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Abstract

The Association of University Radiologists Radiology Research Alliance (AUR RRA) Task Force 

on 3-dimensional (3D) printing presents a review of the logistic considerations for establishing a 

clinical service using this new technology, specifically focused on implications for radiology. 

Specific topics include printer selection for 3D printing, software selection, creating a 3D model 

for printing, providing a 3D printing service, research directions, and opportunities for radiologists 

to be involved in 3D printing. A thorough understanding of the technology and its capabilities is 

necessary as the field of 3D printing continues to grow. Radiologists are in the unique position to 

guide this emerging technology and its use in the clinical arena.

Introduction

Producing three-dimensional (3D) physical prototypes from digital models became popular 

in the late 1990s (1). Over the past decade, the heathcare sector has shown increased interest 

in this technology for clinical use. Radiology has a longstanding history of acquiring and 

maintaining volumetric anatomic data. This precedent leaves our specialty at an advantage to 

unlock the true potential of medical 3D printing for mainstream use.

The process of creating 3D models from digital data can be categorized into four major 

steps: image acquisition, image segmentation, creation of a 3D model, and transfer of model 

data to a 3D printer (1, 2). Image acquisition is most commonly in the form of computed 

tomography (CT), due to rapid acquisition and relative ease of image post processing for 3D 

printing (1). The volumetric data is analyzed to ensure that there are no gaps in anatomy 

during acquisition (3, 4). Volumetric data from CT, magnetic resonance imaging (MRI), or 

ultrasound (US) images are rendered in digital imaging and communication in medicine 

(DICOM) format. DICOM data cannot be 3D printed, and thus image data requires 

conversion using specialized software into one of several output file types amenable for 3D 

printing. The most common of these is Standard Tessellation Language or 

STereoLithography (STL) format, which helps 3D printers to define objects by surfaces that 

enclose a region of space (1). These surfaces are defined as collections of triangles called 

facets.

Segmentation is the process of extracting region of interest (ROI) specific data and refining 

the STL representation of the selected anatomy (2). This step requires specialized software 

to ensure model integrity, preferably with software programs that are approved by the Food 
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and Drug Administration (FDA) (5, 6). Parts of segmentation can be automated or manual, 

which can serve as a challenge for radiologists who may be unfamiliar with the application 

software.

After segmentation, acquired STL data is sent to another program for creation of a 3D model 

(1, 3). Open source and commercially available computer-aided design (CAD) or computer-

aided manufacturing (CAM) software packages include many post-processing techniques, 

such as smoothing and wrapping, that must be used to ensure printability of a 3D model 

(Table 1). Lastly, the completed STL file is transferred to a 3D printer for production. The 

various steps of creating a 3D model are illustrated in Figure 1.

3D print production relies on fusing successive 2D layers of material as guided by the STL 

data set. Selection of the 3D printer and materials depends on the clinical task at hand, as 

well as other factors such as cost, time of production, and familiarity with the corresponding 

hardware and software of a printer (1, 7). Preparing the 3D print for clinical use typically 

requires cleaning, curing, polishing and/or sterilization (1).

This article, by the 3D Printing Task Force of the RRA reviews the logistics of 3D printing 

and their implications for radiologists. Specific topics include printer selection for 3D 

printing, software selection, creating a 3D model for printing, providing a 3D printing 

service, research directions, and opportunities for radiologists to be involved in 3D printing.

Printer Selection for 3D Printing

Most 3D printers use data encoded in STL files to deposit and fuse successive two-

dimensional layers of material to create a 3D model layer by layer. Although certain printers 

may require other file types, STL files are the most commonly used (1).

Several terms are used to describe the different types of 3D printing technologies, often 

creating confusion when attempting to understand the options available. The American 

Society for Testing and Materials (ASTM) International Standards have been developed to 

classify 3D printing technologies into 7 major groups to help standardize and simplify the 

description of available 3D printing techniques: 1) material extrusion, 2) powder bed fusion, 

3) vat photopolymerization, 4) material jetting, 5) binder jetting, 6) sheet lamination, and 7) 

directed energy deposition (1).

