triangulation language file
(white arrow basilar artery)

Fig. 2 A Pitfallsin postprocessing of the primary standard triangulation language file (a). b Check for integrity of the triangle
mesh. Defects (white arrow in e) must be repaired. If mesh density is set too low (blue circles in cand d), structures get sharp
edges and lose form. Overuse of smoothing filters (f-h) not only flattens coarse surfaces (black arrows), but deforms and re-
duces thin details (white arrows)

parts are then converted into an STL
file, where surfaces are represented as
meshes of small triangles. STL files usu-
ally need further processing according
to the intended use of the model. In the
presented example for printing hollow
models of intracranial vasculature, the
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segmented vessels represent a negative
for the model to be designed. It is impor-
tant not to erroneously alter the virtual
model, e.g., by too much smoothing, and
to check the sizing and integrity of the
mesh (BFig.2). For hollow models an
outer hull is CAD constructed. By sub-

tracting the file representing the source
vessel from this hull, the model receives
a lumen identical to the original vessel
(B Fig. 3). Further modifications are pos-
sible, such as attachment of connectors
to fit the tubing of a flow model simula-
tor. Depending on the required anatomic



Fig. 3 A Thefinal printable standardtriangulationlanguage (STL) model. aTransparentview allows for
verification of vessel lumen patency and correct positioning of the connectors. The model was com-
puter-aided design-constructed by expanding a copy of the source model file for 3 mmiin all spatial
directions to create the hull (surface rendering of b) and subtraction of the source STL file to “cut out”

the vessel lumen

detail, complexity, and size of the model,
anything from about one to a few hours
may be needed for the construction of
the virtual model.

In the next step, the finalized virtual
model is transferred to the printer’s soft-
ware. Here, it is virtually placed on the
building platform in a way that allows for
sufficient stability, correct positioning of
support structures, and easy drainage of
excess liquid resin (B Fig.4). Again, it
must be ensured that the size of the model
is not accidentally altered. The most
time-consuming part is the 3D print-
ing itself, because the process of step-
by-step photopolymerization of layers of
resin only a few micrometers thin takes
several hours. The main factor with re-
spect to printing time is the height of
the model. Typically, printing may be
performed overnight. However, when
printing a complex model with uncertain
mechanical properties for the first time,
it may be wise to monitor the printing
process closely to prevent failure.

Once successfully printed, the model
is carefully removed from the building
platform and cleaned of excess lig-
uid resin. The support structures are
removed (BFig.5) and the model is
exposed to ultraviolet (UV) light in
a dedicated UV light chamber for an-
other 60-120 min to harden the material.
Further processing such as grinding for
better transparency of clear resins may
need more time. If intended for re-

search or preparation of therapeutic
interventions, models should be tested
for accuracy and reproducibility. If
specific regulations do not exist, this
may be done by applying standardized
measurements of representative features,
e.g., with a sliding caliper, and compar-
ison to measurements acquired in the
source 3D imaging study [16]. Hollow
vascular models can be re-scanned with
a 3D imaging modality of choice. The
result can then be compared with the
source imaging by overlay of the images
and calculation of the difference [23].
Differences of less than 0.5-1mm are
achievable, comparable to the accuracy
of measurements in clinical diagnostic
imaging (@ Fig.6).

Exemplary applications of
medical three-dimensional
printing

Based on the type of printing result
and its intended use, 3D printing in
medicine can be categorized in to three
main groups.

For 3D printing of surgical implants
and devices, the highest quality stan-
dards apply, identical to competing con-
ventional manufacturing processes that
usually cannot be met in a bedside setting
[33]. Examples are metal orthopedic im-
plants for hip, knee, and spinal surgery
manufactured by selective laser melting
(SLM). The benefits of using 3D print-

