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Abstract

:

This experimental study defines the usage of a computer-aided surgical simulation process that is effective, safe, user-friendly, and low-cost, that achieves a detailed and realistic representation of the anatomical region of interest. The chosen tools for this purpose are state-of-the-art Computer Aided Design (CAD) software for mechanical design, and are the fundamental application dedicated to parametric modeling. These tools support different work environments, each one is for a specific type of modeling, and they allow the simulation of surgery. The result will be a faithful representation of the anatomical part both before and after the surgical procedure, screening all the intermediate phases. The doctor will assess different lines of action according to the results, then he will communicate them to the engineer who, consequently, will correct the antisymmetric issue and regenerate the model. Exact measurements of the mutual positions of the various components, skeletal and synthetic, can be achieved; all the osteosynthesis tools, necessary for the surgeon, can be included in the project according to different types of fracture to perfectly match the morphology of the bone to be treated. The method has been tested on seven clinical cases of different complexity and nature and the results of the simulations have been found to be of great effectiveness in the phase of diagnosis and of preoperative planning for the doctors and surgeons; therefore, allowing a lower risk medical operation with a better outcome. This work delivers experimental results in line with theoretical research findings in detail; moreover, full experimental and/or methodical details are provided, so that outcomes could be obtained.
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1. Introduction


Radiologic imaging is an ever-evolving field that has shown spectacular progress in recent years. Many more innovative techniques have been introduced, based or not on ionizing radiation, starting from conventional radiology (CR), through ultrasound (US) and conventional CT, eventually replaced by spiral (SCT) and multidetector variants (MDCT) with 3D processing and finally by magnetic resonance (MRI).



With such technologic development it becomes of crucial importance to screen various examination possibilities and choose only those procedures that will lead to correct diagnosis and treatment. Correct radiologic investigation is particularly critical in orthopedic pathology to maintain a cost-effective approach, limit overuse, decrease the amount of radiation which a patient is exposed or in order to satisfy time-dependent surgical planning. If excellent contrast resolution of soft tissue, cartilage and ligamentous structures makes MRI suitable for degenerative and soft tissue traumatic or oncological diseases, the gold standard for most traumatic bone investigations is represented by Computed Tomography for its optimal contrast resolution of the bone, easy and ubiquitous availability in first aid and fast scanning. Technological improvements achieved by multidetector devices allow 3D reconstruction images, essential for the correct evaluation of bone injuries and safe surgical planning.



This study will illustrate the next step by guaranteeing specialists not only the visualization of the three-dimensional reconstruction of antisymmetric anatomical parts, but also by modeling, dissecting and altering them according to the purpose, thanks to the application of a 3D CAD software. In the orthopedic field, especially in pediatric orthopedics (PO), there has been a growing demand for efficient surgical simulation systems to adapt preoperative planning to technological progress and exploit the latest discoveries. Moreover, increasing emphasis on patient safety has considerably limited the timing in the operating room and the possibility of testing new methodologies involving real patients [1].



In spite of the fact that some bone deformities could be simple, with a straightforward treatment, complex deformities, i.e., damages that occur on at least two planes (e.g., shortening and angular/rotational variation) and often involve multiple bones, are frequently encountered in PO. This type of surgery usually requires extensive preoperative planning, that can be prolonged because of the complex geometry of the axial and appendicular skeleton. Thanks to the computer-aided surgical simulation (CASS) methodology it is possible to scale the precision and execution, and subsequently the efficacy of surgeons, thus, diminishing further complications and difficult outcomes, bringing down costs for all parties involved. Furthermore, it enhances informed consent and promotes a clearer communication between doctors and patients; showing the printed model, surgeons can easily convey medical information and the chosen treatments of the case, building a deeper bond of trust with the patients [2]. Nevertheless, CASS is deemed to be costly, time consuming and have limited availability to the few specialized centers with the facilities and staff for it, hence, limiting its use among medical professionals. Such limitations have driven the use of open-source software and user-friendly and low-cost technology.



In order to fulfill these needs, the Department of Industrial Engineering of the University of Bologna has entered into a collaboration with the Rizzoli Orthopedic Institute of Bologna, whose staff has allowed us to access the complex clinical cases that are the foundation of the study presented here. The outcome was a CASS method with the specific use of CREO Parametric, a mechanical modeling program. Once the anatomical part has been reconstructed through various software, it will be possible to interact with the component, rotating it and translating it into space, highlighting any lesions or pathological conditions, but, above all, applying sharp cuts or a more elaborate profile to simulate and observe the results of a surgical operation. The engineer will be able, thanks to precise instructions from the doctor, to virtually carry out the phases of the operation and communicate the results and data obtained.



