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Abstract

:

The use of exponential technologies is changing how people live and interact; this has been called the “Fourth Industrial Revolution”. Within these technologies, 3D printing is playing a leading role, especially in health. In this context, this literature review aims to present the state of the art of 3D printing, its digital workflow and applications in medicine, and the advantages of its use in public health. Consequently, it describes the benefits for the patient and the medical team from a diagnostic stage, a brief history of its development, what is the digital flow when working with a 3D printer, what experiences of its use in medicine, and finally, how this technology used in medicine and public health can be part of the Digital Transformation in Peru.
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1. Introduction


Klaus Schwab in 2016 published a book called “The Fourth Industrial Revolution”; this compiled information from the World Economic Forum in which it was mentioned that 3D printing is an exponential technology that will see its deployment in the 2020s, as one of the drivers of the fourth industrial revolution (Figure 1), and as the limitations of size, costs, and speed are overcome, 3D printing will become even more widespread. It will include electronic components such as printed circuits and up to human cells and organs [1].



In 2018 in Peru, the Digital Government Law was published [2], and in 2019 using a resolution, the Government and Digital Transformation Laboratory was created; this state body has several lines of action and one of them is to promote the use of emerging technologies [3]. Consequently, it is time for medical and health sciences personnel to find scientific and technical information on these technologies, specifically 3D printing, in an integrated manner so that they can adapt and apply the knowledge that will generate progress in Peruvian health systems [4].



This narrative review aims to present the state of the art of 3D printing, digital workflow, and its applications in medicine, as well as to mention the advantages of its use in public health in the context of digital transformation in Peru. First, the benefits of 3D printing for the medical team and the patient from the diagnostic stage are covered. A brief review of the history of 3D printing follows this. Next, an attempt is made to answer the question: what is the mechanism of operation of a 3D printer? This question will be answered by explaining its digital flow. Next, a selection of the applications found in the scientific evidence of 3D technology in medicine is presented. Finally, we reflect on the use of 3D printing in the context of the digital transformation of the Peruvian State and its use in medicine and public health.




2. Search Strategy


The bibliographic search of scientific articles for the present review was performed in three primary databases Scopus, MedLine/PubMed, and Scielo. In addition, the search for documents on Digital Transformation legislation in Peru was performed on the official web portal of the Peruvian State. The investigation was conducted from 15 December 2019 to 9 September 2020. It was performed with the following MeSH/DeCS terms: “Three-dimensional printing”, “quality of life”, “computer-aided design”, “medicine”, “evidence-based medicine”, “public health”, and “health policy”, and their translations in Spanish and Portuguese. These terms were restricted to their appearance in the scientific articles’ titles, abstracts, or keywords.




3. A Brief History of 3D Technology


In 1970, Herbert Voelcker was the first to propose a mathematical theory and algorithms for modeling a solid object in three dimensions [5]. In 1984, Charles Hull invented the first rapid prototyping technology called Stereolithography (SLA) [6] to manufacture solid objects by “printing” thin layers of photo-curable material one on top of the other; this technology uses an ultraviolet light laser as an energy source and is highly dependent on the materials used.



In 1987, Carl Deckard invented the second rapid prototyping technology called Selective Laser Sintering (SLS) [7], which consisted of building models layer by layer based on powdered materials, using a laser beam to fuse and solidify the powder particles. In 1988, Scott Crump invented the third rapid prototyping technology, Fused Deposition Modeling (FDM) [7], in which, by heating and extruding material in the form of filaments, layer by layer, a 3D object is built.



In 1991, rapid prototyping machines began to be commercialized by three companies: Stratasys (Minnesota, USA), Cubital (Ra’anana, Israel), and Helisys (California, USA). In particular, Helisys developed the fourth rapid prototyping technology, the Laminated Object Manufacturing (LOM) system; this system involves heating and bonding a laser-cut sheet material and the sheet cuts (layers) are superimposed and connected on top of the other until the desired object is formed. Later, in 1993, the Massachusetts Institute of Technology (MIT) invented 3D printing, which injects successive layers of material to create a 3D object such as a standard desktop inkjet printer. Based on 3D printing technology, new machines and products have been developed. Since 1996, the term “3D printing” has been extended to refer to a set of technologies that were born under the name of Rapid Prototyping (RP) and are also referred to as Additive Manufacturing (AM) or Solid Freeform Fabrication (SFF) [8,9,10]. By 2020, 3D printed electronic circuits, tissues, and human organs were already available [11,12].