ing in this category are often more on
the side of productivity and cost advan-
tages as well as the possibility of man-
ufacturing complex geometries that are
difficult to achieve with conventional ma-
chining alone. SLM results require con-
siderable postprocessing, including addi-
tional conventional machining, e.g., for
cutting screw threads.
Three-dimensionally printed prod-
ucts for temporary contact with patients
form the second group. As an example
of external aids, the production of 3D-
printed individualized casts was shown to
improve comfort and satisfaction of pa-
tients with radial fractures, with effective
healing and without cast complications
[7]. The authors used SLA printing for
their prototypes, but emphasize that their
casts, CAD-constructed from 3D imag-
ing data of a photometric surface scanner,
could theoretically be printed with arbi-
trary 3D printers and printing methods
on site, provided requirements for ma-
terial properties are met [24]. There are
also commercially available applications
in orthopedic surgery which promise
to improve implant positioning and
reduce operative time, intraoperative
blood loss, and length of hospital stay
through image-derived 3D printing of
individualized instruments and guides,
e.g., in knee and shoulder arthroplasty.
For patient-specific instrumentation in
total knee arthroplasty, surgical guides
are adjusted to the patient’s individ-
ual anatomy by the vendors’ engineers,
using CAD in combination with pre-
operatively acquired 3D CT images.
These guides are 3D printed, sterilized,
and then used intraoperatively to define
the osteotomy planes for precise place-
ment of the chosen endoprosthesis parts.
However, there is ongoing debate on the
efficacy. Some groups show advantages
of patient-specific instrumentation for
alignment of some but not all prosthesis
components as well as for reduction of
operative time and perioperative blood
loss, but no difference in the length
of hospital stay [17]. Contradictorily,
other groups report that patient-spe-
cific instrumentation does not result in
clinically meaningful improvement in
alignment, fewer outliers, or better early
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Fig. 4 A Printing preparationwith PreForm (www.formlabs.com). a Several standard triangulation language modelfiles (blue)
are placed on the virtual building platform and support structures (grey) are positioned. b Verification of empty model lumen.
Nostructures are allowed inside the model lumen (white arrow). Beware of plungers (yellow areain c), which prevent drainage
of excess resin and intraluminal support structures (d black arrows) that may obstruct the model

Fig. 5 A Successfully three-dimensionally printed hollow vascular model. The support structures in
a are carefully removed with pliers. After ultraviolet light curing, the vascular model (b) is ready for use

patient-reported outcome measures, and
it does not reduce operation time [21].

Given the requisite industrial back-
ground and legal considerations in the
production and distribution of medical
products for permanent or temporary
use in patients, widespread on-site man-
ufacturing of metal implants or plas-
tic guides is not yet implemented and
radiologists need merely provide ideal
3D-source imaging, as described above.
However, there is some overlap with on-
site facilities, for example in the plan-
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ning of maxillofacial surgery. Procedure
planning for corrective facial osteotomy
may be performed in virtual 3D mod-
els on site. Cut planes and repositioning
of the facial bones are planned virtually,
and after approval of the virtual result
by the surgeon, the virtual model is used
for manufacturingindividualized drilling
and osteotomy templates, as well as for
contouring or additive manufacturing of
the hardware, by engineers of the man-
ufacturers [30].

Anatomic models are a good
starting point for on-site three-
dimensional printing laboratories

Three-dimensional printing of anatomic
modelsrepresents the third group and has
a great variety of applications. In visual-
ization for patient and medical education,
models do not necessarily qualify as med-
ical products. Therefore, no certification
and industrial standard quality control is
needed. Thismaybeagood starting point
for 3D printing projects with relatively
low barriers. Apparently, 3D printing of
anatomic modelshasbecome socommon
that even laymen with access to home-
user 3D printing equipment are able to
produce them. Recently, one of the au-
thors™ elderly patients brought a model
of his own intracranial vasculature to the
preprocedural workup for endovascular
treatment of his dural arteriovenous fis-
tula—his son had printed it from a time-
of-flight MRI angiography using an FDM
printer (@ Fig. 7).

If anatomic models are used for aiding
in diagnosis, for procedure planning or
procedural training, for research, for pre-
clinical device testing, or device develop-
ment, higher quality requirements usu-
ally apply, as mentioned above. Three-
dimensional models for diagnosis and
procedure planning have been proven
to impact upon the surgeon’s decision
regarding operative approach or tech-
nique. In an international multicenter
study, Valverde et al. observed that addi-



DSC: 0.92
: HD: 0.49 mm

Fig. 6 < Quality control of
hollow vascular models.
Comparative measure-
mentsinathesource CTan-
giography dataandba CT
scan of the derived three-
dimensionally printed
model, filled with iodinated
contrast. c After segmen-
tation of the model’s con-
trast-filled lumen (brown)
it can be compared to the
original vessel segmenta-
tion (green) shown as an
overlay. A Hausdorff dis-
tance of less than 0.5 mm
and a Dice similarity co-
efficient of >0.9 show

high similarity of the two
segmentations

Fig. 7 A a Alayman’s home-printed three-dimensional (3D) model of his intracranial vessels, produced using a fused de-
position modelling printer and hand coloring (arteries blue, veins red, support structures undyed). The source image was

a time-of-flight MRl angiography (exemplary volume rendering in b). Only vague depiction of the true extent of pathology,
a complex left-sided dural arteriovenous fistula, was possible with the 3D model