The choice of the 3D printing method and materials depend on the cost and availability of 

the printer and materials, time required, color and transparency requirements, sterilization 

and temperature resistance, and flexibility or molding properties of the material. The printer 

costs range from $150 to $500,000 while the material costs range from a few to several 

thousand dollars (8, 9). Print times can range from minutes to days, depending on the model 

complexity and materials used.

Material Extrusion

Material Extrusion, also known as Fused Deposition Modeling (FDM), is the most 

widespread technique used in the manufacturing of 3D models. Material such as metal, 

plastic, or polymer is wound on a coil. There is controlled release of the material from the 
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coil onto an extrusion head, which heats up the material and deposits successive layers of it 

onto the build platform (1). The material hardens upon cooling and the subsequent layer is 

then created. This technique is analogous to the mechanism behind a hot glue gun (8).

The advantages of this method are its cost-effectiveness (often less than $100/kg of 

material), the models created are hard and durable, and different colors can be used (10). 

Disadvantages are that the resolution for fine details is limited and the model is initially soft 

until the material hardens, so overhanging parts need to be supported until hardening (10). 

Additionally, printing times can vary depending on material used since each layer must 

partially cool before the successive layer is applied (8). The cost also varies depending on 

the printer used, with large scale commercial printers often requiring more expensive 

materials (>$100/kg) but producing higher quality models than smaller desktop FDM 

printers. Toxic fumes can also be produced during the manufacturing process, and adequate 

ventilation is required, which can add to the expense of the printing process (8, 11).

Powder Bed Fusion

Powder Bed Fusion uses a laser or electron beam to fuse particles of metal, plastic, ceramic, 

or glass powder. The energy source is applied to a thin bed of powder on the build tray, 

causing the particles to melt and fuse (8). The powder bed then lowers and the subsequent 

layer is created.

This method allows for the construction of support lattices and models with overhanging 

edges, as the model is continually supported by the surrounding un-sintered powder. The 

powder used as support material can then be recycled, reducing the overall waste during 

production. This method also allows for multiple parts to be built simultaneously within the 

powder bed. Additional advantages of this method include the production of fast, accurate, 

and reliable models with high tensile strength (8). The glue used to bind the 3D print 

releases strong fumes and requires special storage. Therefore, these types of printers require 

dedicated infrastructure with good airflow to dissipate the fumes. The disadvantages are that 

the materials are expensive (>$200/kg) and the metal models often require further 

processing to obtain a smooth surface (1).

Vat Photopolymerization

Vat Photopolymerization has three basic components: a vat of photo-curable liquid resin, a 

high-intensity light source (usually a laser), and a controlling system (1). Layers of resin are 

successively applied and exposed to the light source, which causes the resin to solidify. The 

print then undergoes final curing in a UV chamber. These models are often used for bone or 

dental models, as well as for dental implant guides and hearing aids (1).

The advantages of this technique are that it is accurate and allows for the creation of models 

in a variety of colors and degrees of transparency (8). The disadvantages are that some but 

not all of the material tends to be expensive ($210/kg), the models can be fragile, and often 

require more complex processing after printing. This includes smoothing of edges, removal 

of support materials, and curing in an oven to fully harden the resin (1, 8). Additionally, only 

one type of material can be used for printing at a time. The cost and overall time required for 

printing using this method is highly variable depending on the type of printer used.
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Material Jetting

Material Jetting is analogous to ink-jet printing; but instead of ink, a liquid photopolymer is 

jetted onto a build tray to create the model. Often, two or more jetting heads are used at the 

same time, one to build the model and one for the surrounding support material that will 

later be removed (1). After the material is jetted onto the build tray, it is cured with UV light. 

The tray is then lowered, and the next layer is created in a similar fashion. This method 

requires support material to uphold any overhanging edges of the model, as these would 

break off if left unsupported during the manufacturing process (1). The supports are often 

made of gel or wax, and are removed after printing by melting or soaking the model in mild 

soap solution.

