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Introduction: 3D object printing technology is a resource increasingly used in medicine in recent years, mainly incorporated in
surgical areas like orthopedics. The models made by 3D printing technology provide surgeons with an accurate analysis of complex
anatomical structures, allowing the planning, training, and surgery simulation. In orthopedic surgery, this technique is especially
applied in oncological surgeries, bone, and joint reconstructions, and orthopedic trauma surgeries. In these cases, it is possible to
prototype anatomical models for surgical planning, simulating, and training, besides printing of instruments and implants.

Purpose: The purpose of this paper is to describe the acquisition and processing from computed tomography images for 3D printing,
to describe modeling and the 3D printing process of the biomodels in real size. This paper highlights 3D printing with the applicability
of the 3D biomodels in orthopedic surgeries and shows some examples of surgical planning in orthopedic trauma surgery.

Patients and Methods: Four examples were selected to demonstrate the workflow and rationale throughout the process of planning
and printing 3D models to be used in a variety of situations in orthopedic trauma surgeries. In all cases, the use of 3D modeling has
impacted and improved the final treatment strategy.

Conclusion: The use of the virtual anatomical model and the 3D printed anatomical model with the additive manufacturing
technology proved to be effective and useful in planning and performing the surgical treatment of complex articular fractures,
allowing surgical planning both virtual and with the 3D printed anatomical model, besides being useful during the surgical time as
a navigation instrument.
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Introduction
The 3D printing technology, also known as Additive Manufacturing (AM) or Rapid Prototyping (RP), has been
increasingly used in the health sciences.' The first paper published on AM in orthopedics was in 2000 and since then
the use of this technology has helped in the development of several surgical specialties, especially orthopedic surgery.?
The great impact of this technology is mainly in cases of trauma and highly complex diseases where a better under-
standing of the injury is needed for a more appropriate surgical treatment schedule. Surgeries in regions of complex
anatomy such as the pelvis, spine, shoulder, knee, and joint regions have been the situations of greatest need for the use
of this technology in orthopedic surgeries.'”™

With the technological advancement of radiological examinations, especially concerning the processing resources of the
images of Radiography (X-ray), Computed Tomography (CT), and Magnetic Resonance (MR), the possibility of printing
high-definition models in real size of organs and body parts, such as bones, is becoming more doable and more accessible.°
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Graphical Abstract

The 3D anatomical model was printed to perform the virtual surgical planning (VSP) and

the surgical simulation of the elevation of the lateral plateau fracture.

Due to the increasing use of 3D printing in various areas of human activity, the cost of printing is decreasing as well
as access to technology is becoming easier every day.” Both the value of the printer and the inputs are decreasing value
and the possibility of printing models by the surgical team makes this technology an example of the style: “do it yourself”
(DIY).® In computing, this technology is an example of another trend: “what you see is what you get” (WYSIWYG).*’
In addition, with the technological development in the area of 3D printing, there is a gradual rise in the accuracy and
precision of biomodel and biomaterial printing. Nowadays, for better integration between biomedical engineering and
orthopedics the concept of “point of care manufacturing” (POCM) emerged according to Calvo-Haro et al that means
a new model production including networks hubs in hospital centers, reconciling in-house manufacturing and
outsourcing.'’ The workflow for 3D anatomical model printing changes by institution. Usually, a multidisciplinary
team is required, for example in university hospitals the team that performs the manufacturing process of the 3D
anatomical model can be composed of orthopedic surgeon, biomedical engineers and/or designers. In many cases, before
printing the 3D model, all the team meeting to perform a virtual surgical planning to program the implant position and
surgical strategies.'> Meanwhile, in smaller centers, the process of printing biomodels is performed only by the surgeon.

Kim et al in their study report the clinical experience with the use of 3D printing techniques in orthopedic trauma,
with the following applications in 3D printing technology:'' 1. A better understanding of the fracture and anatomical
relationships; 2. Preoperative planning; 3. Medical Education; 4. Surgical training and simulation.

According to Bagaria et al, the advantages of the use of additive manufacturing in the surgical treatment of complex
joint fractures are’ 1. A better understanding of fracture morphology or anatomopathology; 2. Measurement of the real
dimensions and anatomical relationships in the model; 3. Reduction of surgical time; 4. Decreased anesthesia time; 5.
Decrease of intraoperative blood loss; 6. Assistance in obtaining fracture reduction; 7. Reduction of time using fluoroscopy.

