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While use of advanced visualization in radiology is instrumental

in diagnosis and communication with referring clinicians, there is
an unmet need to render Digital Imaging and Communications

in Medicine (DICOM) images as three-dimensional (3D) printed
models capable of providing both tactile feedback and tangible
depth information about anatomic and pathologic states. Three-
dimensional printed models, already entrenched in the nonmedical
sciences, are rapidly being embraced in medicine as well as in the
lay community. Incorporating 3D printing from images gener-
ated and interpreted by radiologists presents particular challenges,
including training, materials and equipment, and guidelines. The
overall costs of a 3D printing laboratory must be balanced by the
clinical benefits. It is expected that the number of 3D-printed mod-
els generated from DICOM images for planning interventions and
fabricating implants will grow exponentially. Radiologists should at
a minimum be familiar with 3D printing as it relates to their field,
including types of 3D printing technologies and materials used

to create 3D-printed anatomic models, published applications of
models to date, and clinical benefits in radiology. Online supplemen-
tal material is available for this article.

©RSNA, 2015 » radiographics.rsna.org

SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME activiry, participants will be able to:

m Describe the imaging, postprocessing, and equipment requirements to make a 3D-

printed model from standard radiologic images.

m Identify the advantages and disadvantages of the various technologies and materials

available for 3D-printed models.

m Discuss the existing literature and evidence base on the use of 3D-printed models in

medicine and describe future applications of 3D medical printing.

See www.rsna.orgleducation/search/RG.

Introduction
The radiology “three-dimensional (3D) laboratory” emerged from
academic radiologists who developed and implemented software
tools to reformat diagnostic images, most commonly from com-
puted tomography (CT), in anatomic as opposed to traditional

planes (1,2). Volume rendering portrayed on a two-dimensional (2D)

monitor has enabled 3D visualization of anatomy and pathologic
conditions, which has broadly affected radiology and provided an
important method for radiologists to communicate pertinent find-

ings to medical care teams. Early work in the field typically required
a separate, dedicated workstation that processed Digital Imaging and

Communications in Medicine (DICOM) images transferred from a
CT scanner capable of generating isotropic or near-isotropic thin-

section images. Although early 3D visualization was not reimbursed,
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TEACHING POINTS

B Three-dimensional printers do not accept DICOM images. In-
stead, 3D printers understand individual objects (or “parts”)
defined by surfaces that enclose a region of space. A standard
file format to define these surfaces is Standard Tessellation
Language (STL). The STL format defines surfaces as a collec-
tion of triangles (called facets) that fit together like a jigsaw
puzzle.

B |n theory, a 3D medical model can be printed from any volu-
metric imaging dataset that has sufficient contrast to differen-
tiate tissues. The imaging data may also be a fusion of images
from different (even nonmedical) imaging modalities. CT im-
ages are most commonly used for 3D printing because of the
wide spectrum of applications and the relative ease of image
postprocessing.

B Manipulating DICOM images for 3D printing involves accu-
rate segmentation of the desired tissues by placing regions of
interest (ROIs) around them and then refining the STL repre-
sentation of the ensemble surface defined by these ROls. The
refinement step is new to radiologists and generally requires
specialized software and skills used primarily in engineering
applications.

B There are seven groups of specific 3D printing technologies:
vat photopolymerization, material jetting, binder jetting, ma-
terial extrusion, powder bed fusion, sheet lamination, and di-
rected energy deposition.

B |n addition to implant fabrication, the role of 3D-printed mod-
els from DICOM images continues to expand and is fueled by
the growing realization that intraoperative utilization of 3D
images is not as efficient as having a physical model identical
to patient structures, particularly for highly complex interven-
tions. Further reductions in morbidity, mortality, and operat-
ing room time are inevitable.

the field advanced to satisfy an increasing clini-
cal demand. Today, thin-client software (shared
software stored on a central server) integrated
into an institution’s picture archiving and com-
munication system (PACS) can be launched as
needed, and reformatted images are permanently
archived as an indispensable component of the
patient’s medical record.

A “3D printing laboratory” in radiology is now
likely to emerge, with some parallels to and differ-
ences from early 3D laboratories. Although overall
3D printing costs continue to decrease, start-up
expenses without near-term reimbursement will
likely limit early adoption to radiologists currently
proficient in advanced visualization. However,
creating accurate 3D-printed models requires an
additional fund of knowledge and mastery of new
technical skills to generate unique printable file
formats recognized by 3D printers. Early-adopter
radiologists must invest in developing and honing
these skills. Over time, these skills will be incor-
porated into training programs and implemented
with use of software that is better integrated to ra-
diology workflow, facilitating the pathway for most
or all radiologists to use a 3D printer as a step to
improved patient care.

radiographics.rsna.org

The field of 3D printing emerged in the non-
medical sciences primarily to fill the need for
rapid engineering of design prototypes. Thus,
the first challenge addressed in this review is to
learn the entrenched engineering nomenclature,
including the types of 3D printers and materi-
als available. We prioritize technologies used for
printing from medical images as reported in the
biomedical imaging literature, including those
used to design customized 3D-printed implants.
Radiologists who can grasp the underlying con-
cepts will be poised to become integral members
of future teams that will shape the field.

The physical space and financial investment
required for early radiology-based 3D printing
laboratories will be greater than those for early
3D visualization laboratories. Another important
challenge is the time investment required of al-
ready-busy radiologists to maintain an innovative
leadership role in a dynamic field. However, ac-
cording to Wohlers Report 2013 (3), there has been
a notable increase in the growth rate of 3D print-
ing market revenue. While the compounded an-
nual growth rate of all 3D printing—related prod-
ucts and services was 25% during the 25-year
period before 2010, growth between 2010 and
2012 alone was 27%. Despite the overall growth
of 3D printing, it is likely that reimbursement for
3D-printed models will follow the establishment
and acceptance of evidence-based guidelines.
The authors have printed over 8000 medical 3D
models between 2003 and the present at the 3D
Medical Applications Center in the Department
of Radiology at Walter Reed National Military
Medical Center. At least 7500 of these models
have been from CT DICOM images. The authors
have also served as principle investigators over
the last 3 years for National Institutes of Health
grants and Department of Defense contracts that
substantially use 3D printing to meet the specific
aims. On the basis of this collective experience,
we comprehensively review current data arranged
by organ system as a framework for radiologists
to master the technology and contribute to schol-
arship in the field. The literature to date is largely
formed by case reports; while complex studies
continue to emerge, more work with a focus on
clinical benefits is needed to form guidelines and
support reimbursement.

A handheld printed model derived from DI-
COM images represents a natural progression
from 3D visualization, and demand for interven-
tional planning is poised to increase as the tech-
nology becomes more available. Radiologists who
embrace and master this technology early in its
implementation will help define appropriate clini-
cal indications, develop tools for 3D printing, and
advance the state of the art of medicine.
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Principles of 3D Printing
Since its inception in 1986, additive manufac-
turing has used a digital model to manufacture
a 3D solid object. The process, also known as
rapid prototyping, expanded widely in the 1990s
in architecture and manufacturing. The terms
additive manufacturing and rapid prototyping are,
for the purpose of this review, synonymous with
3D printing. We adopt the term 3D printing be-
cause it is most widely recognized and will be
the simplest term for radiologists to use in com-
munication with other physicians. In 2013, the
Radiological Society of North America (RSNA)
launched an educational program on 3D print-
ing in education (4), and the term 3D printing is
currently a subcategory for the RSNA Scientific
Assembly and Annual Meeting in the parent cate-
gories of scientific presentations, applied science,
and educational exhibits.