The surgeon, in turn, will be put in a position to better evaluate the choices to optimize time and costs, but also to reduce the impact of the procedure on the patient and ensure a positive outcome; enabling the application of the experimental part of this study supported by the detailed theoretical findings that would add heft to the selected surgery methods for each particular patient.



1.1. Objectives


The goal of this innovative method is to give a new approach to diagnostics: the ability to reproduce faithfully human anatomy in a 3D CAD model that provides surgeons with a profitable and reliable investigative tool, which enriches the pre-operative planning phase by means of 3D patient visualization that avoids deducing from traditional methodology.



This work aims to provide a faithful simulation which is capable of replicating every single step of the procedure chosen by the specialist, allowing the doctor to estimate the extent of the injury or pathology and then decide how to solve it, immediately appreciating the results, minimizing the risks to the patient and evaluating more solutions thanks to the simulations.



Another objective of the method is to enrich the dialogue with the patient: in addition to seeing the impact of the operation on his body limited to a minimum, he can become aware of all the phases of the treatment that will be carried out with perfect transparency, as the doctor will be able to explain, in much more detail, the characteristics of the disorder and the methods of intervention.



Finally, another purpose for this script is to make available an effective support for surgical teaching; more experienced surgeons, in order to pass on their knowledge to students and young doctors, can avoid the use of training on corpses or incorrect models, which is disadvantageous in terms of the costs and availability of particular diseases.




1.2. Literature Review


Regardless of the different level of progress in the various fields of surgery, the large number of texts dealing with computer-aided simulation testifies to the interest and effectiveness of these techniques in solving complex traumas and pathologies. It commonly emerges that a balance must be met between simulation effectiveness and computational time to evaluate the model, to not cause a drastic cost increase or a decline in treatment accuracy [3].



The literature has shown that there is an increasing expectation of improved performance, patient safety and fiscal responsibility that can only be satisfied with a technological development in methods for the analysis and solution of pathologies. The researchers focused on some fundamental aspects in evaluating the effectiveness of the methodologies developed and, specifically, took into account the feedback, skills acquisition, simulation fidelity and timing [4].



Analyzing the maxillofacial field, the use of 3D technologies is already widespread and many interesting proposals with efficient simulation methods are available. Interesting osteotomy treatments have been developed in maxillo-mandibular surgeries. In the work of Li et al. (2013) [5] is shown the effectiveness of the use of parametric software (Unigraphics NX 7.5) in creating orthognathic templates, while in “Three-dimensional surgical simulation” [6] the dedicated PROPLAN CMF™ software, specific for cranio-maxillofacial surgery applications, is used. The complexity of the anatomy has made it necessary to use advanced tools, since the acquisition of data as in the works of Gateno et al. (2007) [7], Aboul-Hosn Centenero et al. (2012) [8] and Hsu et al. (2013) [9], for all searches starting from CT scanning, flanked by guide models, digital viewers and laser scanners.



The complexity of cases in the orthopedic field, combined with the lack of dedicated software able to treat long bones, articulated bone groups or the wide range of pathologies present, has led to a less advanced level of research that still lacks an effective simulation method, especially without increasing the timing of diagnosis. These problems have resulted in many doubts about the usefulness of aided CAD methods, as explained in the script “To simulate or not to simulate” [10].



