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			“Imagination is more important than knowledge.

			For knowledge is limited to all we now know,

			while imagination embraces the entire world,

			stimulating progress, giving birth to evolution.”

			Albert Einstein
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			Summary Resumen · Resum

			This section presents the summary of the present thesis work in English, Spanish, and Catalan.

			Summary

			The main motivation of this work was to analyze the feasibility of the current stent manufacturing process to produce the new bioresorbable stents (BRS) as well as to study new manufacturing methods. Fiber Laser Cutting (FLC) has been selected because it is the current manufacturing process for stents, and 3D Printing (3DP) because of its capability to process different types of materials for medical applications and their economic aspects. Stents have been selected as they are one of the most implanted biomedical devices in the world.

			The thesis focuses on improving the bioresorbable stent manufacturing processes, establishing relationships between the process parameters and key stent aspects, namely, precision, mechanical properties, and medical properties, and reducing the costs of the manufacturing process.

			Resumen

			La principal motivación de este trabajo fue la de analizar la viabilidad del proceso de fabricación actual de los stents para producir los nuevos stents bioabsorbibles (BRS), así como estudiar nuevas formas de fabricación. El Corte por Láser de Fibra (CLF) ha sido seleccionado por ser el proceso de fabricación actual de los stents y la Impresión 3D (I3D) por su capacidad para procesar diferentes tipos de materiales para aplicaciones médicas y por sus aspectos económicos. Los stents han sido seleccionados por ser uno de los dispositivos médicos más implantados en el mundo.

			La tesis se centra en mejorar el proceso de fabricación de los stent bioabsorbibles, estableciendo las relaciones entre los parámetros del proceso y los aspectos clave del stent, a saber, precisión, propiedades mecánicas y propiedades médicas, y reducir los costos derivados del proceso de fabricación.

			Resum

			La principal motivació d’aquest treball va ser analitzar la viabilitat del procés de fabricació de stent actual per produir els nous stents bioabsorbibles (BRS), així com estudiar noves maneres de fabricar-los. El tall làser de fibra (TLF) ha estat seleccionat perquè és el procés de fabricació actual per stents i L´impressió 3D (I3D) perquè té la capacitat de processar diferents tipus de materials per a aplicacions mèdiques i els seus aspectes econòmics. Stents ha estat seleccionat per ser un dels dispositius mèdics més implantats del món.

			La tesi es centra en la millora dels processos de fabricació de stent, establint relacions entre els paràmetres del procés i els aspectes clau de stent, precisió, propietats mecàniques i propietats mèdiques i reduir els costos derivats d’aquest procés de fabricació.

		


		
			Thesis Structure

			Chapter 1 presents the general domain of the thesis; it establishes the conceptual frameworks and exposes the interest, motivation, and objectives reached in this work. The chapter ends with the methodology followed in this thesis.

			Chapter 2 presents the framework and reviews the field of stents as well as their manufacture processes. It presents the challenges associated with this device. Finally, the chapter ends with the general state of the art in the stent research manufacturing field.

			Chapter 3 presents the feasibility of fiber laser to cut Polycaprolactone sheets to be used in stents. This study is motivated by the need of the fiber laser cutting trademarks to adapt to the new stent material market. The effects the fiber laser process have on the cutting precision and material properties are presented and discussed.

			Chapter 4 presents the effect of fiber laser process over the in-vitro degradation rate of the Polycaprolactone sub-unit flat stent. A novel degradation method is presented, linking the laser cutting process and the degradation conditions with the degradation rate of the samples.

			Chapter 5 presents the production of polymeric tubes for stent purposes with the Dip Coating Process, employing Polycaprolactone, Polylactide Acid, and a Composite of these two components. The effects the Dip Coating process parameters have on their physicochemical features are presented and discussed.

			Chapter 6 presents the effect the fiber laser cutting process has on the polymeric tubes manufactured in the previous chapter. This study is motivated by the need to know the feasibility of the laser cutting process to create real stents and compare the results with those obtained in flat sheets in Chapter 3.

			Chapter 7 presents a novel 3D Tubular Printer based on the Fused Filament Fabrication (FFF) technology to manufacture stents with bioabsorbable polymers. This study is motivated by the need to find new manufacturing methods to produce polymeric stents.

			Chapter 8 presents the effects the 3D Printing process parameters have on the Polycaprolactone stents. This study is motivated by the need to know if the technology developed is able to manufacture stents with precision. The effects that the process parameters have on printing precision and material properties are presented and discussed.