The advantages of this method are that a large variety of models can be created using various 

combinations of materials and colors, giving models with variable tensile strength and 

flexibility (1). Specifically, this is the only technology that allows for printing clear material 

with other colored materials embedded within it, which can be very useful in demonstrating 

anatomic details. Additionally, this technique allows for the creation of high-resolution 

models, with layer thicknesses that can be as low as 16 microns (8). The disadvantages are 

that the materials are expensive ($300/g) and the process can be more labor-intensive since 

support material must be removed after printing (1). Also, proper finishing of the models 

with sanding and polishing is often required.

Binder Jetting

In Binder Jetting, a bed of fine powder is exposed to a jet of liquid binding agent, which then 

bonds the powder. A new layer of loose powder is used in each step, and each layer fuses 

with the previous ones. After printing, any unbound powder is removed and recycled for 

further use (10). The model is also infiltrated with cyanoacrylate, wax, or resin to increase 

its strength (1).

The advantages are that the materials are less expensive ($150/kg), and several colors can be 

used, which is useful for creating color-coded anatomical models. The disadvantages are that 

the models are only printed with a single material, they are not translucent and they are often 

fragile prior to infiltration, making them prone to breakage and further adding to cost (8).

Sheet Lamination

Sheet Lamination involves the bonding of paper, metal, or plastic films layer by layer. This 

is not commonly used in medicine, but has shown promise in creating anatomically accurate 

models of bone (12).

The advantages are the low cost, non-toxic materials, and lack of stress deformation of the 

models (12). The disadvantages are that delicate parts can be easily damaged and model 

surfaces are often rough, making complex parts difficult to clean (1). Also, post-processing 

of the models requires peeling away of excess material manually, which can be labor-

intensive.
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Directed Energy Deposition

Directed Energy Deposition deposits material onto a location where an energy source is 

already directed to bond the material together (1). This method is not used in medicine.

Software Selection for 3D Printing

After printer selection, software selection is the most important step. There is a wide variety 

of software options for every budget. Choosing the appropriate software program is highly 

dependent on the intended use of the model. While lower cost options may be sufficient for 

beginners who are learning the 3D printing workflow, higher-end anatomic and surgical 

models to be used in the hospital setting require the use of regulated software programs. The 

FDA has been involved in reviewing 3D printed models for almost a decade (5). For 3D 

models that will be used for advanced surgical planning, operative templates, or surgical 

implants it is important to use FDA-cleared software programs in order to ensure the models 

created are both safe and effective.

To get started with 3D printing, specific types of image files are needed. Most radiological 

studies are saved as DICOM images on the picture archiving and communication system 

(PACS). These DICOM images need to be converted into a data set that is compatible with 

the 3D printer. The most commonly used format is STL. Many open source and low cost 

software products are available to convert DICOM files into STLs. 3D printing services also 

exist online and will process and print STL files for a fee.

Table 1 summarizes currently available 3D modeling software packages. In addition to these 

commonly used low-cost 3D software packages, there are commercial software packages 

such as Amira, Analyze, Mimics Innovation Suite, ScanIP, etc. that are expert level and are 

used for image segmentation beyond medical image analysis.

Creating a 3D Model for Printing

Prior to 3D printing, a 3D model must be designed, either physically or virtually. In addition 

to digital image based models, a physical object such as a pathological specimen or person’s 

face can also be captured digitally using laser scanning or 3D digitizer.

For medical image-derived models, serially sectioned volumetric images are most 

commonly used, with DICOM being the most common file format. The 3D printing 

software may dictate which image format is preferred. The following steps are necessary for 

the creation of an image-derived 3D model:

1. Selection of imaging sequence:

3D printing can use any volumetric set of DICOM or serial images. While CT and MRI 

images are the most commonly used, functional data from positron emission tomography 

(PET) images can also be fused.

Images need to be carefully selected to have high contrast ratio between the region of 

interest and the surrounding structures to have robust segmentation (Step 3) (e.g., CT with 
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soft kernel for bone). The use of sharp kernel causes increased graininess of the edges, 

resulting in difficult extraction of the edges and potential roughness on the physical surface 

of model (13).