4. Three-Dimensional Technology for Multi-Professional Collaboration and Patient Quality of Life


Three-dimensional technologies have been progressively applied in healthcare areas over the course of the last three decades. This has brought integrated, objective advantages for all generations of medical teams to work under genuine, effective, and empathic collaboration focused on patient diagnosis and treatment [13,14,15,16,17]. Today the experiences gathered by the Medical Boards have enabled a disruptive approach in the integration and total understanding of the team and, more importantly, that the public sector patient can be informed in a more didactic way [18] because it allows effective communication with the patient. This is due to the possibility of showing in virtual or physical a medical-grade 3D impression in this diagnostic stage to the patient [14,19]. For example, suppose a patient with cancer, who has suffered an accident or congenital malformation, is on the verge of sacrificing their bodily structures to survive. In that case, decisions should be as objective as possible, and the patient should be well-informed. Virtual 3D surgical–reconstructive and prosthetic planning to achieve the rehabilitation of the individual in society are found in a few hospitals in the world. There is evidence that it transmits to the patient a global awareness of the collective effort carried out in his treatment, including what is demanded from the patient so that he has adequate emotional preparation and instruction about the therapy and the hope of his recovery and improvement [20,21].




5. Digital Flow in 3D Printing


Three-dimensional technologies group a set of methods or workflows for digital manufacturing. In the medical area, three stages, often sequential, must be understood:




	
Three-dimensional image acquisition;



	
Three-dimensional Modeling;



	
Three-dimensional printing.








If the objective is to print, for example, a surgical guide, we must first model it from the tomography images for a specific case. If only the tomography is to be visualized to make a clinical decision, we are left at the first stage of image acquisition. In other words, multiple flows depend on the need [22]. On the other hand, specific hardware and software are at all stages. The hardware can be a computer, a tomography, a cellphone, a 3D printer, etc. The software is the computer program used in any of the three stages, highlighting a function of this, perhaps the most important, which is the one that allows modeling the desired file before being printed. A variable as crucial as the above is the choice of the 3D printing technology and the appropriate material, which define functionality together. In other words, the function is determined by the shape and material [23].



5.1. Image Acquisition


Usually, for healthcare applications, we start with medical images, especially when discussing diagnosis and treatment. The flow chosen will depend on the clinical needs. When they are internal structures such as those obtained by MRI, CT, and 3D Ultrasound, the information will be stored in the DICOM (Digital Imaging and Communication on Medicine) format. In a complementary way, there are surface scanners such as intraoral scanners of structured light to scan teeth, mucous membranes, and others, as well as for extraoral scanning that can be Photogrammetry (Monoscopic and Stereophotogrammetry), Laser, Structured light in its variants of white, blue, and infrared light, which allow us to create a digital copy of surfaces of faces. Depending on the technology, the latter is saved directly in the STL format, OBJ combined with JPEG texture maps, or others. Of these files, the oldest and most commonly used is STL, which loads only the geometry of the 3D file. This article does not focus on making an in-depth comparison between 3D file types. Still, each can load different information, such as geometry, appearance, scene, and motion [24,25,26]. Of these, only geometry can be 3D printed, hence the still widespread use of STL files and software that allows the transformation of DICOM.



In many cases, the visualization software of recent equipment allows rendering for viewing only (diagnostic/therapeutic evaluation). On the other hand, transforming to STL is not visualizing but directly changing the format to another type of communication file to continue with the next steps. The act of converting the DICOM format to STL using specialized software is called “Segmentation”. This term should not be confused with surgical segmentation of structures. It is important to remember that a tomography or MRI scan in each slice also captures unwanted structures, the air surrounding the face, and even artifacts. In this sense, segmentation is understood as cleaning each of the tomography slices, based on the desired Housenfield units to obtain an accurate and professional model.



The manipulation of software (such as Invesalius®, Slicer®, or others) in inexperienced hands can produce severe errors in the identification of structures, thicknesses, and distances and, consequently, severe mistakes in diagnosis and treatment. Because of that, it is essential to have a formally trained and experienced technical professional to use medical manipulation.