Three-dimensional printing in radiology includes
the fabrication of organs depicted on DICOM im-
ages. However, 3D printers do not accept DICOM
images. Instead, 3D printers understand individual
objects (or “parts”) defined by surfaces that enclose
a region of space. A standard file format to define
these surfaces is Standard Tessellation Language
(STL). The STL format defines surfaces as a col-
lection of triangles (called facers) that fit together
like a jigsaw puzzle (Fig 1). A newer format called
Additive Manufacturing File Format (AMF),
which was approved by ASTM International in
June 2011, has been designed to overcome many of
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Figure 1. Process of 3D printing. (a) Individual
tissues depicted on DICOM images are seg-
mented (skin and bone from nonenhanced CT
images [left two images]; venous and arterial lu-
mina from contrast-enhanced CT images [right
two images]). (b, ) The structures are converted
to nonoverlapping (b) and triangulated (STL-
format) (c) surfaces that enclose the space oc-
cupied by each segmented tissue. A 3D printer
can then fabricate these “parts,” defined in STL
individual files, potentially with different colors or
hard or elastic material.

the limitations of the simple STL format, such as
enabling the user to incorporate features including
surface texture, color, and material properties into
each part (5).This format ideally fits the richness of
tissues differentiated with present-day imaging mo-
dalities (eg, producing elastic vascular models with
embedded plastics to represent calcifications).

To produce a 3D-printed model, radiologists
define objects of interest by separating struc-
tures on DICOM images on the basis of tissues
and pathophysiology (Fig 1a, 1b; Appendix
[online]). These objects, once they are defined
in STL format, can be 3D printed. This radiol-
ogist-centered process of converting DICOM-
format data into STL-format data is a unique
new requirement compared with traditional 3D
visualization. We conceptually divide the process
into three parts: image acquisition, image post-
processing, and 3D printing.

Image Acquisition

In theory, a 3D medical model can be printed
from any volumetric image dataset that has
sufficient contrast to differentiate tissues. The
imaging data may also be a fusion of images
from different (even nonmedical) imaging mo-
dalities (Fig 2) (6-8). CT images are most com-
monly used for 3D printing because of the wide
spectrum of applications and relative ease of
image postprocessing. The high contrast, signal-
to-noise ratio, and spatial resolution enhance
structure differentiation and minimize partial



RadioGraphics

1968 November-December 2015

volume effects that could limit 3D printing.
Image sections should be reconstructed with
isotropic voxels of 1.25 mm or less (9). Thicker
sections compromise model accuracy, while very
thin sections (eg, <0.25 mm) require extensive
segmentation and STL refinement (see the sec-
tion on “Image Postprocessing™), particularly in
the presence of image artifact. Cardiac models
demonstrate sufficient accuracy with 0.5-mm
sections (10), but thin objects such as the orbital
floor may require thinner sections (11).

Image Postprocessing

Postprocessing in radiology evolved to visualize
volumetric data in any plane and then to render
that volume on a 2D display. Manipulating DI-
COM images for 3D printing involves accurate
segmentation of the desired tissues by placing
regions of interest (ROIs) around them and then
refining the STL representation of the ensemble
surface defined by those ROIs (Fig 3). The re-
finement step is new to radiologists and generally
requires specialized software and skills used pri-
marily in engineering applications. The radiolo-
gist should carefully review the final STL model
against source images for accuracy (Fig 3).

ROI segmentation is both automated (eg,
thresholding, edge detection, region growing)
and manual. Although thresholding (Appendix
[online]) often suffices for CT bone segmenta-
tion because the Hounsfield units are higher than
in surrounding structures (Fig 4a), more complex
algorithms are usually necessary (Fig 4b), such
as dynamic adjustment of the thresholding range.
For example, CT noise or beam hardening may
alter the blood pool attenuation, and if dynamic
region growing is not performed, the segmented
3D model of the blood vessel may contain a
nonanatomic hole or void. “Wrapping” of a seg-
mented region can also be used to generate a
solid model by filling true anatomic voids, such as
those in cancellous bone (12,13). Region growing
is a useful second step to determine whether seg-
mented voxels belong to one or different parts to
be 3D printed. Region growing typically reduces
the burden of the final step, which is manual edit-
ing (“sculpting”) of the 3D ROIs that surround
segmented voxels; this includes manually ma-
nipulating ROI boundaries and manually erasing,
combining, and modifying parts.

After segmentation, most software packages
generate a printable 3D STL model of surfaces
surrounding segmented tissues on the basis of al-
gorithms that preserve anatomic features, such as
interpolation and pattern recognition. The easiest
way to understand this step is as follows: Using
ROIs, radiologists select voxels that enclose a 3D
surface. Conversion of this surface to STL can

radiographics.rsna.org

Figure 2. Files for 3D printing (here bone from a CT
image) can be combined with a soft-tissue represen-
tation (turquoise overlay) acquired from digital pho-
tographic methods. Multimodality image registration
further enhances the planning of an intervention such
as face transplantation by better estimating the rela-
tionship between soft tissues and bone. For advanced
reconstructive surgeries, these methods are critical for
improved functional and cosmetic outcomes.

use any number of triangular facets to fit these
surfaces; too few will compromise anatomic fea-
tures in the 3D-printed model, while too many
will lead to unnecessary roughness in the object
if the segmented surface is not smooth. In our
experience with common clinical scenarios, STL-
based models have no benefit once they exceed a
given threshold of triangles (Table 1).

Although most software packages can save the
segmentation, process segmented surfaces, and
export them as an STL file, the STL conver-
sion is often suboptimal because of segmentation
imperfections. For example, a coronary artery
CT angiogram segmented as consecutive cross-
sectional ROIs defines a surface for volume ren-
dering. However, it cannot be printed because
it is “open,” or does not completely enclose a
volume of space at the ends or branches; to a
3D printer, this ROI surface has no physical
meaning. “Closing” is one example of an STL
refinement required for 3D printing. Other ma-
nipulations include fixing errors such as holes
(eg, gaps between triangular facets) and inverted
normals (defining what is inside versus outside
the part to be printed) and applying local and/or
global smoothing. In this step, the design of addi-
tional parts is performed (eg, designing implants
or adding supports to hold parts of the printed
model in place). Such alterations are unique to
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3D printing and separate it from 3D visualiza-
tion. Software for 3D part manipulation, com-
monly known as computer-aided design (CAD)
or computer-aided manufacturing (CAM)
software, and operator expertise are essential

for accurate 3D printing. Although adequately
trained personnel can perform many steps (Fig
5), adjustments by radiologists are essential to
ensure that the model will be clinically useful.
Our training resource for radiologists (Appendix
[online]) was developed for the 2014 RSNA An-
nual Meeting and is complemented by initiatives
of the U.S. Food and Drug Administration (14)
and the National Institutes of Health (15). When
the adjustments are complete, the data are trans-
ferred to a 3D printing technology, the choice of
which is discussed in the following sections.

Three-dimensional Printing

All 3D printers use data encoded in the STL file
to deposit and then fuse successive 2D layers of
material. This is similar to segmenting a tissue
volume by successively identifying 2D ROIs on
consecutive cross sections that enclose it. Three-
dimensional printing taxonomy and terminology
are rapidly evolving, and thus even relatively
recent publications use different nomenclature
that may cause confusion and miscommunica-
tion. This review focuses on a current, com-
monly accepted classification of 3D printing
technologies (16) adopted as ASTM Standard
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Figure 3. Postprocessing of con-
trast-enhanced CT images of the
abdominal aorta. (a) On coronal
(middle) and axial (right) CT im-
ages, the aorta is segmented by
using thresholding (turquoise in
a and b), and an enclosing STL
surface (3D rendition on left and
red outlines in a and b) is gener-
ated. (b) On the coronal (middle)
and axial (right) CT images, sub-
sequent refinement of the STL
file by using standard smoothing
and wrapping operations may
no longer correctly describe the
anatomy.

F2792 (17); we suggest the use of this nomen-
clature to increase the acceptance of medical 3D
printing. There are seven groups of specific 3D
printing technologies: vat photopolymerization,
material jetting, binder jetting, material extru-
sion, powder bed fusion, sheet lamination, and
directed energy deposition.