tional 3D printing of anatomic models for
surgical planning of complex congenital
heart defects changed the surgical deci-
sion in nearly 50% of cases as compared to
conventional planning by multimodality
3D imaging (CT, MRI, and 3D echocar-
diography) with virtual 3D image re-
construction by imaging specialists [38].
Goo et al. conducted an in-depth com-
parison between different medical imag-
ing-derived 3D visualization techniques
and 3D printing for congenital heart dis-
ease and also point out that the sought-
after tangibility of printed 3D models is
unparalleled by other methods [18]. In
line with this, the authors wish to em-

phasize that medical 3D printing appli-
cations should always be compared to ex-
pertly performed virtual 3D reconstruc-
tion, presentation, and procedure plan-
ning by imaging specialists.

In the authors’ center, 3D printing of
hollow vessel models of intracranial ar-
teries has been established, as described
above in detail. ‘The printed vascu-
lar models are connected to a mobile
flow simulator (www.flowmodda.com)
that is easily transportable to different
angiography suites. Using standard an-
giographic equipment, the treatment
of different pathologies of intracranial
vasculature can already be simulated for

educational purposes (BFig. 8). With
individualized, patient-specific models,
it is possible to simulate challenging
intracranial interventions, e.g., coiling
of complex intracranial aneurysms [14].
The authors are on the way to imple-
menting quality control mechanisms that
will allow further use of these models
for development and preclinical testing
of novel endovascular devices.

Outlook

Three-dimensional printing has already
greatly affected medicine and will likely
become a game-changer in a rising num-
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Fig. 8 A Exemplary setup in the angiography suite for training of endovascular treatment of intracranial aneurysms (Flow
Models for Deployment of Devicesin Aneurysms, FlowModda, www.flowmodda.com).a The three-dimensional (3D) modelis
connected toafluid circulation system and immersed in water inside the transparent box representing a patient’shead. b The
model is accessed through silicone tubing with standard angiographic equipment, simulating transfemoral approach.c A
transparent 3D model allows for parallelimaging by angiography (upper flatscreen monitor) and USB camera (laptop screen)

ber of medical fields as well as for ven-
dors of medical products. Clinical ra-
diology has an important role in med-
ical 3D printing, as it provides the ap-
propriate source imaging data. Radiolo-
gists themselves will likely benefit from
3D printing through novel possibilities of
education, procedural training, and in-
dividualized simulation of interventions,
as well as from development of novel im-
plants and devices for endovascular min-
imally invasive treatment to provide pre-
cision personalized medicine. However,
the efficacy of many medical 3D print-
ing applications is still of debate and re-
quires further investigation. Looking at
the Gartner Hype Cycle for emerging
technologies, the peak of inflated expec-
tations still lies before us, and a trough
of disillusionment will inevitably follow
[1]. On the other hand, this means that
the demand for medical 3D printing will
very likely keep growing throughout the
current decade. Expert personnel with
in-depth knowledge of 3D printing tech-
niques will therefore become an invalu-
able human resource both for on-site
printing laboratories and as advisors for
external printing services.

Radiologists need to be familiar with
3D printing and should participate in lo-
cal 3D printing laboratories, ideally in
executive or advisory positions. It seems
wise for radiologists to educate them-
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selves accordingly and join the 3D print-
ingsubspecialty groups of the differentra-
diological societies. Three-dimensional
printing is time consuming and depends
on expert manpower that is not yet ade-
quately financed around the world. Ra-
diologists should support the efforts to
establish appropriate reimbursement, as
the has ACR proved possible [27]. One
important option is to participate in or to
initiate RCT to further elucidate the ben-
efits and efficacy of medical 3D printing
in a great variety of possible applications.
Thus, radiologists may help to reach the
plateau of productivity that the Gartner
Hype Cycle suggests [1].

Conclusions

== Medical 3D printing has come to
stay, and radiologists should acquire
expertise to advise on appropriate
3D imaging and become leading
experts in 3D printing laboratories.

== The 3D printing of patient-specific
anatomic models is highly accurate
and represents an option to prepare
medical interventions with realistic
haptic feedback and superior concep-
tion of spatial relations in comparison
to 3D imaging.

== On-site 3D printing has become
an affordable option, especially

for education, research, procedure
simulation, and treatment planning.
== For interventional radiologists,
3D printing offers novel possibilities
for training and individualized
preparation of interventions.
== Radiologists should initiate or partic-
ipate in multicenter RCT on medical
3D printing, to elucidate the ap-
propriateness and possibly establish
adequate reimbursement of medical
3D printing.
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