The purpose of this paper is to describe and analyze the acquisition and processing of CT images for 3D printing and
its applicability in orthopedic surgeries and shows some examples of surgical planning in orthopedic trauma surgery.

Materials and Methods

Clinical Cases

Four examples were selected to demonstrate the workflow and rationale throughout the process of planning and printing
3D models to be used in a variety of situations in orthopedic trauma surgeries. The cases here presented were treated in
different institutions by the authors during the last two years. In all cases, the use of 3D modeling has impacted and
improved the final treatment strategy. This study was carried out after approval by the Ethics Committee of the Federal
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Technological University of Parana - UTFPR under CAAE: 94790518.4.0000.5547. The consent to publish term has
been provided by the patient(s) to have the case details and any accompanying images published.

Case |: Tibial Plafond Fracture

A 28-year-old male suffered a motorcycle accident with severe polytrauma with an open complex fracture of the right
distal tibia. It was performed the damage control of the open fracture with the transarticular external fixator. The patient
had extensive skin lesions in the posteromedial region that evolved with infection of soft tissues. The CT images showed
high comminution of the fragments. The 3D anatomical model was printed to understanding the pattern fracture to plan
the surgery. The chosen strategy to fix the fracture was to install the circular external fixator. In order to obtain the
fracture healing a bone graft was necessary in the distal tibia metaphysis gap (Figure 1). The 3D anatomical model
allowed the team to understand and decide on the fracture fixation method (circular external fixator), as well as predicting
the use of bone graft in place of metaphyseal bone loss.

Case 2: Plateau Fracture

A 40-year-old male suffered a fall from a height with knee axial trauma. After 4 weeks after the accident, he sought
medical attention due to pain and swelling in his right knee. The CT scan showed an old fracture of the knee lateral
plateau with great central sinking. The virtual surgical planning (VSP) was performed, and the joint surface elevation site
was defined. The 3D anatomical model was printed, and the surgical simulation of the elevation of the lateral plateau was
performed. Performing the VSP, in this case, was what made it possible to determine the exact local of the hole in the
lateral cortical to insert the instrument to elevate the sunken articular surface. The 3D printed model was important such
as navigation during surgery to identify the exact location of the tunnel for elevation of the joint surface (Figure 2).

Case 3: Hoffa’s Fracture Nonunion

A 44-year-old male was involved in a motorcycle accident with severe polytrauma with multiple fractures in the left
lower limb. After 6 years from the accident, the patient started to feel pain in his right knee. CT images were performed
and diagnosed nonunion of the coronal fracture of the lateral femoral condyle of the right knee (Hoffa’s fracture). The CT
images were used to perform the VSP and print the 3D anatomical model that was used in the surgery simulation (to
choose the implants and their position on the bone). It was verified the stability of the osteosynthesis during simulation.
The 3D printed model was important such as navigation during surgery to identify the nonunion line and the correct place
to fit the plate (Figure 3).

Case 4: Spine Fracture

A 20 years old male involved in a car accident with overturning was admitted to our emergency department with neck
pain and local tenderness. The patient was neurologically intact (ASIA E). X-rays and CT images showed a C3 right
pedicle fracture with a C3-C4 subluxation and a right side locked facet. It was planned a short posterior fusion using
pedicle screws in C2 and C3 (left side only) and lateral mass screws in C4. A 3D model of the cervical spine upper
segment has been constructed with tunnels through the pedicle previously planned trajectories to be used as a navigation
aid in the surgical field. 3D printed perforation guides for C2 and C3 pedicles have been produced as well. In this case,
the biomodel was used in the surgery field to serve as a navigation tool. The pedicle screw trajectories were printed as
tunnels in the model. Considering the precise dimensional properties of 3D printed models, they help in mitigating doubts
and possible mistakes in trajectories and position of implants. We have also designed perforation guides that were
successfully used for pedicle screw implantation, especially in C3 (Figure 4).