5.2. Three-Dimensional Modeling


Three-dimensional modeling is a concept originating from computer graphics sciences. It refers to developing a “mathematical representation” of any surface of an object in three dimensions through specialized software [22,24,25]. The product is called a “3D model”. Visually it is similar to creating a clay sculpture, only with digital tools developed by mathematical programming. One of the main advantages of digital 3D modeling is that it is easy to save versions and manipulate the geometries (mesh) completely. When we work on biomedical image manipulation, the 3D modeling stage is after image acquisition because we edit the geometry obtained from the previous step. If the case is to create a medical device, such as a spatula, or a retractor, we do not necessarily require prior image acquisition, and the process starts with 3D modeling. However, for example, if the objective is to create a fracture immobilization splint, the 3D modeling is from a previous surface image of the arm that requires immobilization, and the digital sculpting of the splint is completed using specialized software. Delving a little deeper into the principles, if the objective is to print, the nature of the design must obey not only the shape but also the manufacturing mechanism and final material. Due to physical, chemical, and biological properties, the overall safety assessment must be considered in terms of fidelity, reproduction, precision, compatibility, and others. Several specialized computer graphics programs exist, and their nature is in commercial licensing. They range from free and open source software (“Free and Open Source Software—FOSS”, which allows modification of algorithms in the hands of programmers), free (“Freeware”), free with special paid functions (“Freemium”), and exclusive to paid commercial license (“Commercial license”). For the health area, there are examples such as Blender® (FOSS), Meshmixer® (Freeware), Zbrush®, and Mimics® (Commercial license), among others. They can be exported in STL files and loaded to a 3D printer for the next step of additive manufacturing [22,24,26,27].




5.3. Three-Dimensional Printing


Few classifications still contribute to this tool’s applications and benefits. The learning curve for medical teams has been hampered by access to information and the technologies and materials themselves [28]. The principles to consider are defining the type of 3D technology and the material to be used. There are hundreds of materials, including polymers, ceramics, metals, resins, waxes, gypsum, etc. The technology with which the raw material is transformed, whether by deposition, polymerization, or synthesis, among others, will define the universe of desired properties for the surface, mechanical strength, melting point, dimensional stability, hardness, texture, biocompatibility, degradation, among many other variables [11].



Among all the necessary considerations to evaluate the material used, these last two depend significantly on the application and its planning since patient safety must be guaranteed. Degradation is a gradual breakdown of material naturally due to its exposure to both the environment and biological processes within the body. It is required that this of a very low ratio and non-toxic so that it is biocompatible, in addition to not having an immune response from the organism, among others [29,30]. On the one hand, in the case of bone implants, the most biocompatible material is titanium because it is stable and inert [31,32,33], and its high mechanical properties make it ideal for the procedure. There are also cases where the implant aims to help regenerate a body structure, and then the material biodegrades to be absorbed with minor side effects. On the other hand, in the case of facial prostheses, medical-grade silicone is the most accepted. While no other material guarantees the safety of patients, it will be defined as the gold standard. Different materials are being studied, such as flexible resins [34], but still, more research is needed. Although biodegradation is not the main issue here, aging is one of the difficulties, compounded by color stability, microbial colonization, silicone dehydration, edge cracking, and others. Two years is the global average time, with eight months–3 years for change, according to the nature of the anatomical area, the use, and the environmental conditions [35].



As the cost of materials and technology has decreased, its progressive development has been seen more and more in different applications. As a result, the size of the industry around 3D printing is growing rapidly, which is expected to have an impact in socio-economic terms, especially in the framework of the fourth industrial revolution [1]. Table 1 shows a proposal by the authors for the classification and definitions of 3D printing applications in healthcare.





6. Experiences with the Use of 3D Technology in Medicine


Currently, research in 3D printing has increased due to the impact on people’s quality of life, the accuracy of 3D printed images and objects, the emergence of new printing materials, and the reduction in manufacturing costs [36,37,38]. It is used in medicine to improve patient communication, medical education, diagnosis, planning, and non-surgical or individualized surgical treatments, decreasing operative time and possible post-operative complications [39,40,41]. This signifies (at least in part) a new industrial revolution [1,42].



In head and neck surgery, its main applications are placing implants using surgical guides, reconstructing lost facial structures or bone defects, and the simulation of surgical interventions [43]. In neurosurgery, in the case of aneurysms, it allows predetermining the size of the microcatheter to be used, as well as practicing clipping procedures to understand the vascular pathology preoperatively; planning electrode placement, based on anatomical models of the brain and skull; creating individualized and functional neurosurgical devices, such as the creation of compensators, to protect the organs surrounding the target tumor tissue during radiotherapy; printing 3D templates for the placement of pedicle screws with initial findings of no lesion incidence; and finally, it is currently used for trans-nasal sphenoidal endoscopy to remove pituitary tumors [44].