There are multiple considerations in choosing
a printing technology. On one hand, important
3D printing parameters include time required
to complete the print, availability, cost of printer
and materials, choice of materials, color capa-
bilities, biocompatibility, sterilization capability,
material temperature and moisture resistance,
transparency, molding or casting properties, and
whether a 3D printer with multimaterial capabili-
ties is necessary. On the other hand, the choice
of a radiologist’s first 3D printer should largely
consider the intended service. This would typi-
cally begin with printing for surgical planning
only. However, a service that includes printing of
custom implants will have a larger scope. Costs
of software, hardware, and materials are impor-
tant factors. This review includes examples where
specific material properties influence the choice
of one technology over another (18,19). This
information is compiled by organ system in the
“Clinical Applications” section.

The first five technologies are those most com-
monly used in medicine. Sheet lamination and
directed energy deposition are less common but
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Figure 4. Comparison of software environment for 3D printing with visualization tools currently used by radiologists.
Screenshots show that generation of an STL file of a skull from CT images uses primarily Hounsfield unit thresholding (a),
while more complex structures such as vascular anatomy (b) require use of additional segmentation methods and sculpting.
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Table 1: Recommended Number of Triangles
Used for 3D Printing of Anatomic Models

Anatomic Model Maximum No. of Triangles™

Skull 600,000
Face 450,000
Mandible 200,000
Femur 300,000
Full spine 850,000

*Finer-detail models (eg, vascular) may require a
higher triangle count.

may show promise in the future. Most technolo-
gies include U.S. Pharmacopeial Convention
class VI or International Standards Organization
10993 materials, which refer to levels of minimal
in vivo biologic reactivity (20). Other than met-
als, which are available primarily with powder
bed fusion and, rarely, material extrusion, few 3D
printing materials are approved for implantation.
One consideration is model sterilization for both
intraoperative use and implantation. Common
techniques include high-temperature (ie, steam,
flash autoclave), chemical (ie, ethylene oxide,
hydrogen peroxide, peracetic acid), and radia-
tion sterilization (21). Generally, printed models,
including surgical guides and polymethyl methac-
rylate (PMMA) implants, require ethylene oxide
or other nonheat sterilization such as vy radiation
(22). Metal (eg, titanium) powder bed fusion
(and potentially nylon [23]) models and some
acrylonitrile butadiene styrene (ABS) material
extrusion models can withstand autoclaving.

Finally, most 3D printers have inherent spa-
tial resolution that is superior (eg, <50 pm in all
axes for material jetting and vat photopolymer-
ization) to that of clinical images. For material
extrusion, printing resolution can be comparable
to image resolution (0.33 mm), but lower cost
and other considerations often render it a useful
3D printing modality.

Vat Photopolymerization.—An example of this
technology is the ProJet 7000 printer manufac-
tured by 3D Systems (Rock Hill, SC). The pro-
cess, more widely known as stereolithography (de-
scriptive video available at hzzp://www. wrnmmc
.capmed.mil/ResearchEducation/3DMAC/SitePages
/Videos/Stereolithography. aspx) or digital light
processing, has three basic components: a high-
intensity light source, a vat of photo-curable liquid
resin, and a controlling system. Successive 2D lay-
ers are sequentially cured by exposing the liquid to
a light source, such as a laser, that illuminates only
the cross section (ROI) of the model perpendicu-
lar to the printer’s z-axis. The resin solidifies on

Mitsouras et al 1971

exposure, and by successively lowering or raising
(for bottom-up printers) the platform, each layer
thickness is solidified until the final layer is com-
plete, after which excess resin is removed and the
model undergoes final curing in a UV chamber.
Finishing may require smoothing of step edges
(light sanding) and application of a UV-resistant
sealant. A recently reported digital light process-
ing technology promises to reduce the mechanical
steps involved in vat photopolymerization, offer-
ing an order of magnitude—faster 3D printing and
potentially building a 5-cm-diameter object in less
than 10 minutes (24).

Vat photopolymerization is frequently used,
particularly for bone. However, materials are rela-
tively expensive (\~$210/kg [3D Systems]) and
require the vat of material to be maintained at a
specific level. Build platform sizes range from less
than 12.5 X 12.5 X 12.5 cm to as large as 210 X
70 X 80 cm. Smaller desktop devices are often
used to fabricate dental models, dental implant
guides, and hearing aids. Postprocessing includes
a solvent rinse (generally in an industrial parts
washer), manual removal of excess resin or mate-
rial, and a UV-B light-curing unit, rendering this
one of the more labor-intensive methods. Photo-
polymer materials are relatively fragile, and their
appearance ranges from water-clear to opaque
white. Newer “ABS-like” materials offer improved
mechanical properties. Clear materials allow high-
lighting of internal structures (eg, nerve spaces,
tumors, teeth, plates) by overexposing the material
to be highlighted, which darkens or colors it.

Material Jetting.—An example of this technol-
ogy is the Objet500 Connex printer (Stratasys,
Eden Prairie, Minn). It is analogous to ink-jet
printing; instead of jetting ink onto paper and
allowing it to dry, these devices jet a liquid pho-
topolymer onto a build tray and cure it with UV
light. Printers spray layers of the part using two
or more jetting heads: one set for the model,
and one set for support material. The tray is in-
crementally lowered layer by layer. The support
material is a gel-like or wax material necessary
to uphold overhangs and complicated geome-
tries, because an overhang in a model cannot be
jetted onto empty space below. The supports are
removed by soaking the model in a mild soap
solution followed by hand removal, using pres-
surized water sprays, or melting.

Material jetting utilizes highly versatile material
and is well suited for medical models. Materials
are relatively expensive (\~$300/kg) but are deliv-
ered in cartridges for as-needed use. Material ex-
piration, defined by a chip located in the cartridge
that alerts the machine to the expiration date
and blocks use after that date, poses a limitation.
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Figure 5. Flowchart shows sample workflow for a radiology-centered 3D printing process. DICOM images are initially pro-
cessed with compatible segmentation software, and the segmented anatomy is reviewed by the radiologist. An STL file of the
selected tissues is then generated. The anatomic parts defined in the STL file can be 3D printed or further manipulated with
compatible CAD software to, for example, design prostheses or produce a support platform to hold the parts in place. Final
preparation of the tangible 3D-printed model (eg, cleaning and sterilization) is required before clinical use.

Different-sized platforms have a maximum size
of 30 X 18.5 X 20 cm. Model postprocessing in-
cludes a solvent rinse (typically mild lye solution)
and water blasting of supports. Larger machines
enable use of multiple colors and a combination
of soft and hard materials; clear models with in-
ternal elements such as nerves, teeth, hardware,
or tumors can be printed in a more opaque color.
Mixing of materials can create models with a
variable durometer (hardness) that are flexible
(rubberlike), harder, or even rigid. This flexibility,
along with the selection of multiple colors that
resemble human skin, can be helpful for 3D print-
ing of rehabilitation products. This technology is
also used extensively for dental casts and dental
implant guides.

Binder Jetting.—An example of this technology is
the ProJet 660Pro printer (3D Systems; descriptive
video at htep:/lwww. wrnmme. capmed.mil/Research
Education/3DMAC/SitePages/Videos/3DPrinting
.aspx). This is similar to material jetting, with use
of a print head to jet a liquid binding agent onto
a bed of fine powder. The binding agent, which

can be colored, selectively bonds the powder where
deposited. After each layer completion, new powder
is deposited for the new layer. Although binder jet-
ting enables creation of color models, translucent
models are not possible. Postprocessing includes
vacuuming and blowing off unbonded powder and
then “infiltration” of the model (with cyanoacrylate,
wax, or resin). Infiltration with an elastomer can
yield deformable models.

Binder jetting is used extensively in medicine,
especially for color coding of anatomy (eg, distin-
guishing cranial vessels from skull base structures).
Materials are relatively less expensive (\$150/
kg after infiltration). Support structures are not
needed because the model is continuously sup-
ported by unbonded powder during fabrication.
The largest build platform is roughly 51 X 38 x
23 cm. Because plasterlike materials are generally
fragile before infiltration, care must be taken when
recovering the printed model to ensure that small
pieces are not damaged. The choice of infiltrates
determines the final strength of the part, but seal-
ing with cyanoacrylate is generally adequate for
most medical models.
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Material Extrusion.—An example of this technol-
ogy is the Fortus 400mc printer (Stratasys; de-
scriptive video at hzp./[www.wrummc. capmed
.mil/ResearchEducation/3DMAC/SitePages/Videos/
FusedDepositModeling. aspx). Material extrusion,
previously known as fused deposition modeling,
may be the most widespread (including nonmedi-
cal printing) and economical hardware; it is used
in most at-home machines. Finish quality and
resolution are on the lower side. A controlled
extrusion head successively deposits layers of a
plastic, polymer, or metal on a build platform.
Similar to a glue gun, the material, wound on a
coil, is unreeled for supply to the extrusion head,
which heats it and deposits it on the plane, where
it hardens on cooling.