To date, various paths have been designed for the reconstruction of a virtual model of anatomical parts, but the next step in creating a method to fully simulate surgical operations in detail is missing. A valid option is to use dedicated medical software: in “Application of computer simulation in the treatment of traumatic cubitus varus deformity in children” [11] MIMICS is used for the simulation of osteotomy, in “Accuracy of the preoperative planning for cementless total hip arthroplasty” [12] use is made of the Hip-PlanTM software (Symbios, Yverdon, Switzerland), which deals only with hip arthroplasty planning, while in “Integration of CAD/CAM planning into computer assisted orthopaedic surgery” [13] the model is transformed into three dimensions and customized bone prostheses are created for the patient via MIMICS software. Another interesting study is the one presented in the script of Wong et al. (2020) [14], where a novel titanium 3D-printed patient-specific implant, starting from a model made with parametric software, is presented. Additionally, there is the paper of Milojevic et al. (2010) [15] that performs a three-dimensional approximation of a femur from X-ray images to verify the exact position and measurements of the screws which are built-in in the human femur. Some studies of the same nature have been carried out on cadavers to test methods of simulation and realization of customized three-dimensional guides; two examples are the works of Helguero et al. (2015) [16] and Wong et al. (2012) [17]. Research has also developed in other directions by testing soft tissue simulations, such as in the script of Perica et al. (2017), [18] but without particular results. In the work of Cofaru et al. (2018) [19] the authors approach a modular device suitable for the different human knee surgery procedures built through the use of Catia V5R20, a commercial software. In the script of Gómez-Palomo et al. (2020) [20] is described the case of a 26-year-old patient diagnosed with Blount disease and the implementation of relative cutting guides for the surgery with the use of the commercial software Fusion 360.



It is also important to mention the works of which this study is the development; specifically, in “New Methodology for Diagnosis of Orthopedic Diseases through Additive Manufacturing Models” [21], a fast development of an additive manufactured bone model, converted from CAT data, through the use of free open-source software, is exposed. This research has been supported using this method in two other studies performed by Frizziero et al. (2020) [22] and Napolitano et al. (2020) [23]. To finish, in “Paediatric orthopaedic surgery with 3D printing: Improvements and cost reduction”, there is presented a novel algorithm for diagnosis and treatment of rigid flatfoot through 3D printing [24].





2. Materials and Methods


2.1. Tools


The software used in the procedure is described in Table 1; to obtain a three-dimensional object that faithfully represents the anatomical part examined, starting from a CT scan. The focus is almost entirely on the choice of open-source programs to minimize simulation costs. The only program that needs a license is Creo Parametric, and this is also available through academic license and, additionally, full free trial versions are available; it thus achieves a user-friendly and easily reproducible computer process on a personal computer.




2.2. Case Studies


Seven different cases are reported in this study to verify the effectiveness of the CASS methodology and to identify any criticalities deriving from the great cases of pathology in the orthopedic field (Table 2). For all patients, the processing starts from a computerized tomography examination to obtain an optimized 3D model of the examined anatomy and, finally, the simulation of the surgery on CREO.




2.3. The Process


The simulation procedure is presented below for the case of the Monteggia lesion, modeling on Creo accordingly as required for each surgical procedure. The aim of this work is in fact to present a methodology adaptable to the totality of cases in orthopedics, and does not deal with specific operator pathways.



The first step concerns the conversion of tomographic images into a three-dimensional model. As mentioned, the images deduced from the CT are not always appropriately clear to allow the medical specialist to develop in detail the procedure to be performed before the operation, so the process is divided into three main phases in order to emphasize the exact region and create the 3D model, removing unnecessary anatomical parts. Computed tomography is converted to standard triangulation language (STL) to represent the examined anatomy in three dimensions, but the model is too heavy, computationally speaking, and is marked by a dense structure that must be optimized. To do that, MeshLab is used for the elimination of the inner material of no interest and the overlapped geometries, and MeshMixer for external surface and file format correction. The steps of this first part of the workflow are summarized below (in order: Figure 1 is the importation in InVesalius of the CT exam, Figure 2 is the processing to optimize the 3D surface obtained and Figure 3 is the correction of mesh errors.



A detailed description of this initial procedure can be found in other research works prior this one [21,24], which allowed us in this study to describe the simulation procedure through the parametric mechanical modeling software (CREO), showing its versatility and great freedom of action even in the medical field.



To be able to process the anatomical components on CREO, the import of the STL file from Meshmixer is not enough. This format, in fact, represents an object whose surface has been discretized in triangles and it is not recognized as a real solid used by 3D mechanical modeling programs; CREO is therefore able to open the file but not to process it, if not trivially, providing various views and sections. To make the model a real solid, recognizable by the program, a saving by converting the file into “Shrinkwrap” type is used (Figure 4):



It may happen that defects are obtained on the surface that must be corrected before starting the simulation of the actual intervention, which depends on the complexity of the imported geometry.



To remove the errors (Figure 5) it is sufficient to create sketches that exactly trace the geometries in excess; the extrusion control with material removal is then used, eliminating the volume of the extruded solid. This operation serves only to refine the external geometry to perfectly reflect the examined anatomy. Since it is a manual procedure, it can take useful time and it can be omitted if the defects, resulting from the import into CREO, do not affect the sections where osteotomy will be performed (Figure 5 and Figure 6).