Cardiology’s leading application for congenital heart diseases is surgical planning using anatomical models [45]. In cardiovascular diseases, useful in case of severe aortic stenosis, where it is possible to replicate not only the anatomy but also the functional properties of aortic valve stenosis, for communication between the patient and the patient’s relatives, with the medical team, besides facilitating teaching and the level of knowledge of residents [46], including Benjamin et al., [47] in a systematic review indicated that education through 3D anatomical models is better than teaching through dissection of cadavers.



In hepatopathies, anatomical models are of great utility; in addition, 3D images allow intraoperative guidance of procedures, such as hepatectomies of small tumors in infants; it will enable simulating of the placement of a stent during the transjugular intrahepatic portosystemic shunt (TIPS) procedure or the placement of a drain in percutaneous cholecystostomy [40]. In nephrology, it is used to replicate the complex anatomical structure of the kidney and its pathologies, which allows the visualization and planning of the surgical treatment, for example, in the intervention of renal tumors or transplants [48]. In the case of colorectal surgery, it is used to facilitate laparoscopic surgery; for example, in the case of 3D laparoscopic lymphadenectomy of right colon cancer, it has been shown that there were no intra or postoperative complications [39]. In anesthesiology, airways have been replicated to plan and practice tracheal intubation techniques [49]. In pediatrics, the surgical treatment of cleft palate is an application of this technology, but also in non-surgical treatments, such as prosthetic rehabilitations in which the printing material plays a fundamental role [41]. In oncology, 3D printing, in addition to surgical procedures, is being applied in radiotherapy, bolus printing, and molds for brachytherapy [50,51].



Bioprinting tissues and organs is another way of using this technology; thus, Celprogen Inc (California, USA) achieved the first 3D printed human heart and pancreas. Bioprinting of tissues and organs occurs because the three-dimensional structure of the print allows the vascularization of the tissue or organ by seeding with endothelial cells, using an extracellular matrix of proteins, and the isolation and differentiation of stem cells [11,52]. Researchers are already working on 4D printing, a process based on 3D printing but with intelligent materials, which modify themselves in response to external stimuli such as heat, light, pH, electrical or magnetic forces, and humidity over time [1,53,54].




7. Three-Dimensional Technology and Digital Transformation and the Impact on Medicine and Public Health


In medicine, research and development of innovative methods now make it possible to provide an approach that is either more efficient or only possible using 3D technologies. The learning curves in healthcare for new professionals are shortened, potential public expenditures are cost-effective, and state innovation policies can improve the population’s health conditions [40,48,53].



On the other hand, health technologies have played an instrumental role in Peru; however, exponential technologies (including 3D printing) are only some of the instruments for solving problems. With a view to the future, the use of exponential technologies in conjunction with the design of a healthcare system will be discussed. A system that prides itself not only on using digital technologies but that is digital from the design of the digital transformation in health [54,55,56,57,58].



In public health, this digital transformation consists of having systems for patient follow-up, citizen control and reporting of drug prices, updating epidemiological information in real-time, designing health campaigns in social networks, re-founding the logic of social programs, mass health education in digital media, community monitoring in real-time and geo-referenced, the automated definition of risks and vulnerabilities, solving health problems without mediating geographical barriers, improving public service (queues, appointments), ensuring that a doctor has access to the necessary information about his patient, reformulating the role of the patient (considering that the essential merit of the digital world is the democratization of access to information) [57,58,59].