Typically, a 1 mm or less (preferably 0.625 mm) slice thickness and isotropic voxels of 1.25 

mm or less are recommended to provide high contrast, signal-to-noise ratio and optimal 

spatial resolution (14, 15). These parameters can be manipulated depending on the region of 

interest (ROI), with the goal of minimizing partial volume effects and to prevent extensive 

post-processing. CT angiograms or MR angiograms are best suited for vessels. Dual Energy 

protocols are best for reduction of metal artifacts, particularly from implants or foreign 

bodies (16).

MRI has the best contrast for soft tissue and solid organs. MRI sequences without fat 

saturation are preferred to allow for better delineation between organs and fat (8). In general, 

MRI acquisition creates thicker slices, which are less amenable to high resolution models. 

To create a very detailed 3D model, it is imperative to have the thinnest slices possible for 

the data set. Thicker slices, like those of an MRI, will create a “stepped” or blocky 

appearance in the model in the segmentation process (15). MRI sequences with small 

isotropic voxels and smoothing of the model with post-processing software can allow for 

correction of this stepped appearance but with potential loss of anatomical accuracy.

2. Segmentation of region of interest:

In general, the steps are: a) select volume of interest, b) mask and review volume of interest, 

c) subtract and extract masked volume from original volume, d) review subtracted image, 

and e) export DICOM volume file. An example of skull segmentation can be seen in Figure 

2. Creating a mask simply means defining a collection of voxels that satisfy a specific set of 

criteria. This includes techniques such as thresholding where one can, for example, select a 

specific range of Hounsfield units (HU) on CT to segment out a structure of interest. Manual 

contouring techniques and edge detection methods can also be used to further enhance the 

quality of the segmentation process.

3. Fusion:

The use of multiple data sets or multiple modalities can allow for a more detailed model. For 

example, when image co-registration using both CT and MRI is required to create a 3D 

model, the images can be merged prior to segmentation or the CT can be segmented first and 

then merged with the MRI (8). The same process is followed if using different sequences 

from the same MRI or CT study to segment different structures (i.e. arterial and venous 

phases from the same study). Many different types of co-registration techniques exist, 

including rigid transformations, non-rigid transformations, and voxel-based technique (17). 

The technique used will depend on the clinical scenario and the software being used. Of 

note, not all software are capable of this process.

4. Surface generation:

The segmented DICOM volume file contains voxel data which needs to be converted into a 

series of triangle meshes representing a surface. This process converts a DICOM data set 
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into STL format, which is compatible with 3D printers. The surface of the object is 

represented as set triangles of variable sizes and angles, and information about the object’s 

orientation in the 3D space is preserved. Smaller triangle size and increased number of 

triangles imparts greater detail to the surface characteristics of the desired object and hence 

the model. This also allows for a smoother model surface.

This basic STL format prevents inclusion of surface texture, color and part specific material 

properties that are readily acquired by current modes of imaging. Additive Manufacturing 

File (AMF) format is a newer technology that surpasses these limitations of STL format 

(15).

VRML (Virtual Reality Model Language) and ZPR (Zcorp proprietary) formats are less 

popular, but contain information about color. 3MF (3D Manufacturing Format) and Obj 

(Object) file formats can also be used. The file type chosen will depend on the type of 

printer being used and the desired properties of the model, with STL files being the most 

common type.

5. Image post processing of 3D Model:

Post-processing steps include:

i. Correcting the mesh model: This is the most important step to fail safe 3D 

printing. Small holes and self-intersecting triangle meshes can develop in the 

course of reconstruction to model or STL and need to be corrected. Most 

software has interactive triangle mesh processing to provide hole filling, mesh 

editing, smoothing, and self-intersecting inspection.

ii. Removing mesh errors: Since the surface of a model has a defined thickness, it 

actually has two sides, inward facing and outward facing. These sides are 

composed of triangles facing outward and triangles facing inwards. All the 

boundaries of the triangles should be in contact with each other and none of the 

inward facing triangles should be in contact with outward facing triangles, and 

vice versa. This defines the positive volume of the model. Negative volume 

would result in the failure of printing.