Material extrusion was an early technology ap-
plied to medicine; it may be favored by an early
3D printing laboratory because it is overall eco-
nomical and easy to use. The main materials, ther-
moplastics such as ABS and polylactide, are spe-
cific to the hardware; materials tend to be stronger
than those in the previously described technolo-
gies and generally cheaper, at less than $100/kg.
Build platforms have a maximum dimension of
roughly 91 X 61 X 91 cm. Model postprocessing
can involve dissolving supports (in a weak lye solu-
tion) or manual support removal.

Powder Bed Fusion.—This category includes
selective laser sintering, direct metal laser sinter-
ing, selective laser melting, and electron beam
melting (descriptive video at hzzp://www. wrnmmc
.capmed.mil/ResearchEducation/3DMAC/Site
Pages/Videos/ElectronBeamMelting. aspx). This
family of technologies uses a high-power laser or
electron beam to fuse small particles of plastic,
metal, ceramic, or glass powder into a desired
3D shape. The energy source selectively fuses
or melts preheated particles in successive lay-
ers on the surface of a powder bed. Like binder
jetting, after a layer is fused, the powder bed is
lowered by one layer thickness, a new layer is
applied on top, and the process is repeated until
part completion. Unlike vat photopolymerization
and material extrusion processes, some powder
bed fusion technologies may not require sup-
port structures because the model in progress
is continuously surrounded and supported by
unsintered powder. However, others require
supports to transfer heat away from the part and
reduce swelling during the build. The support
bed enables powder bed fusion to construct 3D
geometries such as a lattice, which is not possible
with other methods.

These technologies are used extensively for
direct 3D printing of medical devices such as
implants and fixations. Models are durable
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because they use material groups such as thermo-
plastics and metals such as nylon and titanium
alloy. These materials are expensive (>$200/kg).
Postprocessing of the printed model depends on
the particular modality; for example, heat hard-
ening is used for selective laser melting. Metals
fabricated with this method, especially titanium,
often require finishing using computer numerical
control milling technologies to achieve smooth,
polished surfaces.

Other Technologies.—Sheet lamination is an
inexpensive method involving the bonding and
cutting of paper, metal, or plastic films one layer
at a time. Once complete, the part is cleaned
by peeling off the excess material. Materials
are generally cheaper than in other processes;
however, complex parts are difficult to clean,
and model production time can be more than
double that of other methods. Nonetheless, the
recent release of a paper sheet lamination device
(MCOR Technologies, Dunlee County, Louth,
Ireland) is promising for orthopedic model fab-
rication, where generally only the bone surface
is being evaluated. Required consumable mate-
rials generally include paper, glue, and cutting
knives, which renders this system one of the
least expensive, with a build volume about the
size of three reams of letter-size paper. Postpro-
cessing requires labor-intensive peeling away of
excess paper. Similar to binder jet models, paper
models can be sealed with sealants or wax. This
technology continues to improve with respect to
fabrication speed and color capabilities.
Directed energy deposition directly deposits
material to a location where an energy source is
also directed to bond the material. This technol-
ogy is unique because it can add to or repair an
existing part, but to date there have been limited
applications in medicine.

Clinical Overview
The growing body of literature supporting medi-
cal 3D printing began with early reports (25-27)
that demonstrated satisfactory accuracy of
models generated from clinical images (28-30).
Printed models have occupied an important sur-
gical niche for over a decade, most prominently
in maxillofacial applications and recently in inter-
vention planning, among an increasing number
of surgeons who recognized its enormous poten-
tial and who have established a relationship with
radiologists invested in this new modality. New
applications are emerging, such as customized
medical prostheses, that have greatly affected pa-
tient care and are likely to become more readily
accessible with the dissemination of 3D printing
technology.
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Model Accuracy

Discrepancies between segmented anatomy and
the 3D-printed model are generally on the order of
an imaging voxel size (<1 mm [typically <0.4 mm)]
and <3% [typically <1%]) (31,32) and usually

are clinically negligible. They are most prominent
along the section axis of image acquisition and the
layer (z-) axis of 3D printers. Use of thinner imag-
ing sections and a narrower z-axis printing layer
thickness often mitigates discrepancies.

However, errors can be generated during any
step of the process, including image acquisition
and postprocessing (33) as well as 3D printing
(34,35). Although accuracy of the source images
and appropriate choice of printing modality and
materials are critical to achieve optimum accuracy
(29), image segmentation and STL conversion
remain the most error-prone steps. Huotilainen et
al (33) reported substantial discrepancies between
3D-printed skull models when a single DICOM
dataset was given to three different expert groups.
On the basis of our experience, there are two main
factors that may reduce errors in this step. First,
we suggest that an expert in the field who ideally
is a radiologist should perform the image postpro-
cessing. This will ensure that the printed model
matches the clinical interpretation of the images,
because segmentation accuracy requires proper
recognition of structures and their separation from
imaging modality artifacts. Second, the segmen-
tation software package plays an important role.
There is limited software designed for medical
3D printing, and many visual aids and manipula-
tion tools currently available to radiologists for
postprocessing (eg, multiplanar reformations) are
notably absent. This paucity should be addressed
parallel to the evolution of other aspects of medi-
cal 3D printing.

Clinical Applications
We systematically review published reports in an
organ-based fashion, focusing on contributions
by radiologists to the 3D printing team as well as
directions where radiologists can make impor-
tant contributions as 3D printing is more widely
implemented into patient care. Although many
modern clinical images can be 3D printed, limi-
tations include costs, time to generate models,
and human effort. The applications described are
currently used in practice but have not yet been
comprehensively reviewed in the literature. Ap-
propriateness and implementation of 3D-printed
models into guidelines requires further study, as
described in the following sections.

Craniofacial and Maxillofacial
Application of 3D printing to pathologic condi-
tions of the head and neck was among the first

radiographics.rsna.org

Figure 6. Three-dimensional printed models used for sur-
gical planning in two patients with facial trauma. After the
patients were stabilized, steps for surgical planning included
creation of a 3D model for optimal visualization of the ex-
tent of bone injury.

medical uses and today remains the most com-
mon application (Fig 6). Several studies over the
past decade have demonstrated a promising role
in dentistry and craniofacial surgeries (Figs 7, 8)
(35,36). The majority of applications have been
reconstructive, where there is a need for surgical
planning and, often, design and fabrication of
custom-made implants, prostheses, and surgical
guides. Most, if not all, reports have used CT
images to print bone structures, and stereolitho-
graphic or selective laser sintering technologies to
fabricate the models (Table 2), likely because of
the hardness of the material, which enables use
for contouring and prebending of plates (11,38).
Accuracy of the 3D-printed models, which ideally
is guaranteed by the radiologist involved in model
production, is of paramount importance. Con-
touring reconstruction plates onto 3D-printed
models or directly printing them (Fig 9) saves op-
erating room time and is thought to improve aes-
thetic outcome (11,38,39,52). Hypothesis-driven
assessment of the utility of 3D-printed models for
surgical planning in large series of patients has
been attempted (36,52) but is marred by the lack
of protocols to practically assess utility beyond
surgeon satisfaction and self-assessment.
Three-dimensional printing is an essential tool
in the design and testing of complicated or in-
novative reconstructive surgeries. Our group 3D
printed an auricular prosthesis (Fig 10) matched
to the patient’s facial structure, with high sym-
metry compared with the normal ear (7). Three-
dimensional printed models have similarly proved
essential for full-face transplantation (53), surgical
planning (54,55), and follow-up (56). We consider
3D models the best method to select locations for
appropriate and optimal osteosynthesis. Similar re-
sults for other clinical scenarios (57) have included
not only surgical planning, but also rehearsal with
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Figures 7, 8. (7) Stereolithographic model of the lower mandible highlights the teeth and the lingual nerve
(arrow). (8) Craniofacial model depicts arteries and veins and is an essential component of planning complex
interventions.