Next, the identification on the surface of the significant points and plans, necessary to give basic constraints, was performed by importing a model external to the program. This assigns it only the three main plans in an automatic way, and it would not be possible to control the handling of the members.



As seen below, to define the references (Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11), complex solids must be approximated to simpler geometries; hence, it will be possible to trace the center planes and points of interest as shown in the figure. Creo allows the selection of each mesh vertex; in this way it can characterize the models in a very precise way and highlight relevant anatomical sections, such as epicondyles or diaphysis axes in long bones.



After the definition of the various groups and the useful sections, it was possible to handle the members in the working environment assembly: this is a field of the program that allows you to import already finished models, impose relative or absolute constraints on them, in relation to a common reference system, and realize complex assemblies. The software, to establish the links between the geometries, needs exact references that must be defined in the models before opening in assembly. These must be chosen on a case-by-case basis since, depending on the operation to be carried out, different input data will be needed and further information for output will be required as well.



It is important to remember that the features just described (Figure 12, Figure 13 and Figure 14) are only those functional for the simulation of this pathology. The software makes available many other tools that have been used in the processing of the other cases and that will be illustrated in the results chapter.




2.4. Data Collection


A key aspect of this approach is the way anatomical data are collected in the various steps. Obviously, it is necessary that the initial examination, the CT, is carried out with a good quality to provide a faithful representation of the patient; the latest generation equipment ensure acquisition of up to 640 layers at the same time (TCSM), allowing, with post-processing analysis, to provide images, both multiplanar and three-dimensional, of the anatomical portion examined. A summary of which is found in Table 3.



With the use of InVealius, a transition from the two-dimensional sections of the anatomical component examined to the actual 3D model was possible. At this stage it is necessary to pay close attention to the density range that you want to export as this affects the accuracy of the three-dimensional surface. Specifically, for young patients, where the bone is not yet perfectly formed, or for pathologies that alter the normal bone composition, it will be necessary to operate manually to highlight the regions of interest. During component optimization, care should be taken not to erase portions of interest, especially when using automatic filters that may incorrectly select surfaces useful for simulation. MeshLab works through the ambient occlusion filter to select and delete only material within the surface, simplifying geometry and making the 3D simulation phase faster and more effective. In the processing of the outer surface by MeshMixer, a compromise must be reached between fidelity to the starting model and the necessary finishing; for the surgeon it will not be useful to have the exact surface conformation of the bone, but rather that the overall geometry remains faithful to the real one. To finish, while using the Shrinkwrap command, it is recommended to set the maximum quality level in the appropriate window to avoid a not negligible alteration of the geometry of the component.





3. Results


The CASS process was achieved agreeing to the surgeons’ likings and experiences; thus, patients were not consecutive and the study was not randomized. Parents and carers provided authorization for the study. The methodology described and illustrated by the example of a Monteggia lesion has been applied to all the cases reported in Table 4. This resulted in seven different assembly files on CREO, each one representing the phases of the respective surgery. Applying simulation to more than one pathology, involving different body segments, has enabled its effectiveness to be verified and the problems to be solved or improved. Some of the cases have already been operated and the surgeons of Rizzoli were very satisfied with the results obtained in the pre-operative planning phase, finding a considerable reduction in risks and timing during the operating phase.




4. Discussion


The simulation results in a three-dimensional model presenting the anatomical group after the operation (Scheme 1). On it can be detected all the necessary measures in the pre-operative planning phase and the program also allows saving the file in many different types of formats so that it is exportable to other software and not viewable only by CAD.



The literature has documented the error that is made by carrying out this type of measurement on two-dimensional images, an extremely limiting procedure that easily provides inaccurate results. It is therefore necessary to obtain these quantities with the maximum possible accuracy, since a difference of a few degrees of correction determines appreciable variations in the performance of the intervention [32].



The following graph summarizes the strengths of the various results obtained, also focusing on how these help the surgeon in obtaining informed consent from patients, a fundamental element in clinical treatment and one that causes more and more problems given the increasing complexity of the interventions [2]. Finally, the ability of each model to produce subsequent developments, such as 3D printing or cutting guides, is presented.