iii. Connecting parts: The unconnected desired parts of the virtual model need to be 

connected. A column or bar of triangles may be constructed for this purpose. The 

unconnected undesired parts of the virtual model should also be removed.

iv. Closing ends: The ends of the tubular structures such as vessels need to be 

closed.

v. Correcting gaps: None of the surfaces should have gaps or holes. The gaps must 

be filled with mesh triangles. A remeshing process within the software should 

take care of any of these gaps.

vi. Filling internal spaces: The internal spaces, particularly cancellous bone, may be 

filled in with honeycomb grid to save time and material for printing.
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vii. Creating supports and scaffolds: Care should be taken to create scaffolding and 

support for the anatomical structures, otherwise the model will collapse.

6. Saving the processed 3D dataset:

It is important to save every step of the process for the length of the project, from the 

DICOM to the segmentation masks to the processed models. That way, mistakes can be 

edited by going back to a specific step. DICOM files are already saved as part of the user’s 

imaging service. However, STL files should also be saved in a confidential manner as part of 

the standard patient record. This allows for the data to be easily referenced for problem 

solving or further post-processing at a later date. Saving the files in each stage also allows 

for the editing of mistakes by going back a specific step or refining the data-set for 

multistage reconstructions.

7. Sending the dataset to the 3D printer:

This step depends on several factors. You may be sending your data to a printing service. If 

you have your own printer, the type of printer may determine the efficiency of this step. 

Some printers require a computer to be attached to the printer, while others take files via SD 

card, USB device or even wifi, online/intranet networking. All printers require a final step of 

slicing the 3D surface model into a stack of 2D layers before printing. 3D printer Slicer 

software is needed to convert an STL file into G-code, a language that can be processed by a 

3D printer to print a model layer by layer (18).

Most printers have their own software that prepares the model for printing. The software will 

identify any errors in the model and arrange the print in the virtual 3D space so that it has 

the most likelihood of printing without any issues. It will orient the model appropriately so 

that the resting surface has the most contact with the base of the printer. It might also add 

thin supports or beams that will hold up the print throughout the entire process. Additionally, 

multiple STL files can be inserted onto the print tray at the same time. The printer software 

can also assign different colors to the STL files so that a multi-colored 3D model can be 

created once the separate parts are assembled after printing. Once all of these steps are 

completed, the printer can fabricate a 3D object (Figure 3).

For clinical cases, it is recommended that you save the 3D model file and print file the same 

length as the standard patient records as the case data might be needed in the future. A 

unique identifying number should also be included on the model for easy identification at a 

later date.

Typically, print production ranges from a few hours to even days depending on the size of 

the model as well as type of the printer and materials to be used. The quality of the print is 

directly related to the acquired volumetric data, extent of post processing, and the printer 

(14). Printing time can vary widely, depending primarily on the size and complexity of the 

object printed. It also depends somewhat on print quality and density. Higher quality prints 

can be obtained at the cost of slower printing speed. Denser prints require more material and 

more printing time. Although small jobs can be completed within a few minutes, print times 

for more typical print jobs will run 1–15 hours. Errors between the 3D print and imaged 
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anatomy are usually clinically negligible and due to suboptimal segmentation or STL 

conversion (13, 14).

Providing a 3D Printing Service

For radiologists interested in setting up a 3D printing service, different levels of use may be 

considered.

1. Entry level use

2. Educational use

3. Clinical use

Individuals often start at entry-level use prior to proceeding to other levels. In general, 

moving up each level will increase the printing costs by an order of magnitude and double 

the required staffing.

Entry Level Use

This level is for someone who will be printing a relatively small number of objects for 

personal use. This is an ideal level for becoming familiar with 3D printing. Other than 

oneself, no additional staffing is required.

The entry costs are relatively small and consist of a printer, printing stock and one’s time. A 

desktop 3D printer can be purchased for $500-$3000, depending on the features. Basic 

printing stock is about $30 per spool of material. 3D printing using these basic devices can 

be somewhat accurate, however discrepancies between image anatomy and the final printed 

models are more likely to occur, and these types of printers should not be used for clinical 

use (1).