The source of data was CT images obtained in a high-resolution protocol by different machines and distributed by the
well-known Digital Imaging and Communications in Medicine (DICOM) protocol. The images were further processed
by software that was designed for image segmentation and volumetric reconstruction that produce a file that can be used
by other applications in the process: InVesalius® v. 3.1.1 (CTI. Campinas, Brazil) in cases 1 to 3 and 3D Slicer® v. 4.10
and 4.11 (The Brigham and Women’s Hospital Inc. Massachusetts, USA) in case 4. After the DICOM images are
segmented and the 3D object rectified, they are exported to an STL extension, which is a file format that contains data
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Figure | CT images of the distal tibia (A); the 3D anatomical model modeled with CAD software (B); complex tibial plafond fracture treated with circular external fixator
(C); outcome of surgical treatment (D).
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Figure 2 X-ray and CT images showing sinking of the lateral tibial plateau (A); virtual surgical planning and surgical simulation using the 3D printed anatomical model for
joint surface elevation (B); intraoperative fluoroscopic image of lateral plateau cartilage elevation (C); outcome of surgical treatment (D).
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Figure 3 CT images showing nonunion of the coronal femoral lateral condyle fracture - Hoffa’s fracture (A); virtual surgical planning (VSP) performed in CAD software
(Meshmixer®) and the 3D printed model used in surgical procedure to reproduce the VSP (B). Outcome of surgical treatment (C).

describing the layout of a 3D object. It is worth mentioning that each software used for 3D printing requires the files in
a specific format (eg, with the STL extension, AMF extension, OBJ extension, 0.3MF extension, etc.).

The volumes obtained were remodeled and modified to produce very specific objects and tools using the software
Meshmixer® v. 3.3 (Autodesk. San Rafael, USA) in cases 1 to 3 and Mimics® v. 22.0 (Materialise. Leuven, Belgium) in
case 4. This software also allows the performing of VSP and some degree of simulation. The virtual objects to be
transformed into prototypes were processed by the software Simplify3D® v. 4.1 (Cincinnati, OH, USA) in all cases to
generate a code (Gcode) containing specific commands to the extruder machines.

The 3D objects in STL format were processed by the software Simplify 3D® v. 4.1 (Cincinnati, OH, USA) slicing
software for 3D printers, used to prepare virtual objects according to selected parameters to generate a code format file
(Gceode) containing specific commands to operate the extruder machines.
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Figure 4 CT images showing C3 right pedicle fracture with a C3-C4 subluxation and a right-side locked facet (A); the 3D model created using Mimics® software to
perform VSP (B); the VSP using Meshmixer® software and confirmation the pedicle screw trajectories using 3DSlicer® software (C and D); the personalized drill guide was

used to fix pedicle screw (E); outcome of surgical treatment (F).
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The objects created in our study were manufactured in a 3D cartesian desktop printer with Fused Deposition
Modeling (FDM) technology of the model Ender 3® printer (Creality. Shenzhen, China). The thermoplastics chosen
to print the biomodels were Acrylonitrile Butadiene Styrene (ABS) in cases 1 to 3 and Polylactic Acid (PLA) in case 4.
The thermoplastics have a white coloration in a 1.75 mm width. The parameters chosen for printing the pieces were
0.4mm extrusion nozzle, 0.15 mm layer height, 0.4 mm layer width, 0.8 mm perimeter shells, 4 top solid layers, 4 bottom
solid layers, and 50% density of filling in the recline format and 30 mm/s print speed.

Discussion
According to some authors'® currently, the 3D printing process in the medical field (used for teaching, training, and
surgical planning, making guides and implants) consists of four steps (Figure 5).

The first and most important step in the printing of 3D objects is image acquisition.'* The quality of the printed
models depends on the quality of the processed data (image resolution). Therefore, low-resolution images will result in
inappropriate models and distortions.'>'® The width of the slices of the CT images will also influence the image quality,
being one of the main limiting factors for the quality of the prototyping in the medical area.'*'” The width of the slice
should be 0.5 to 2 mm depending on the anatomical region. Slices above 2mm can cause distortion when printing objects.
The region of interest (ROI) must be established to reduce the work of extracting parts that will not be useful for
printing.'* Bone tissues have a high contrast compared to soft tissues in CT images which makes this type of exam the
most suitable for data acquisition for 3D modeling.' The acquired data (images) in the CT scan are processed in programs
observing a set of rules for treatment, storage, and transmission of information in an electronic format, structuring
a DICOM protocol.*'>'*!7 It was created to standardize the formatting of diagnostic images such as X-ray, CT, MRI,
Ultrasonography (US), etc. The DICOM Standard is a series of rules that allow medical images and associated
information to be exchanged between imaging-generating diagnostic equipment with computers.

Segmentation is a process of separating the desired area from an unwanted area, which is determining the ROI for
future image processing.”'*!” The separation of the parts depends on the anomalous area and the chosen tissue to be

Image Acquisition
File in DICOM format

Image Segmentation

File in STL format

3D Object Modeling

CAD program

3D Object Printing

CAM program

Figure 5 The 3D printing process in the medical area.
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studied (bone, muscle, blood vessels, etc.). Segmentation can be performed manually or through algorithms created for
this purpose.'® This is the most critical and most demanding phase in the 3D printing process since the generation of low-
resolution 3D images can lead to improper printing of objects.'”