Being able to rely on these tools leads to an improvement in the clinical outcome, lower risks for the patient and reduced post-operative recovery times; the R.X. exam is not performed, with a consequent decrease in the patient’s exposure time to X-rays, plus, the reduction in the timing of the intervention allows a lower anesthetic dose for the patient. This method is particularly advantageous because it allows surgeons to evaluate, before surgery even, which surgical accessories are best suited to the specific anatomical geometry, as shown in the case of femur afflicted with Ollier syndrome. The dimensions of screws, plates and other surgical supports are defined in the catalog and, following the traditional practice, the surgical room must be equipped with a wide variety of tools to be able to meet any need; to be able to decide in advance the dimensions of the screws that realize the desired support allows even more reductions in the times and the risks associated with the intervention, as well as to greatly limit the dimensions in the operating room.



Coordination between the doctor and the mechanical engineer is a fundamental aspect of the research and can be a weak spot; to prevent discrepancies in the reproduced bone with the actual anatomy and for the success of the prototype proper collaboration is needed. A perfect way would be to commend the completion of the model to professionals that are well-versed in both the medical and engineering fields but, to do that, specific training is necessary to develop new skills. Without th or specific software and hardware, there is the threat of inaccurate implementation, consequently leading to higher costs and an extended schedule [21].



Three-dimensional models, specific to each patient, can be used during instruction and preparatory discussions on surgical strategies. These representations can be useful for doctors to better understand the musculoskeletal pathology but also to be able to explain the surgery more clearly to patients. It is also possible to reduce the area of skeletonization of the patient, limiting the invasiveness of the surgery, allowing surgeons to deal with complex operations with maximum knowledge of the anatomy of patients. The realization of anatomical models allows us to better convey the description of surgical procedures chosen for patients, breaking down cultural barriers between these and the health staff with an increased confidence in the surgical team. In fact, models of anatomical parts subject to injury have been used to improve understanding by the patients themselves with complex pathologies, who will thus be able to personally follow the future operation, in all its stages. CAD files, which preserve pathologies and their interventional solutions, can also be catalogued and ordered to be re-used as educational tools for doctors and medical students. It is clear that this process facilitates practical learning for surgeons in particular by providing them with extensive documentation for both preparation and control, enabling them to fully customize procedure steps and required tooling by means of using the same software tools selected in this study.




5. Conclusions


The surgeons voiced their praise, giving positive feedback on the advantages that this technology can offer, especially in the preoperative diagnosis phase. Still, it is important to call to mind that that this type of research currently centers on a very small number of patients and the exercises of the proposed methodology are still few. This study aims to encourage the widespread application of this technological innovation in routine clinical practice. Indeed, there are great opportunities for future developments:




	
Custom Cutting Guides



The cutting guides are aid tools used during surgery that guide the blade in the intervention on the bone. Generally, the masks are made of a material that can adapt to the shape of the anatomical component, with special carvings for the points of intervention; having at your disposal the reconstruction of the bone, instead, you can generate a personalized object that follows the patient’s anatomy, therefore being more precise and accurate. The realization of the template would start from the negative of the three-dimensional component; thanks to the planes, the axes and, in general, the geometries defined for the simulation, you would already have all the necessary references to modeling. Having the exact anatomy of the anatomical component, it is also possible to establish more effectively the securing points for the guides so that they have a better grip on the bone but at the same time do not harm it.



	
Augmented Reality



The offered technique is flawlessly suited for displaying the model in augmented reality. For now, it would be possible to make detailed presentations by placing the anatomical components into virtual environments, but, progressing in this direction, a system could be developed to overlap the virtual reconstruction of bones or other tissues directly on the patient to facilitate both the diagnosis phase and the explanation of the intervention [33].
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Figure 1. Computed Tomography and TC display on InVesalius. 
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Figure 2. Removal of inner geometries. 
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Figure 3. Detection of surface defects and Optimized three-dimensional models. 
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Figure 4. Save with Shrinkwrap. 
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Figure 5. Defects of the file initially imported in Creo. 
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Figure 6. Removal of excess geometries; mesh clean from imperfections. 
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Figure 7. Starting model for CREO simulation. 
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Figure 8. Construction of a plan for cutting the model. The generation of cutting planes must reflect the inclination indicated by the surgeon and will vary from case to case; the main aspect is to build planes that intersect only the part of mesh on which you want to create the section. 
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Figure 9. View of the sectioned model (in red, the planes used to modify the model and prepare it for the simulation). 
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Figure 10. Removal of a relative part by extrusion control. 
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Figure 11. Generation of the axis through the commands in the references section. This is one of the categories present in the top bar of the main screen program; there are several tools for the generation of plane geometries which help as the basis for solid modeling. 
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Figure 12. (a) View perpendicular to the section built with the related middle planes; (b) perspective view of the same anatomical portion. 
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Figure 13. Manual handling of the groups made on Creo through the specific arrows: with this command exact positioning cannot be obtained but it is very convenient to carry out initial evaluations. 
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Figure 14. Imposition of the automatic constraints available on Creo to precisely define the reciprocal positions of the elements. In the figure a constraint of planar coincidence and one of coincidence between two axes previously drawn are activated. 
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Scheme 1. Strengths of models made during simulation. 
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Table 1. Software used.
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Type of Software