Moreover, the history of the Peruvian health system has shown that the “reforms” in this system have not occurred from the “top-down” but silently, from the “bottom-up” [60]. This would lead us to think that changes can also come from agents external to the health system and not necessarily by resolution or decree of the Ministry of Health (without this meaning that the Ministry of Health does not play any transcendental role, quite the contrary) [61]. In this sense, exponential technologies in healthcare should not be merely instrumental but the significant axis of an entire institutional reengineering. Perhaps implementing the National Digital Transformation System, announced in January 2020, will be the ideal framework to promote this categorical leap forward [4]. A concrete positive impact of these public implementations is the example of The National Pediatric Public Hospital “Instituto Nacional de Salud del Niño de San Borja”, which is the national instance from the Ministry of Health of Perú, more recently published an Official Procedure Guide for 3D Printed Anatomical Models, (Resolución Directorial 118-2022-DG-INSNSB) [54] which contains the instruction and permission to the Diagnostic and Treatment Support Unit and the Diagnostic Imaging Service of the Hospital. This is the only concrete document in the Peruvian Public Health System. It was written by a professional multidisciplinary team who identified the patient and system needs and self-acquired experience in 3D technologies. They used the “bottom-up” strategy, designing and elevating the proposal to the decision makers of the Hospital, and now it is shared with the whole Ministry of Health of Perú to be helpful. This may be one of the most efficient examples in which the technical professionals who are in the daily basic needs and understand details of processes gather the arguments and write the structure of policies jointly with decision makers to create legal pathways to democratize accessibility.



In this context, 3D printing positively impacts medicine and has enormous potential for use in public health; for example, it played an essential role during the pandemic caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) [62]. There is evidence that 3D printing was used during the pandemic to manufacture personal protective equipment (PPE) for healthcare personnel [63,64,65,66], and also medical devices such as mechanical ventilators [67], as well as to manufacture objects that support sterilization processes [68]. Therefore, 3D printing is playing a relevant role and is being used by several countries in the world, with the advantage of allowing the development of virtual collaborative work and cost-effective products [62].




8. Conclusions


The scientific literature shows that 3D printing in medicine is currently playing an increasingly important role due to its digital flow (images, modeling, and 3D printing), the possibility of effective communication between the medical team and the patient, the degree of individualization it achieves, and the fact that it is a cost-effective technology. The “bottom-up” strategy may efficiently promote guidelines and policies in complex public health systems.
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Figure 1. Expected impact of 3D printing on the industry. Positive impact in green and negative in red. 
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Table 1. Classification and definition of 3D printing applications.






Table 1. Classification and definition of 3D printing applications.





	
Classification and Applications of 3D Printing






	
BIOMODEL PRINTING

	
Printing of an anatomical model whose added value is in visualizing and interacting with an anatomical fragment. No connotation of surgical planning; they are intended to be a materialized reproduction of the anatomy. Among its advantages is to improve the dimension of understanding the anatomy. It is widely used in multiple specialties that carry surgical connotations for diagnostic and planning purposes, as well as creating a value of confidence in the patient’s environment.




	
PROSTHESIS PRINTING

	
Intermediate prototypes

	
These materialize the desired shape, finally transforming into another biomaterial yet to be made available to be printed directly. An example of this application is buccomaxillofacial rehabilitation for missing parts of the face, worked on by a specialist dental surgeon.




	
Direct prosthesis

	
Internal

	
They aimed at printing biomaterials that can substitute another autologous substance to be implanted. Their regulation is as tightly restricted as pharmacology since they interact with the physiological environment. The most commonly used materials are Titanium, PEEK, and PMMA. Depending on each country, these materials require demonstration and approval by governmental agencies, such as FDA, ANVISA, DIGEMID, or others. An example of these prostheses is Neurosurgical Prostheses, worked by the transdisciplinary team of neurosurgery.




	
External

	
They aimed at coupling bioinert materials on the surface of the body. Commonly used materials are PET, PLA, ABS, and Resins with biocompatibility certificates. An example of these prostheses is those of the extremities. They are worked by the transdisciplinary team composed of orthopedic physicians, engineers specialized in biomedical equipment, and other related technicians.




	
SURGICAL GUIDES

	
Non-strict

	
They are surgical guides that only serve as an intraoperative reference but do not have a strip or hole where a cutting or drilling instrument can strictly perform active action on the patient. An example of this would be that a jaw is printed with the shape of the cut that is needed and that has the necessary measurements, but there is no guarantee that these measurements can be transported to the act of cutting.




	
Strict

	
Non-functional

	
They have strips and holes that can be placed on the corresponding anatomy and effectively fixed, guaranteeing cuts and perforations as virtually planned. The contact between the active part of the cutting or drilling instrument has to be metal to metal to ensure tightness.




	
Functional

	
When strict surgical guides are used, at the same time, a functional surgical–prosthetic result is planned. For example, airway or antagonist teeth ensure masticatory, swallowing, speech, and other stomatognathic functions in head and neck reconstructions.
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