Table 2: Published Craniofacial, Maxillofacial, and Neurosurgical Applications for 3D Printing Technologies

Primary 3D

Model Uses Printing Technologies

Notes

Preoperative planning

Navigation or treatment strat-  Binder jetting, powder
egy: mandibular prog- bed fusion, vat photo-
nathism (37), maxillary polymerization, material
retrusion (38,39), man- jetting
dibular fractures (11),
hydrocephalus (40), cere-
bral tumors (36), skull base
and cervical diseases (41),
orthodontic procedures
(37), maxillary canine
impaction (42)

Surgical simulation: middle
ear diseases (43), temporal
bone defects (13), tooth
cavity preparation (44),
cerebrovascular aneurysms
(45), spinal tumors (46)

Intraoperative use and patient-specific instrument guides

Material jetting, powder
bed fusion (nylon)

Powder bed fusion
(nylon)

Reposition osteotomy of
zygoma (47,48), facial
clefts(49)

Custom-tailored implants, prostheses, and trays

Methyl methacrylate
(acrylic), vitallium, tita-
nium, silicone implants
cast from vat photopo-
lymerization, material
extrusion, powder bed
fusion, and binder jet-
ting models

Zygomatico-orbital or man-
dibular defects (48, 50,51),
auricular basal cell carci-
noma restoration (7)

Hard plus soft tissues printed with recent ad-
vances in multimaterial technologies may fur-
ther increase utility; preoperative contouring
of reconstructed plates maximizes fractured-
segment alignment; 3D stereolithographic
models can be accurately registered with
common neurosurgical navigation platforms;
digital light processing and material jetting are
accurate for standard dental plaster models
and can assist in treatment planning and intra-
operative navigation for impacted canines

Practicing ear-nose-throat surgical maneuvers
may improve live surgery; nylon models cre-
ated with selective laser sintering have similar
properties to bone, enabling reproducible
rehearsal of surgical maneuvers

Surgical guides created with selective laser sin-
tering bolster minimally invasive approaches
and reduce secondary deformity risks; printed
models used as osteotomy templates for autog-
enous bone grafts improve surgical accuracy

Models can be resected preoperatively and used
to fabricate mandibular implants, eliminating
the need for intraoperative plate bending, or
can be used to fabricate titanium implants for
complex traumatic zygomatico-orbital defects
where bone grafting is not possible; stereo-
lithographic or fused deposition models can be
used to cast acrylic cranioplasty implants, even
those with complex contours
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Figure 9. Three-dimensional printed model
created for a patient scheduled for placement
of a titanium cranial plate. A model of the pa-
tient’s skull was printed with stereolithogra-
phy. The plate (Ti6AIV4 alloy) was 3D printed
with electron-beam technology. This type of
surgical planning enables a precise, patient-
specific intervention that decreases the time
required for the intervention and the risk for
peri- and postoperative complications.

Figure 10. Design and
manufacturing of an au-
ricular prosthesis. (a) A
representation of the
face with a prosthesis is
created from digital syn-
thesis of photographs
(for the face) and the ear
(from DICOM images of
the contralateral ear).
(b, ) The two pieces of
the digital models (b)
are used for generation
of the definitive silicone
prosthesis (c).

standard navigation systems. Furthermore, 3D-
printed models may also be useful in restoring do-
nor congruency (Fig 11) for burial (48).

Three patients with mandibular pathologic
conditions (odontogenic cyst or keratocyst)
underwent ablative surgery and postoperative
reconstruction, with printed models used not
only for planning but also for generation of cus-
tom-made implants (50). Printed models have
been used preoperatively to design templates for
harvesting bone grafts to repair facial clefts (49);
in complex maxillofacial and orbital fractures
and other complex facial surgeries, models have
been used as custom-designed surgical guides
(47). Models have also been used to produce
individually customized mandibular trays (51)
and as casts to fabricate titanium and acrylic
cranial (48,59) and dental (42) implants. The
process of using a 3D-printed model to sculpt
and process PMMA has become important in
the treatment of service members with severe
head trauma and craniotomies from blast injury

radiographics.rsna.org

at the Walter Reed National Military Medical
Center and the National Naval Medical Cen-
ter. As the techniques have improved, a directly
produced implant printed in titanium (Fig 9) is
now routinely used.
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Figure 11. Three-dimensional printed mask
used for full-face transplantation. Models are
critical for the recipient as well as the donor. In
the donor, a 3D mask is used for the benefit of
the deceased’s family and loved ones to replace
the superficial features of the tissues that be-
come the allograft used to create the new face
for the recipient.

Mitsouras et al

Figure 12. Three-dimensional printed vascu-
lar models such as that shown provide unprec-
edented anatomic and volumetric detail and, in
addition to assisting in potential treatment plan-
ning, can noninvasively provide details needed
to determine a surgical or nonsurgical approach
for a complex lesion.

1977

Figure 13. Binder jet-
ting 3D-printed model fo-
cuses on a suprasellar mass
(green) and uniquely dem-
onstrates the relationship
between the critical arte-
rial anatomy and bone.

Neurosurgery

Cerebrovascular models (Table 2; Fig 12) are
highly accurate with respect to intraoperative find-
ings and are beneficial for surgical planning, sur-
gical simulation, patient education, and training
(41). Printing the skull and blood vessels in differ-
ent colors (binder jetting) highlights intraopera-
tive anatomic relationships (Fig 13). The printed
model can be used to determine the need for
embolization, coiling, or clipping (6). For example,
a patient-specific distensible cerebral aneurysm

Virtual surgical planning is a growing field,

particularly among dental surgeons (Fig 7) (6)
who have embraced cone-beam CT for interven-
tion planning. Printed models enable surgical
rehearsal using standard equipment, more pre-
cise surgical guides for bone cuts, repositioning,
and implant molding and placement. Surgical
time is reduced and poor results are minimized.
As an example, a surgeon and a dentist planning
a final prosthesis can work together with use of
customized dental software systems to fabricate
an optimal prosthesis for a challenging case.

model molded in silicone from a 3D-printed model
generated from 3D rotational angiographic images
included depiction of a wide neck, tortuous access
routes, and hypoplastic segments. The model was
then used to simulate intervention, including final-
izing a surgical approach and strategy and choosing
an appropriate device (45). Rigid vat photopoly-
merization skull models can be used with com-
mercial navigation systems for surgical rehearsal
(40, 57). Complex spinal surgery has also benefited
from use of 3D-printed models (46).
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a. b. c.

Figure 14. Thoracic 3D-printed model. (a) Three-dimensional printed model of a normal tracheobronchial tree. (b) Fiberoptic view
through the bronchus intermedius of the 3D model. (c) Fiberoptic view through the bronchus intermedius in the actual anatomy.
Note the similarity between the printed model at simulated bronchoscopy and the actual anatomy. (Fig 14 adapted and reprinted,

with permission, from reference 60.)

Table 3: Published Thoracic Applications for 3D Printing Technologies

Model Uses

Primary 3D
Printing Technologies Notes

Preoperative planning and teaching

(61), mediastinal tumors (62)

copy (60)
Physiology simulation: respiratory

flow (63)

Therapeutic: congenital tracheoma-

Navigation: pulmonary carcinoma Material jetting

Endoscopic simulation: bronchos- Material jetting

Powder bed fusion

Powder bed fusion (bio- Fabrication of implantable splints for thera-

Even simple multimaterial models (eg, white
bronchi plus transparent vessels) improve
comprehension of anatomy

Flexible material offers anatomically accurate
endoscopic simulation with realistic feel

MR imaging—compatible material can be used
for simulation of respiratory flow at helium 3
(He) MR imaging

lacia (64) resorbable polycapro- peutic purposes is possible with appropriate
lactone) selective laser sintering material
Thorax lar models likely being the second most com-

While reports of 3D printing from chest images
(Fig 14, Table 3) are sparser than those from head
and neck images, a 2-month-old infant with tra-
cheomalacia with difficulty in ventilation success-
fully received a customized 3D-printed bioresorb-
able polycaprolactone airway splint (64). In adults,
thoracoscopic lobectomy with use of a fissureless
technique requires display of the lung beyond cur-
rent 3D visualization because of the complexity of
the airways (61). Three-dimensional printed models
augmented the planning of thoracoscopic segmen-
tectomy in a patient with lung cancer, as well as the
planning of another thoracoscopic lung surgery in

a patient with rare anatomic variations (62). For
mediastinal tumor resection, a 3D model provided
unique data on the relationship between a thymoma
and adjacent structures (62).