	
Name

	
Software Features






	
OPEN SOURCE

	
INVESALIUS

	
Invesalius is a medical 3D visualization software that, starting from images in DICOM format acquired by computer tomography or magnetic resonance imaging, generates 3D models of the anatomical parts examined.

	
 [image: Symmetry 13 00850 i001]




	
MESHLAB

	
Meshlab is a software for editing and managing 3D meshes, allowing you to process three-dimensional surfaces through multiple cleaning, correction and conversion tools. It provides the ability to automatically remove duplicate vertices mesh, isolated or overlapping surfaces and unconnected edges without references, generating an output model that is not only clean, but also significantly lighter and therefore easier to work.

	
 [image: Symmetry 13 00850 i002]




	
MESHMIXER

	
Meshmixer by Autodesk is a complementary program and, for certain features, is very similar to Meshlab. It is always focused on the modification and management of the three-dimensional mesh but is specialized mainly on surface modeling. Perhaps the most interesting feature supported is the various brushes; tools with an adjustable range for both the area of action and the intensity of change, with which the defects of the surface analyzed are resolved in a targeted way.

	
 [image: Symmetry 13 00850 i003]




	
PARAMETRIC

	
CREO

	
Creo Parametric is part of a family of CAD software products for mechanical design, developed by PTC, and is the fundamental application dedicated to parametric modeling. The software supports different work environments, each of which is proper to a specific type of modeling. You can work single solid objects, draw flat geometries, form and fold sheet metal or generate complex assemblies.
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Table 2. Report of the examined pathologies.
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	Pathology
	Description of the Case
	Initial Examination





	Osteochondrosis of the

elbow
	The patient had a post-traumatic deformity of the left elbow with important functional limitation and stiffness. Preoperative CT showed a picture of severe osteochondrosis with extensive anterior and posterior ossifications and sub-ankylosis.
	 [image: Symmetry 13 00850 i005]



	Post-traumatic deformity of the forearm
	Forearm articulation of a pediatric patient suffering from post-traumatic deformity. The picture saw the involvement of both the bones of the forearm, with a greater deformity of the radius. Deformities resulting from an abnormal consolidation of a past two-bone fracture resulted in severe limitations in particular to the movement of supination. Deformity occurred on all three planes of space, defining itself as a highly complex picture [25].
	 [image: Symmetry 13 00850 i006]



	Monteggia lesion
	Very complex pathology which occurs as a result of trauma and falls and which leads to a dislocation of the radial capital. The most likely hypothesis of the injury mechanism is the fall on the extended elbow hand in neutral rotation or slight pronation of the forearm. The ulna is stressed in the anterior direction, initially suffering a plastic deformation that can remain as such or evolve towards the fracture of the ulna, causing precisely the dislocation of the radial capital [26].
	 [image: Symmetry 13 00850 i007]



	Cubitus varus
	Elbow deformation caused by a deflection of the forearm inwards. In the patient the axis of the humerus forms with the axis of the ulna–radius complex an angle in the medial position of a width not exceeding 5°, while in healthy persons the aforesaid angle measures between 11° and 14° [27].
	 [image: Symmetry 13 00850 i008]



	Blount disease
	Growth disorder due to a suffering of the inner slope of the proximal accretion cartilage of the tibia that causes a progressive appearance of the knee varus. The latter consists of an angle at the outer vertex of the femur–tibial axis which, if bilateral, achieves the typical deformity at “O” or “brackets” [28].
	 [image: Symmetry 13 00850 i009]



	Spondyloepiphyseal dysplasia and bilateral

coxa vara
	Varus abnormality at the femoral neck. This is the angle between the neck femur shaft being less than 110–120° (normally between 135°–145°) in children [29].
	 [image: Symmetry 13 00850 i010]