Educational Use

3D printing technology is used increasingly for medical education (8, 19, 20). Educational 

printing needs vary widely, ranging from a single anatomical model to individual models for 

hundreds of students (Figure 4).

Inexpensive printers and printer supplies can sometimes suffice for educational purposes. 

However, if the need for printed models outstrips the output of a single printer, one must 

purchase either additional inexpensive printers or a faster and more expensive printer. If the 

need for printed models is large enough, it may also become necessary to hire part- or full-

time staff to run the printers.

Clinical Use

One of the major uses of 3D-printed models is to improve the quality of preoperative 

planning (1, 21–27). Unlike 3D models used for educational purposes, those used for 

surgical planning must be available on a reliable schedule, and sometimes with relatively 

short turn-around times. Attaining an acceptable level of reliability may require more 

printers and service contracts on those printers, to hire multiple full-time staff, and to set up 

schedules so that the clinical needs can be met (5, 6). With sufficient clinical need, an 
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alternative policy for outsourcing printing of these models may be needed, if in-house 

personnel and equipment cannot meet the need.

Clinical usage imposes additional constraints on a 3D printing center. These include the 

need for increased accuracy, decreased turn-around time and sometimes the ability to work 

with expensive materials to create custom implants. More advanced FDA cleared software 

programs are required to ensure model accuracy (5). Inexpensive clinical 3D-printing is 

possible in small lots (28, 29). However, printers used for clinical work will generally be 

much more expensive than those used for personal or educational purposes ($10,000−

−100,000+) (30).

Cheng et al (31) described their experience with printing cardiac models for surgical 

planning. Although their surgeons found these models valuable, their models cost $1000-

$1300, including the cost of the printer, materials, image segmentation and cleaning, and 

labor.

A clinical 3D printing lab must recoup its expenses through a reimbursement mechanism. A 

current barrier to this is the absence of a Current Procedural Terminology (CPT) code for 

3D-printed models (9). This may eventually come to pass, but it will require a great deal of 

time to document the time saved and improved outcomes resulting from 3D-printed models.

It is inevitable that some 3D-printed implants will fail or lead to complications. The 

potential legal liability is an emerging area with few precedents (24, 32). In the U.S., the 

Food and Drug Administration (FDA) has issued several guidance documents for this 

growing field (33, 34). Currently, the FDA has been assessing cases based on their individual 

merit, resulting in various devices used for FDA-cleared interventions, such as a 

biodegradable airway splint described by Zopf et al (32). Morrison et al (35) gives an 

excellent overview of their experience navigating the regulatory hurdles for a 3D-printed 

implantable device.

Research Directions in 3D Printing:

Researchers have used 3D printers to fabricate various implantable prostheses from a wide 

variety of materials such as silicone, polymethyl methacrylate, polyamide mesh, titanium 

(36–38) and others (19, 39, 40). Some investigators have modified 3D printers to fabricate 

surgical instruments (41).

General Directions

Increased availability and wider clinical acceptance of medical 3D printing has created 

opportunities for radiologists to become more involved in research related to 3D printing. 

This section reviews some of these opportunities.

Research applications of 3D printing have been broadly categorized as follows: Medical 

models, medical aids (guides, splints, and prosthesis), inert implants, instruments and tools, 

and biomanufacturing.
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As discussed in our companion paper on clinical applications of 3D printing, some of the 

research has already transformed clinical practice. There have been many case reports 

showing that 3D models have helped with complex cases, including applications in 

cardiovascular surgery, orthopedic surgery, neurosurgery, dental and craniofacial surgery, 

abdominal surgery, and thoracic surgery (42–45). 3D printing is gaining attention in medical 

care, and hospitals are starting to create 3D printing labs. For example, Figure 5 

demonstrates how 3D printing has been used in the creation of custom tracheal stents in 

patients with tracheobronchomalacia.