Cardiovascular

Three-dimensional printing has closed the gap
on the unmet need for true 3D visualization in
cardiovascular surgical planning, with vascu-

mon application, next to bone models (Table
4). Source image data are primarily contrast-
enhanced MR images and CT images. Various
approaches have been used to develop a hollow
STL model, including segmenting the blood
pool and printing the vessels with binder jetting,
followed by infiltration to a limited depth and
subsequent breakage and removal of the remain-
ing internal material. More accurate approaches
rely on use of CAD software to numerically
design a fictitious “wall” to enclose the seg-
mented blood pool (often termed hollowing) or
to subtract the STL of the enhanced blood pool
from the STL of the surrounding tissues, such
as the epicardial boundary. In the latter two ap-
proaches, the resulting wall should be printed
using a high-resolution technology (material
jetting or vat photopolymerization) to achieve a
smooth lumen.

Growing data support the use of models to
capture complex anatomy, including congenital
heart disease requiring surgery (76). A heart with
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Table 4: Published Cardiovascular Applications for 3D Printing Technologies

Model Uses

Primary 3D
Printing Technologies Notes

Preoperative planning

Diagnosis, navigation or treatment
tural or congenital heart disease merization
(10,65,66), resternotomy after
coronary artery bypass grafting
(67), aortic ulcerations (66),
aortic valve replacement (67),
pulmonary valve stent implanta-
tion (68), cerebral aneurysms
(41)

Intervention simulation or device
deployment testing: cerebral
aneurysms, congenital heart
disease (45) and pulmonary valve
stent implantation (69), trans-
catheter aortic valve replacement
(70), aortic stent implantation
(71)

Intraoperative navigation: congenital

infiltration

Physiology simulation: aorta (73),
coronary (69,74), cerebrovascular

Material extrusion, binder Low-cost rigid models suffice for choosing
strategy, and measurements: struc-  jetting, vat photopoly-

Silicone, rubber, or epoxy  Frictional resistance and elasticity of
resin cast from vat pho-
topolymerization, binder
jetting, and material
extrusion models; binder
jetting with elastomer

Powder bed fusion (nylon), In the intraoperative setting, printed models
heart binder jetting

Material jetting, silicone
cast (see technologies for
(75) intervention simulation)

procedure or performing measurements
for patient selection; ideal “cutout”
viewing windows to the cardiac struc-
tures must be carefully predefined in
the STL design for models printed
with rigid material; visualization of 3D
STL models may suffice for assessing
ventricular septal defect morphology
without the need to print them

transparent silicone models cast from
3D-printed models provide realistic
tactile feel for catheterization, stent
implantation, and embolization

may be more useful for orientation
than virtual STL models; intraoperative
manipulation by the surgeon requires
sterilizable models (eg, titanium selective
laser sintering), while elastic models allow
surgeons to make their own fenestrations
Newer material jetting allows direct printing
of compliant elastic models with physi-
ologic arterial wall properties; models can
be used to test the effect of interventions
on local hemodynamics in vitro

multiple congenital abnormalities depicted at
MR imaging was fabricated at a cost of $364—
$810 within 7 hours (72); such models improve
spatial orientation, offer better understanding
of complex pathologic conditions, and increase
surgeon satisfaction (10,65). Applications have
included acquired cardiac abnormalities such as
ventricular aneurysms and cardiac tumors (10).
A 12-patient retrospective feasibility and appro-
priateness study concluded that 3D-printed mod-
els were superior to MR imaging visualization to
identify the best candidates for percutaneous pul-
monary valve implantation (68). Several authors
have suggested more routine use of 3D printing
for challenging decisions in cardiac intervention
(66,77), particularly as an important strategic
initiative for pediatric cardiovascular imagers.
Kim et al (66) reported use of 3D printing
in four patients with structural heart disease to
plan catheter selection, navigation strategy, and
approach to access the aorta. Models have been
useful for planning in high-risk valve cases and

for intraoperative navigation (67). Hakansson et
al (78) designed a silicone model printed in 18
working hours for a cost of €1900 (U.S. $2124)
for a patient with a thoracoabdominal aortic
aneurysm, with the innovation that calcium was
removed for graft sizing by using CAD software.
Electrocardiographic-gated CT studies for trans-
catheter aortic valve replacement planning (70)
enable creation of 3D-printed models of the aor-
tic annulus and surrounding structures for poten-
tially safer valve deployment (Fig 15). Incorpora-
tion of patient-specific elasticity of the normal
versus calcified aorta will likely be an important
area of future research.

Markl et al (74) used MR imaging to 3D print
a solid model of the aortic wall with complex
branches (Fig 16), noting that lack of compliance
influences the ability to accurately assess blood
flow dynamics. Compliant 3D-printed models
are, in general, needed for surgical planning
(69). Armillotta et al (69) used low-cost mate-
rial extrusion models of right ventricular outflow
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Figure 15. Flexible binder jetting
model of a severely calcified aorta used
in planning for a transcatheter aortic
valve replacement. Red = normal ves-
sel wall, tan = calcium. (Adapted and
reprinted, with permission, from refer-
ence 70.)

a.
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C.

Figure 16. Material jetting model of an aorta, produced by segmentation of images from high-resolu-
tion contrast-enhanced MR angiography. (a, b) Full (a) and close-up (b) views of the model show severe
kinking and a subclavian artery with a mild aneurysm. (c) Supra-aortic vessel branching (arrows) is seen
from inside the model. (Fig 16 adapted and reprinted, with permission, from reference 74.)

to mold a silicone-based, translucent, compliant
model to test percutaneous valve stent implan-
tation. Biglino et al (71) directly 3D printed
vascular models by using newer material jetting
technologies with a rubberlike material (Tango-
Plus FullCure 930; Objet Geometries, Bellerica,
Mass) that mimicked a range of in vivo distensi-
bility by varying the printed vessel wall thickness.
These models have been used to test the likeli-
hood of success of insertion of a novel stent-graft
for percutaneous pulmonary valve implantation
in a patient with a dilated right ventricular out-
flow tract and severe pulmonary regurgitation.

Musculoskeletal

Preoperative 3D printing of bone structures has
expanded planning and navigation of orthopedic
procedures (Figs 17, 18) (79,80) and contributed
to novel surgical approaches in osteotomies, frac-
ture fixation, and arthroplasties (79-86) (Table 5).

Bagaria et al (81) described 3D-printed models
for complex fracture intervention around joints
as well as for femoral and calcaneal fractures.
Hurson et al (80) used 3D printing to enhance
classification of and preoperative planning for
acetabular fractures. Although all studies in

the musculoskeletal domain conclude that 3D-
printed models improve preoperative planning,
deliver a superior mechanism to visualize and ap-
preciate the underlying pathologic condition (Fig
19), and can effectively educate patients and the
medical care team, 3D printing may be unneces-
sary for some applications. Specifically, limiting
the use of 3D-printed models to diagnostic or
classification purposes may be an attractive but
unnecessary supplement. For example, in a series
of 30 calcaneal fractures, Kacl et al (27) found
no statistically significant increase in accuracy for
detection of relevant features with use of printed
models compared with 3D visualization.
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Figures 17, 18. (17) Heterotopic ossification. (17a) Sur-
face rendering of an STL model of the pelvis and femurs.
(17b) Three-dimensional printed model helps define the
surgical approach and treatment plan before the proce-
dure, leading to a more rapid procedure with fewer com-

17a. plications. (18) Surface rendering of an STL model of a

17b.