			Chapter 9 presents the effects of 3D printing process parameters over the degradation rate of 3D-Printed Polycaprolactone stents. This study is motivated by the need to know the effect the process parameters have on this important stent’s properties.

			Chapter 10 presents the effects the sterilization processes have on the final properties of 3D-Printed Polycaprolactone stents. This study is motivated by the need of know how the final manufacturing process and the sterilization modify stent properties.

			Chapter 11 presents a new approach to solve the current problems related to BRS, the rapid reendothelization and the radial behavior of polymeric stents. Based on the results of Chapter 6 with PCL/PLA composite stents, this chapter presents a PCL/PLA composite stent produced with the new 3D Tubular Printer.

			Chapter 12 presents the discussion and conclusions of the thesis and an overview of the main results obtained with a series of future works.

			Chapter 13 presents the references employed in the course of this thesis.

		


		
			Chapter 1.Introduction

			Abstract

			Chapter 1 presents the general domain of the thesis; it establishes the medical framework and explains the points of interest, motivation and objectives in this work. The chapter ends with the methodology followed to accomplish these objectives.

			Preface

			In medicine, cardiovascular problems, which result in heart failure, are a life-threatening problem. Cardiovascular disease involvess numerous problems, many of which are related to a process called atherosclerosis. According to The American Heart Association, atherosclerosis, or the hardening of the arteries, is a condition that develops when a substance called plaque builds up in the walls of the arteries. Plaque is made of cholesterol, fatty substances, cellular waste products, calcium and fibrin (Figure 1).

			This plaque may partially or totally block the blood flow through an artery in the heart, brain, pelvis, legs, arms or kidneys. Some of the diseases that may develop as a result of atherosclerosis include coronary heart disease, angina, carotid artery disease, peripheral artery disease (PAD) and chronic kidney disease. Atherosclerosis affects large and medium-sized arteries. The type of artery affected and where the plaque develops varies with each person. It is a slow, and progressive disease that may start in childhood. In some people, it appears when they are in their 30s, while in others when they are in their 50s or 60s.
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			Figure 1. Atheroclerosis Disease

			It is complex to know how atherosclerosis begins or what its causes are, but some theories have been proposed. Many scientists believe plaque begins to form because the inner lining of the artery, called the endothelium, becomes damaged. Three possible causes of damage to the arterial wall are; (I) Cholesterol, (II) high blood pressure, and (III) smoking.

			For example, in the case of the heart, the plaque stimulates the cells of the artery wall to produce other substances, resulting in the accumulation of more cells in the innermost layer of the artery wall where the atherosclerotic lesions form. The arterial wall becomes markedly thickened by these accumulating cells and surrounding material. The artery narrows and blood flow is reduced, thus decreasing the oxygen supply and this may cause a heart attack and death.

			Nowadays, there are certain procedures to help people survive a heart attack and diagnose their condition. In fact, many heart attack patients have undergone thrombolysis, a procedure that involves injecting a clot-dissolving agent to restore blood flow in a coronary artery. This procedure is administered within a few hours of a heart attack. If this treatment is not done immediately after a heart attack, many patients have two options: (I) Angioplasty or (II) Coronary Artery Bypass Graft (CABG) surgery later to improve the blood supply.

			Angioplasty, also known as Percutaneous Coronary Intervention (PCI), is a procedure where a special tubing, or a stent, is threaded up to the arteries (Figure 2). The stent is a small tubular mesh whose function is to open a narrowed arterial vessel and reduce the chance of a heart attack. Current clinically used stents are made of 316L type stainless steel, titanium and cobalt-chromium alloys and platinum and are implanted on a permanent basis. Depending upon their deployment, these stents can further be classified mainly into the following categories: (I) Balloon Expandable, and (II) Self Expanding.
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			Figure 2. PCI Procedure

			Nowadays there are three different stents in the market or under research. They can be classified into two categories: (I) Permanent or (II) Degradable. This last one has not completely reached the market yet and it is currently one of the most heavily researched devices, thus serving as a motivation for the present thesis.

			Regardless of the stent type, stents require intense analysis in terms of thrombogenicity, geometric aspects, and mechanical performance, among many other characteristics. The quality obtained in their manufacture process is crucial for blood compatibility, preventing the activation process of thrombosis and improving their healing efficiency. Atherosclerosis predictions make continuous studies on this field necessary, which help to solve the medical and engineering problems of this device.