3D printed models are increasingly used in physician and patient education, simulation, 

preoperative planning, intra operative templates, customized cutting guides, and virtual 

surgical techniques (46, 47).

Patient specific cutting guides and patient specific implants have shown added value (i.e., 

cranial, lumbar, tracheal, chest wall) (42). Movrin et al used custom designed implants for 

reconstruction and treatment for blow out orbital fractures (48). Others have shown utility of 

3D printing for bone graft harvesting; such as in the design of customized mandibular tray, 

repair of facial clefts, and the creation of facial or extremity implants in dental and 

orthopedic military blast injury settings (42, 49).

Perhaps the most ambitious application of 3D printing is bioprinting, where living cells, 

bone, cartilage skin and vessels are grown on 3D cell scaffolds (50, 51). Mannoor et al 

successfully created a living bionic ear composed of living cells and electronic nanoparticles 

ear organ (52). The creation of bioartificial livers is another promising application of 

bioprinting (53). The merging of bone and cartilage tissue in implants using regenerated 

tissue is another potential research area in bioprinting (45). Cardiovascular bioprinting and 

molecular 3D printing in the research setting has also shown promise (54). Printers that can 

create these tissues are far more expensive than those used to print plastic models (30). 

Although radiologists have not typically been involved in engineering phases of tissue and 

organ printing, they should be familiar with these techniques.

Materials Research

Research into materials used for 3D printing has been especially fruitful. Much of this 

research aims to develop materials that more closely reflect the dynamic capabilities of 

tissues (flexibility, conductivity, and biocompatibility) in the clinical setting. Research on 

flow physiology (i.e., printed vascular models, appropriate acquisition of imaging 

information and design of studies) has benefited from new materials.

In a recent study of PAR post procedure evaluation of the aortic wall and root by Ripley et 

al, while flexible material was utilized to print the aortic root, the material did not match the 

true elastic modulus of the aortic wall, defined as the amount that a material will stretch or 

deform in response to force or stress (55). Though past studies have attempted to print the 

heart in the different phases, improved ability to create models during dynamic states of 

motion that better simulate the innate motion in the human body (i.e., cardiac systole and 

diastole) are needed (56). This new area of 3D printing is called dynamic 3D or “4D 

printing” and is quickly expanding in industry (57, 58).

Hodgdon et al. Page 12

Acad Radiol. Author manuscript; available in PMC 2019 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Potential solutions to current design challenges include: printers with multi-material 

capability, materials with improved temporal resolution, use of CAD software which either 

mirrors normal anatomy on the unaffected side (or designs a “wall” to enclose a segmented 

blood pool (often termed “hollowing”)) or subtracts the STL of the enhanced blood pool 

from the STL of the surrounding tissues (55, 59). The wall should be printed using a high-

resolution technology (material jetting or vat photo polymerization) to achieve a smooth 

lumen. These models can be used to test the effect of interventions on local hemodynamics. 

The models can help optimize in vivo techniques (coronary contrast opacification gradients), 

respiratory dynamics (H3 MR imaging), and flow encoded MR imaging (60–65).

Other recent materials developments include the following: bioresorbable stents for 

treatment of trachea-bronchomalacia in children, liquid latex molding and 3D combination 

for free flap soft tissue reconstruction planning, as well as creation of MR visible or 

compatible materials for interventional procedures (laryngoscope using biocompatible 

polymer and individualized vaginal template for guided brachytherapy for cervical cancer) 

(32, 66–70). Radiologists can work in tandem with the engineering teams to help determine 

best practices depending on which imaging modality is used for 3D printing.

Other Research Opportunities

Other applications of 3D printing include medical forensics, imaging optimization/quality 

control, and patient physician communication improvements (71, 72). 3D printing may also 

be of use in the advancement of drug delivery mechanisms via production of advanced blood 

brain barrier modelling for in vitro platforms, enhancing the current understanding of the 

cerebrovascular mechanisms for central nervous system (CNS) drug delivery (73).