There are some software for this purpose, eg, OsiriX®, Horos®, 3DSlicer®, and Invesalius®.

After segmentation of the image, it is possible to perform the operative planning, using the data processing with the
creation of the 3D object, performing the study of the spatial geometry of the site (anatomy), performing virtual surgery
with resection of parts (eg, oncological surgery) or the possibility of simulating reduction of fractures and/or placement
of implants and prostheses.'®

In the first three clinical cases, the Invesalius® software was used to perform the segmentation and the 3DSlicer®
software was used in case 4. In all cases, the accuracy of these programs to create the virtual 3D bone was considered
very satisfactory.

After segmentation, the surface is extracted from the volumetric data by converting the voxel data into a mesh formed
from a series of triangular facets.'” In other words, there is a conversion of 2D images into 3D images, for the possibility
of editing the 3D object.'® At this moment, there is a 3D reconstruction of the images. In this format, the object can be
manipulated and made the necessary adjustments for editing the final geometry to be printed. These data are converted
into files in the STL format in all cases in this study.

The image selected in the STL file is then processed to improve the regularity of the object surface and to make the
object the closest to the real situation. During this stage, it is possible to remove parts of the object that are not of interest
to the study as well as perform, as in the case of fractures, the reduction of them. In addition, in this phase, with the aid of
CAD software technology, it is possible to model 3D objects such as implants and prostheses for the VSP, testing their
positioning and size. For this purpose, some of these software are usually used, eg, Mimics®, Meshlab®, Blender®,
Rhinoceros3D®, and Meshmixer®. In cases 1 to 3 of this study, Meshmixer® was used to do the modeling. In case 4, the
Mimics software was used. The following are some modeling operations performed:

Due to the complexity of geometry and CT resolution, it is necessary to form a mesh to define the places where there
are gaps so that they will be corrected with image editing methods, making the surface of the object as smooth as
possible.”

It is often necessary to remove artifacts from the images that make the object irregular and with deformations on the
surface. Most of the time these artifacts are due to metallic materials implanted in the patient’s body or are created during
the segmentation process. The spatial cleaning method, normally used, is an algorithm to reduce noise without loss of
anatomical information.’

Smoothening algorithms are used to improve the definition and quality of the 3D object to be printed.>'? Special care
must be taken in this step because if the smoothing is exaggerated, the created 3D object no longer has the initial
geometry.

The printing of dimensional objects that have complex shapes can be done with different characteristics of solidity
and porosity during the making of the object.® This requires choosing the type of printing technology and the type of
material used.”® There are several Computer-Aided Manufacturing (CAM) technologies used in the manufacture of 3D
models, among them: Stereolithography (SLA), Digital Light Processing (DLP), Selective Laser Sintering (SLS), and
Fused Deposition Modeling (FDM).>!%!17:1821

The SLA and DLP technologies use a beam of light to polymerize liquid (resin) from a vat, forming successive layers. SLS
technology uses a high-powered laser to melt particles of polymers, metal, glass, or ceramics. This technology has a high
resolution and high cost. FDM technology uses the deposition technique of heated polymer through an extruder nozzle,
making 3D objects with a good geometric definition. This technology requires support for the printing of the structures.'” In
the FDM technology, the printing speed is low and the print resolution is lower than the SLA, DLP and SLS techniques.''

Currently, the two most widespread techniques used in the production of biomodels for orthopedic surgeries are
FDM'” and SLS. The most common technique for the manufacture of cutting and drilling guides and metal implants,
mainly using titanium alloys, is SLS technology.

Some software used to perform biomodel printing are, eg, MakerBot Desktop®, Cura®, Slic3r®, and Simplify 3D®.
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During the printing process, some care is needed to obtain a biomodel printed with 3D technology in real size that
reproduces the original anatomical features. Establishing which printing parameters will be used is a fundamental step in
this process. Our research team, after several tests, uses the parameters mentioned above, where we can reproduce 3D
printed bone models with great accuracy.