			Today, stentsand stenting are the most frequent intervention in vascular surgery, gastrointestinal surgery, radiology, cardiology, neurosurgery, thoracic surgery, and other medical specialties. Since stents first appeared, it became evident that they have significant limitations, such as vessel occlusion, and restenosis[1]. To overcome these problems, Bare Metal Stents (BMS) were introduced, reducing the vessel occlusion. However BMS presents high rates of restenosis, which constitute a major limitation for this stent type in the treatment of complex lesions and patients [2]. To surmount this hurdle, metallic stents coated with an anti-proliferative drug—Drug Eluting Stents (DES)—were produced. With the introduction of DES, the anti-proliferative drug over the struts prolonged vessel wall healing, reduced neointima hyperplasia, and consequently decreased target lesion revascularization. Although metallic stents like BMS and DES are effective in preventing acute occlusion and reducing late restenosis after coronary angioplasty, many concerns still remain.

			In most cases, the role of stenting is temporary and is limited to the intervention and shortly thereafter, until healing and re-reendothelialization are obtained [3]. Bioresorbable stents (BRS) were introduced to overcome these limitations with important advantages: complete bio-resorption, mechanical flexibility, no imaging artifacts in non-invasive imaging modalities, etc. BRS offer the potential to improve long-term patency rates by providing support just long enough for the artery to heal, offering the potential to establish a vibrant market. However, designing a bioresorbable structure for an intended support period is rather difficult. To further illustrate this, note that the concept of BRS dates back to the 1980s, but there are no well-established designs on the market yet [4].

			Until now, the methods for producing stents included electrical discharge machining, braiding, knitting, welding, photochemical etching and, more commonly, the laser cutting technology. Nevertheless, the inclusion of the BRS concept should make us think about the applicability of the current laser cutting manufacturing process for producing BRS as there are new materials—mostly polymers—to be used.

			The complete production of BRS with high quality, faster manufacturing processes, new materials, at lower costs, etc., while at the same time meeting the strict stent requirements is still an open challenge. Analyzing the feasibility of the current laser cutting process to produce BRS as well as studying new manufacturing methods to produce BRS are the main objectives that have motivated this thesis.

			Interest and Motivation

			This thesis is carried out in the frame of the Research Group on Product, Process and Production Engineering (GREP). Set up in 1998 by the University of Girona faculty members, GREP is currently carrying out research on aspects related to the fields of the product, the process and the production of medical devices, such as:

			
					Cranial Prosthesis

					Micro Fluidic Devices

					Cancer Cell Culture Scaffolds

					Tissue Engineering Scaffolds

					Prosthesis (Clivus, Jaw, Wrist, Etc.)

					Metallic Stents / Polymeric Stents

			

			The main motivation of this project was to analyze the feasibility of the current stent’s manufacturing process to produce the new BRS as well as to study new manufacturing methods. Fiber Laser Cutting (FLC) has been selected because it is the current stent manufacturing process, and 3D Printing (3DP) because of its capability to process different types of materials for medical applications and their economic aspects. Stents have been selected as they are one of the most implanted devices in the world.

			Stents can be used for a wide range of indications, including de novo lesions, small-vessel disease (SVD), bifurcation lesions, and tortuous and narrow lesions. Stents can improve the clinical outcomes for all of these indications as well as the quality of life for patients suffering from this debilitating disease. In 2013, sales of DES and BMS in the 10 major markets (10MM) were recorded as $ 4.89 billion. Global Data estimates that, by 2020, the sale of stents will grow to $ 5.65 billion, at a Compound Annual Growth Rate (CAGR) of 2.0%.

			The thesis focuses on improving the stent’s manufacturing processes, and establishing relationships between the process parameters and key stent aspects, namely, precision, mechanical properties, and medical properties. The reduction of costs derived from the manufacturing process, use of economic techniques, as well as learning about the effect of these manufacturing technologies over material properties are the main lines of research followed in this thesis, all of them focused on developing a complete BRS.

			This thesis has been developed with the financial support from the Ministry of Economy and Competitiveness (MINECO, PI2013-45201-P) and University of Girona (UDG, MPCUdG2016/036).