Indispensable applications include design of
patient-specific instrument guides (Fig 20), tem-
plates for intraoperative use (83,86), and virtual
preoperative simulation or intraoperative navi-
gation (81,82,84). For patients with unilateral
disease, CAD software can be used to effectively
mirror normal anatomy on the unaffected side to
obtain a tangible 3D model onto which guides
toward the ideal outcome can be produced (83).
This advantage, similar to the mirroring described
earlier in this article for cranial implants (7), is
readily leveraged by the CAD software—centric
workflow of 3D printing. Surgical oncology has
also benefitted from the ability to better delineate
resection margins (88); printed models have been
used to deliver patient-specific guides for bone
tumor resection and to develop a matching 3D-
printed model for cutting an allograft precisely fit-
ted to the resection gap (23).

Prostheses and Non-

facial Reconstructive Surgeries

Despite the availability of multiple standardized
commercial implants, some patients fall outside

complex pelvic fracture. Note that both femurs were re-
moved to enhance fracture visualization for intervention
planning.

the window of available devices and benefit from
design and production of individually tailored
prostheses and splints. Customized bone and
soft-tissue prostheses can potentially be 3D
printed from a variety of biocompatible materi-
als (12,50,89,90). Electron-beam melting offers
the possibility of directly producing titanium
and cobalt prostheses that are custom designed
numerically for the patient to ensure even force
distribution toward reduced implant wear and
better clinical outcomes (12).

Faur et al (87) screened 346 patients with
degenerative changes of the hip joint and 3D
printed both the femoral structure and the cus-
tom prosthetic implant to validate the implant
design for one patient with an extremely narrow
medullary canal for whom available femoral
implants did not fit. Pruksakorn et al (22) 3D
printed endoprostheses for the palliative care
of 16 patients who required reconstructive
surgery focused on metastases to the humerus
and ulna. The endoprostheses were fabricated
from PMMA using selective laser sintering and
were sterilized with vy radiation. At a median
follow-up of 486 days, the functional outcome
was good in almost 70% of patients and fair in
the remaining patients. As reconstructive and
restorative surgeries have advanced in scope and
complexity, incorporation of 3D printing stands
to offer better functional outcomes and better
prosthesis longevity than are currently possible
(12). However, this will require further technol-
ogy maturation and strong partnerships between
radiologists and surgeons.
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Table 5: Published Musculoskeletal Applications for 3D Printing Technologies

Primary 3D
Model Uses Printing Technologies Notes

Preoperative planning

Charcot foot (82)

allograft reconstruction (23), thoracic
kyphoscoliosis (84)

Navigation or treatment strategy and Vat photopolymeriza- Stereolithographic or binder jetting models

diagnosis: total hip replacement (87), tion, binder jetting have limited textural and structural re-
acetabular fracture (80,81), intra- (plaster), powder semblance to bone and reduced structural
articular calcaneal fractures (27), bed fusion (nylon), stability; binder jetting with custom material
scapular osteochondroma (88) material extru- improves structural stability; selective laser
sion, binder jetting sintering can be used for faster, cheaper
Surgical simulation: cubitus varus (metal casting production; newer fused deposition model-
deformity (85), spinal tumors (46), powder) ing material (eg, ABS) offers improved

Intraoperative use and patient-specific Powder bed fusion, Selective laser sintering of nylon has better
instrument guides and templates: hip vat photopolymer- properties for drilling simulation com-
arthroplasty (86), distal radius frac- ization, material pared with stereolithography; stereolitho-
tures (83), osteosarcoma resection and extrusion graphic models lack the ability (color and

Custom-tailored prostheses: resection Powder bed fusion PMMA is biocompatible, strong, and low
due to bone metastasis (22); preclini- (PMMA), vat pho-  cost; stereolithography or digital light pro-
cal biocompatibility studies (79) topolymerization cessing offer higher precision and fidelity

mechanical properties; “dry run” using
printed models of intended custom implant
and receiving bone can minimize risk of
mismatch leading to periprosthetic fracture

elasticity) to model structures surround-
ing bone (eg, vessels, tendons)

with regard to DICOM data

Figure 19. Three-dimen-
sional printed model of a
knee includes the vascula-
ture to assist in planning
for intervention.

Radiation Oncology

Optimum planning for radiation therapy must
consider distortion of the normal anatomy by
tumor, as well as irregular tissue surfaces. Three-
dimensional printing may address, at least in part,
these challenges. Sun and Wu (91) reported the
use of a cranium that was 3D printed from CT
images so that the patient’s various treatment op-
tions could be tested. Zemnick et al (92) presented
a 3D-printed patient-specific extraoral radiation
shield that was comfortable for the patient and
enabled homogeneous delivery of radiation for
skin cancer treatment despite the patient’s uneven
superficial tissue topography.

Bioprinting

Bioprinting refers to the utilization of 3D printing
and 3D printing-like techniques to combine cells,
growth factors, and biomaterials to fabricate bio-
medical parts that maximally imitate natural tissue
characteristics (93). Emerging innovations span
from printing of tissues and partially viable organs
to fully functional viable organs (94). With use of
technologies beyond the scope of this review (94),

cells or extracellular matrix are deposited to a 3D
gel layer by layer to produce the desired tissue or
organ. Challenges now being addressed by tissue
engineering and developmental biology research-
ers are geared toward development of viable and
functional organs, including the ability to assemble
tissues without a need for support materials, allow
proper cell-to-cell interactions, and provide tissue
vascularization (95). Preliminary reports include
printing of skin tissue with humanlike morphology
and histology (96), fabrication of cardiac tissue
(97), and evaluation of the possibility of creating
bioartificial livers with the help of 3D printing
techniques (98). In the already-emerging field
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of patient-specific prostheses, bioprinting direc-
tions include the marriage of the solid 3D-printed
models discussed earlier (eg, tibial and femoral
implants) with integration of viable cartilage con-
structs (90).

Bioprinting can also exceed the “biologic
specifications” of organs, enabling the incorpora-
tion of electronic apparatuses into living tissues
to create “bionic” organs. Mannoor et al (99)
successfully used 3D printing to fabricate a bi-
onic ear composed of living cells and electronic
nanoparticles. The cells demonstrated viability
in various stages of the study, and the electronic
components allowed the ear to receive signals in
the hertz to gigahertz range.

Although tissue and organ printing are over-
all considered feasible and highly promising,
routine clinical use has yet to be realized. Input
from radiologists has been minimal during the
engineering phases of these developments be-
cause there is little, if any, need to use imaging
in developing experimental tissues. However, ra-
diologists should prepare to become important
contributors who put these technologies to work
when they are ready—for example, in the design
of patient-specific organs, similar to radiologists’
contribution to current 3D printing of patient-
specific prostheses.

Other Applications

Although there is a large potential for radiologists
to expand abdominal imaging and intervention
with 3D printing, reports to date are relatively
limited and focus largely on abdominal surgery.
Three-dimensional printed models of the liver
plus vascular and biliary structures assisted in
preoperative planning and intraoperative orienta-
tion in three living-donor liver transplant surgeries
(100). There is an increasing need for liver trans-
plantation, with a relative lack of cadaver donors,
and lobectomy in healthy living donors is marred
by morbidity (101). In this context, both donors
and patients can benefit from the reported higher
accuracy of volumetric measurements from preop-
erative 3D-printed models compared with source
CT images (100). In a pilot study, Silberstein et al

Figure
model of a complex fracture. For this patient,
commercially available hardware (silver)
was prebent and shaped on the basis of the
printed model. This saves considerable intra-
operative time and cost when compared with
standard procedures, where the hardware
choices are determined at standard CT, in the
operating room, or typically with a combina-
tion of both.