Various types of materials are used for 3D printing in orthopedic surgeries such as metals, polymers (natural and
synthetic), and biomaterials.'”"'® The most used materials currently in the printing of biomodels in orthopedic sur-
gery are:

Acrylonitrile Butadiene Styrene (ABS): it is a rigid and light thermoplastic, resistant and non-toxic, with a melting
point of approximately 210°C to 250°C. Derived from petroleum, it is not biodegradable, and it can release unpleasant
vapors during printing.?? It is also used in bone model printing for education, training, and surgical planning.’

Polylactic Acid (PLA) is a thermoplastic of vegetable origin (starch), which has a melting point of approximately
210°C to 250°C.>* PLA is easy to print, it is biocompatible and biodegradable, but its strength is degraded over time and
the print has a texture with certain roughness.?* It is also used in the printing of bone models and the printing of surgical
guides."” PLA is brittle and has low mechanical resistance.

According to some authors, the biomedical use of 3D printing technology has four important areas:

Biomodel printing (anatomical models).

Guides and surgical instruments printing (cutting guides, drilling guides).

Implants, prostheses printing.
e Tissue printing.

Some situations in the treatment of orthopedic problems where technology and 3D printing have been used:*>

Periarticular and articular fractures.

Complex arthroplasties present bone defects.

Spinal fractures and complex spine deformities.

Congenital malformations.

Angular deformities.

One possibility of using the anatomical model includes the orientation of patients and family members. Regarding the
communication of the medical team with patients and family members, some studies show the use of anatomical models
to inform about the type of surgical treatment proposed, promoting a better understanding of the patient clinical
condition, surgical schedule, rehabilitation, and greater adherence to treatment, contributing to an improvement in the
doctor—patient relationship.>* %’

Several studies have shown the effective application of the use of 3D printing technology in education and medical

6-14:17.2128 1ainly in surgical procedures.™'”*'3% Kim et al* in their study concluded that the 3D printing

training,
technique provided surgeons with a better understanding of the fracture pattern and anatomy and was effectively used for
preoperative planning, training of interns, and performing surgical simulations to improve intraoperative technical results.

The CAD programs currently have been allowed the performing of VSP with a better understanding of spatial
geometry, anatomical relationships mainly in places of complex anatomy, and the possibility of programming a less
invasive surgical approach and in the case of orthopedic trauma surgeries the previous reduction of bone fragments
simulating the definitive osteosynthesis.**

The printing of biomodels provides additional information to conventional images with increased knowledge of the
anatomopathology of the disease to be treated.'”?”->'> This way, 3D printing is useful in surgical simulation, surgical

14,1 1
d ,16,31,36

planning, in the preoperative choice of implants and guides to be use mainly concerning the understanding of

14,17,28,30,31

geometry (distances, scales, shapes) and identification of complex anatomy and in referencing anatomical

structures in the intraoperative step. Other advantages are the better choice of access to bone defects, a better under-

standing of the fracture pattern, and better choice in the positioning of bone implants.>'?
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An accurate navigation technique is essential to transfer the preoperative 3D surgical planning to the patient during
surgery. The patient-specific instruments (PSI) such as implants and guides printed in 3D are customized to fit on the

patient’s bone to directly position previously planned surgical procedures.?*>*37

Xiong L et al*® and Morgan et al*” have concluded in their systematic review and meta-analysis that the use of 3D
printing-assisted surgery in orthopedic trauma reduces operative time, intraoperative blood loss, and the number of time
fluoroscopy used.

One important aspect of the 3D printing workflow is time. Once created the 3D printed object from medical images,
the trained staff can spend many hours in the surgery planning; moreover, the printing time depends on the model size
and 3D technology used.?’

In our study, all the cases were performed virtual surgical planning and surgical simulation using a 3D biomodel
printed in real size. As shown in the literature above, virtual surgical planning was a decisive step in the treatment of all
cases, determining the surgical approach, the choice of the implants, the fracture reduction, and the position of the
implants in the bone.

Some papers have demonstrated that the use of the printed 3D model can be sterilized and used such a template
during the surgery. It is an example of surgical navigation, promoting important information to the surgeon. The

sterilizing process depends on the kind of material used in 3D object printing.?’

Conclusion
To obtain a 3D biomodel in real size that represents the original anatomy, it is necessary to follow a protocol that includes
the image acquisition parameters and the printing parameters, for standardization of the 3D printing process.

The use of the virtual anatomical model and the 3D printed anatomical model with the AM technology proved to be
effective and useful in planning and performing the surgical treatment of complex articular fractures, allowing surgical
planning both virtual and with the 3D printed anatomical model, besides being useful during the surgical time as
a navigation instrument.
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