Radiology driven, organized prospective research studies in 3D printing are needed to 

formally support improved outcomes, assess clinical benefits, provide a documented cost 

effectiveness analysis, and substantiate expected improvements in communication. Research 

data are needed to establish evidence based guidelines that could ultimately lead to 

reimbursement for 3D printing in the clinical setting (9). One of the current barriers to wider 

acceptance of 3D printing in Radiology departments is the approval of formal current 

procedural terminology (CPT) codes. While some research in this area has been performed, 

standard protocols for assessment are needed for example in assessment for surgical 

planning beyond surgeon satisfaction and self-assessment (74, 75). Several groups are 

actively researching the impact that 3D models can have in medicine, including decreasing 

operative and treatment costs and improving patient outcomes. This research will continue to 

be of utmost importance to eventually obtain reimbursement for 3D models.

Conclusion

Radiologists play an important role in the future of 3D printing. There is currently a need for 

radiologists to become familiar with 3D printing in order to explore the unlimited potential 

of this technology. Their involvement is critical for future clinical applications. This paper 

has attempted to provide readers with a “how to get started” guide, from software selection, 

creating a 3D model, to the many ways of creating a 3D print. Never before has 3D printing 
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been more accessible to radiologists. It is important for the field of radiology to see the 

potential of this emerging technology and help guide its usage in future medical practice.
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Figure 1. 
Flowchart demonstrating the workflow for printing of a 3D model. After acquiring the 

images, DICOM files are initially segmented to extract the anatomy of interest. An STL file 

is created and post-processed with computer aided design (CAD) software. Support 

scaffolds can also be created to hold the model parts in place. The completed STL file is 

then sent to the 3D printer for printing.
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Figure 2. 
Example demonstrating how the software package (Mimics Innovation Suite) can be used to 

segment the bones of the skull from source CT head images to generate a 3D model.
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Figure 3. 
a) 3D printed model of a skull created after using postprocessing and 3D printing software, 

PreForm, to convert the model into an STL file and designing support structures for the 

model to be used during the printing process. The skulls pictured were printed on b) 

Stratasys and c) ZCorp printers respectively.
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Figure 4. 
3D printed model of a complex acetabular fracture. By providing greater anatomic detail and 

tactile information about the fracture type, these models can help to determine treatment 

options (surgical vs. nonsurgical) and to plan adequate fracture reduction preoperatively. The 

model pictured was printed on a Stratasys Objet500 Connex3 printer using jetting of 

VeroWhite material.
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Figure 5. 
3D printed tracheal model with fabricated tracheal stents. 58-year-old man with 

longstanding respiratory symptoms due to tracheobronchomalacia. a and b. Computed 

tomography (CT) of the chest with inspiration (a.) and expiration (b.) revealing greater than 

50% collapse in the carina and left mainstem bronchus. c. CT DICOM data used to segment 

the trachea and create a STL file (3D Slicer version 4.6, www.slicer.org). e and f. 3D 

rendered models (e) and 3D printed stent (f). The final model was used in the treatment of 

this patient.
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Table 1.

Examples of various free software platforms available for the creation of 3D printed models.

CURA Beginner Slicer Software to prepare STL files for 3D 
Printing Free PC, Mac, Linux

CRAFTWARE Beginner Slicer Software to prepare STL files for 3D 
Printing Free PC, Mac

OSIRIX Intermediate To create 3D model and prepare STL file
Osirix lite (32 bit) is free. 
Osirix MD (64 bit) costs 
about $600 USD

Mac only

HOROS Intermediate To create 3D model and prepare STL file 64-bit Free, Donation to 
User Group requested Mac only

NETFABB Intermediate Slicer to prepare STL files for 3D Printing. Basic Free, Professional 
edition Paid PC, Mac, Linux

REPETIER Intermediate-advanced Slicer Software to prepare STL files for 3D 
Printing. Free PC, Mac, Linux

3-D TOOL Intermediate To View and Check STL Files Free PC

MESHFIX Intermediate Check STL Files Free PC

SLIC3R Professional Slicer Software to prepare STL files for 3D 
printing Free PC, Mac, Linux

BLENDER Professional Edit STL Files for 3D Printing Free PC, Mac
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