Mitsouras et al 1983

20. Three-dimensional  printed

(102) 3D printed the kidneys plus a renal tumor
in five patients who were candidates for partial ne-
phrectomy. In addition to their use for intraopera-
tive navigation, the 3D-printed models enhanced
the understanding of patients and their families re-
garding the goals of their surgery, leading to higher
satisfaction in the choice of treatment plan.
Three-dimensional printing can also positively
affect the presentation of medicolegal data. Eb-
ert et al (103) suggested the use of 3D-printed
models to convey forensic medicine results from
MR imaging and CT in the courtroom, and
Schievano et al (104) used postmortem MR
imaging to fabricate 3D-printed models of 11
fetuses and infants and envisioned, among other
applications, better understanding of complex
congenital abnormalities and opportunities for
intrauterine diagnosis and management and more
appropriate counseling of parents after pregnancy
termination. In a series of 33 fetuses, Werner et
al (8) established the possibility of generating
fetal 3D-printed models by using 3D ultrasonog-
raphy (US) in conjunction with MR imaging or
CT when an abnormality was present to convey
a range of fetal abnormalities such as conjoined
twins, skeletal and central nervous system abnor-
malities, and facial and thoracic defects.

Education
Three-dimensional models are proven tools for
educating medical students and house officers,
although there is no literature to our knowledge
that focuses specifically on radiology education.
Although learning of complex geometries in hu-
man anatomy has been facilitated with 3D visu-
alization methods and novel educational applica-
tions (105), there is little dispute that physical
models provide an optimal tool to learn anatomy
(106). The cost is favorable when compared with
that of cadaveric materials, and normal anatomic
variations can be readily demonstrated. In the
training of medical students (8,102), 3D models
can supplement and, in theory, replace cadaveric
material, which is increasingly difficult to obtain
(103.104). In terms of residency training, sub-
stantial groundwork is being laid in the surgical
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arena; Waran et al (40) successfully registered
3D-printed cranial models with two commercial
navigation platforms and carried out common
navigation maneuvers and surgery, thus opening
the avenue for their use as neurosurgical training
tools. Three-dimensional printed models have
also been used for training in cerebrovascular
aneurysm repair (107), transapical aortic valve
replacement (108), repair of abdominal aortic
aneurysms (Fig 21) (109), and percutaneous
nephrolithotomy (110). A middle ear surgery
simulator that integrates both soft and hard ma-
terials was judged by an expert panel of otolo-
gists to have high fidelity that could translate to
improvement in live surgery (43), and a standard
stereolithographic 3D-printed model of the tem-
poral bone exhibited similar properties to those
of real bone during use of a surgical drill, bur,
and suction irrigator (13). Bustamante et al (60)
replicated the tracheobronchial tree of two pa-
tients, envisioning an educational tool for variants
of tracheobronchial anatomy in which fiberoptic
bronchoscopy could also be performed to im-
prove lung isolation skills.

Hypothesis-driven studies using trainees as
subjects have reported high satisfaction in op-
erative dentistry, where 40 students used 3D-
printed models versus standard schematics and
photographs for cavity preparation (44). Printed
models have enhanced the learning performance
of veterinary students (111). Wilasrusmee et al
(109) tested the ability of 43 1st- to 5th-year
general surgery trainees to plan for four cases of
endovascular aortic aneurysm repair and found
that trainees who used both a 3D-printed model
and CT angiography agreed with expert opinion
significantly and consistently more than those
who used only CT. In general, it appears that at
all levels of expertise, 3D-printed models deliver
expanded training opportunities, and for sur-
geons, the models build confidence and enhance
efficiency in the operating room.

Research in Flow Physiology
Three-dimensional printed models expand inves-
tigations in functional CT and MR imaging that
are not otherwise feasible with human subjects
because of radiation burden, imaging time, and
monetary costs. Repeatable experiments with
use of vascular phantoms derived from rotational
digital subtraction angiography, CT (Fig 22), and
MR imaging (17,73) data capitalize on the ability
to 3D print hollow structures with different prop-
erties. Early work used 3D printing for negative
molds (ie, using the solid printed blood pool as a
mold for silicone) (112). Although this remains
useful for percutaneous intervention simulation
(Table 4), direct 3D printing of hollow vascular

radiographics.rsna.org

a.

Figure 21. Three-dimensional printed model of the aortic
lumen used for training. (a) Silicon model was produced by
molding onto a solid model of the aortic lumen that was re-
produced with binder jetting. The 3D-printed solid lumen
model used as the mold core was broken for removal from the
cured silicone layer. (b) Image shows fluoroscopically guided
catheterization and stent placement performed on the elastic
silicone model. (Fig 21 adapted and reprinted, with permis-
sion, from reference 78.)

models can now faithfully produce a realistic,
compliant vessel wall (Fig 23, Movie) that can be
within 120 um of the STL model (17).

Current research (71) to optimize printed
vascular model compliance will enhance insight
gained from in vitro flow experiments (113), while
concurrent i sitlico (computer-simulated) com-
putational fluid dynamics experiments using STL
models from patient data will yield substantial
new knowledge and help optimize in vivo imag-
ing techniques such as flow-encoded MR imaging
(73), coronary contrast opacification gradients
(114), and respiratory dynamics using *He MR
imaging (63). Interventions can similarly benefit;
3D printing of the airways in the nasal cavity has
been used to estimate in vitro the differences in
air velocity between inspiration and expiration, as
well as intercycle vortices toward enhancing nasal
operations (115). In the cardiovascular arena,
3D-printed models have been used toward under-
standing and optimizing the use of stents in dif-
ficult coronary bifurcation lesions (116).

Conclusion
Successful 3D printing from radiologic images
is multidisciplinary; accurate models that repre-
sent patient anatomy and pathologic processes
require close interaction between radiologists
and referring physicians. In addition to implant
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Figure 22. Three-dimensional printed
phantom used for CT angiographic ex-
periments. (a) In vivo CT angiograms
show segmentation of the left anterior
descending coronary artery and first and
second diagonal branches. (b) An STL
model of the luminal surface (turquoise)
was created and was augmented with
flow diffusers (red) and an outer shell
(transparent gray) fitted with Luer locks.
The space between the lumen and outer
shell was then printed with a vat pho-
topolymerization machine. (c) The fin-
ished 3D-printed phantom can be used
for “in vitro” contrast-enhanced CT an-
giographic experiments.

Figure 23. Newer material jetting 3D printing technologies and materials allow direct printing of a
compliant vessel wall (2-3 mm thickness) with sufficient tensile strength to be used for realistic flow phys-
iology experiments. Images show an in vitro contrast-enhanced CT angiographic experiment performed
by using a pulsatile flow pump and ultrasonic flowmeter (green inset a) attached to a coronary phantom
(red inset b), which was fabricated by segmentation of a patient’s contrast-enhanced CT angiograms.
The lower panel shows the phantom and CT angiograms obtained in two cardiac phases (systole, left;
diastole, right) (Movie). (Experiment performed in collaboration with Ciprian lonita, PhD, and Steven
Rudin, PhD, State University of New York at Buffalo, Buffalo, NY.)
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fabrication, the role of 3D-printed models from
DICOM images continues to expand and is fu-
eled by the growing realization that intraoperative
utilization of 3D images is not as efficient as hav-
ing a physical model identical to patient struc-
tures, particularly for highly complex interven-
tions. Further reductions in morbidity, mortality,
and operating room time (36,37) are inevitable.
However, further, organized, prospective data
supporting improved outcomes with use of 3D
printing are instrumental for development of
guidelines and, ultimately, for reimbursement.

To date, much of our knowledge of 3D print-
ing has been shared among small circles of experts,
and publications largely focus on individual cases,
with variable reporting. We propose that a format be
adopted to enhance communication regarding the
reporting of 3D-printed models. This would include
all of the following data, if available: printer type,
materials, time required to print (assuming the ob-
ject was printed by itself), estimated cost of materi-
als, and potential overall cost to fabricate the model.
The reporting should also include details regarding
print layer thickness, modality of the source images
(eg, CT), and DICOM section thickness.

Armed with these data for a growing literature,
radiologists can begin to amass knowledge, expe-
rience, and insights to make 3D printing a reality
to better serve patients whose care will benefit
from handheld models.
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