	Ollier syndrome
	Rare condition categorized by abnormal bone growth (skeletal dysplasia). Although this disorder may be present at birth (congenital), it is not noticed until early childhood as symptoms like deformities or unsuitable limb growth become obvious. This disease primarily affects the long bones and joint cartilages in the extremities, at the area where the shaft and head of a long bone meet [30].
	 [image: Symmetry 13 00850 i011]
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Table 3. Data acquisition systems.
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	Software
	Specific Requirements for Input and Processing the Data





	InVesalius
	The selection of the density range for the anatomical portion that you want to export takes place through the use of masks. A default range is available (for instance, compact bone, spongy bone, muscular tissue, skin, etc.) or it can be changed manually; because using the software masks was never accurate enough to highlight the 3D printable volume, it was needed to adjust this first automatic selection with manual corrections.



	MeshLab
	The main filter is the ambient occlusion which is a shading technique used to compute how exposed each mesh in a scene is to ambient enlightenment; this simulates a diffused global illumination that darkens enclosed areas, allowing us to select and delete the internal points with a simple range instruction.



	MeshMixer
	The modification intensity is adjusted by the “strength” of the brushes for surface modification. They are manual tools that require precision and criteria as well as time, as it is recommended to work with a narrow range of action.



	CREO
	With the Shrinkwrap command you set the quality degree with which you intend to import the stl file. With level 10 almost all the meshes are maintained and a three-dimensional solid is obtained that perfectly represents the geometry of the anatomical part taken into consideration.
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Table 4. Achievements.
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Pathology

	
Output File from CREO

	
Actual Surgery






	
Osteochondrosis of the

elbow.

Viewing the bones individually, it has been possible to ascertain the complexity of the case, in particular with regard to the components distal humerus and proximal ulna.

	
 [image: Symmetry 13 00850 i012]

	




	
Post-traumatic deformity

of the forearm.

The planned corrective intervention is defined by a radial osteotomy with a wedge in subtraction associated with the ulnar osteotomy. Cutting plans for osteotomy have been located, in particular: the upper horizontal plane and the inclined plane identify the bone wedge on the radius intended to be removed in order to correct the axial angular deformation.

	
 [image: Symmetry 13 00850 i013]
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Monteggia lesion.

To allow the displacement of the radial capital and the reduction of the dislocation, an intervention with a wedge to place in the diaphysis of the ulna, on the elbow side, is adopted.

The dimensions of the bone that is inserted must be very precise to allow a correct repositioning of the radius, in particular in relation to the inter-bone membrane, an anatomical component with a certain elastic resistance that, if not held in account, could affect the success of the operation.

	
 [image: Symmetry 13 00850 i015]
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Cubitus varus.

The plane of the distal osteotomy, approximately parallel to the distal articular surface, is placed at a distance of about 10 mm above the olecranon fossa.

The proximal osteotomy plane forms with the distal one an angle of width equal to 22°. To proceed with the simulation and, therefore, with the removal of the wedge of bone, it is necessary to divide the humerus into three parts. It is necessary that the cut occurs near the floors found [11].

	
 [image: Symmetry 13 00850 i017]




	
Blount disease.

Osteotomy to lift the tibial plateau. In the present case, the addition osteotomy is not sufficient because the varus is so severe that the therapy requires further osteotomy. This last one consists of a semicircular cut “to dome” under the tibial tuberosity, with the aim of correcting the anatomical axis and internal rotation. The angle of femoral–tibial rotation is given by the surgeon and is equal to 24° [20].

	
 [image: Symmetry 13 00850 i018]
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Spondyloepiphyseal

dysplasia and bilateral

coxa vara.

With the 3D model measurements of the patient on Creo Parametric, it could be corrected the first estimates made and obtained a varus deformity of about 78°; the angle of opening of the wedge with which the osteotomy should be performed is (78° − 16°) = 62°.

	
 [image: Symmetry 13 00850 i020]

	




	
Ollier syndrome.

It was necessary to completely correct the inclination of the distal epiphysis. To solve the pathology there has been inserted an electromagnetic pin; in addition to ensuring relative positions between the two bone segments obtained with osteotomy, this will undergo a progressive electro-stimulated elongation to allow the patient to regain the normal length of the femur. It was also possible to size the fasteners for the operation [31].

	
 [image: Symmetry 13 00850 i021]
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