			Objectives

			The main objectives of this thesis are analyzing the feasibility of the current stent’s manufacturing process to produce new BRS as well as studying new manufacturing methods. More specifically, the objectives of the thesis are:

			
					Objective A:

			

			Analyzing the capability of Fiber Laser Cutting (FLC) to cut Polycaprolactone (PCL) sheets to produce BRS. Studying the effects of the process parameters on the main stent’s properties (dimensions and material properties).

			
					Objective B:

			

			Analyzing the capability of Fiber Laser Cutting (FLC) to cut Polycaprolactone (PCL) real stent tubes to produce BRS. Manufacturing real stent tubes by Dip Coating Process (DCP) and studying the effects the process parameters have on the main stent’s properties (dimensions and material properties).

			
					Objective C:

			

			Analyzing new manufacturing methods to produce BRS by 3D Printing and carrying out a Proof of Concept. Studying the effects of the process parameters on the main stent’s properties (dimensions and material properties).

			
					Objective D:

			

			Choosing the best manufacturing process for BRS in terms of precision and cost. Studying the techno-economical aspects of the different technologies employed in these objectives.

			
					Objective E:

			

			Analyzing the effects that sterilization treatments have on the properties of BRS produced with the best manufacturing process. Studying the effect of sterilization treatments over the main stent’s properties (dimensions and material properties).

			
					Objective F:

			

			Developing a new BRS that meets all the BRS requirements. Analyzing the effects of the main stent’s properties (dimensions and material) on the medical aspects (radial behavior, cell proliferation, toxicity, etc.).

			The next section shows the methodology followed to achieve the objectives described above. Achieving the objectives established will allow us to know the best manufacturing process for BRS from the techno-economical point of view and to develop a BRS with the proper medical requirements.

			Methodology

			The objectives were divided into two different stages. Published papers from each objective are denoted with the P-Nºof each Paper.
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			Figure 3. Methodology Followed

		


		
			Chapter 2.Background

			Abstract

			Chapter 2 presents the historical and technical framework for the stents. It also presents the foundations of the two manufacturing techniques employed in the course of this thesis work: Laser Cutting and 3D-Printing technologies. Their material interactions, processing parameters, applications and associated problems are discussed. Finally the state of the art in the stent research field is presented.

			This chapter has been summarized, adapted and published as a chapter in the book “The Perfect Stent - Dreams and Realities of Coronary Interventions” (Under Publisher Guidelines).

			Antonio J. Guerra, Joaquim Ciurana. “The Perfect Stent - Dreams and Realities of Coronary Interventions” Chapter: Stent Manufacturing Field: Past, Present and Future Prospects”. 2018. Intechopen.

			Historical Framework

			Biomedical engineering (BME) is the application of engineering principles and design concepts to medicine and biology for healthcare purposes. This field seeks to close the gap between engineering and medicine. It combines the design and problem solving skills of engineering with medical and biological sciences to advance health care treatments [5]. Biomedical engineering has only recently emerged as its own study, compared to many other engineering fields. Such an evolution is common as a new field transitions from being an interdisciplinary specialization among already-established fields, to being considered a field in itself. Much of the work in biomedical engineering consists of research and development, spanning a broad array of subfields like biomechanics, tissue and genetic, neural, pharmaceutical, and medical devices.

			This last one is an extremely broad category which essentially covers all health care products that do not achieve their intended results through predominantly chemical or biological means, and does not involve metabolism. Some examples include pacemakers, the heart-lung machine, dialysis machines, artificial organs, implants, artificial limbs, cochlear implants, ocular prosthetics, etc. Stents stand out among these applications.

			As Ariel Roguin describes in his paper “Stent: The Man and Word Behind the Coronary Metal Prosthesis” [6], the current acceptable origin of the word stent is thought to be the name of a dentist. Charles Thomas Stent, notable for his advancements in the field of denture-making. He was born in Brighton, England, on October 17, 1807 (Figure 1). He was a dentist in London and is most famous for improving and modifying the denture base of the gutta-percha, creating the Stent’s compound that made it practical as a material for dental impressions.
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			Figure 1. Charles Tomas Stent

			Gutta-percha is a natural latex produced from tropical trees native to Southeast Asia and northern Australasia. In 1847, it was introduced as a material for making dental impressions. It was used to fill the empty space inside the root of a tooth after it had undergone endodontic therapy.

			However, this material was unsatisfactory for several reasons, including its tendency to distort on removal from the patient’s mouth and to shrink on cooling. In 1856, Charles Thomas Stent added several other materials to the gutta-percha derived from animal fat that markedly improved the plasticity of the material as well as its stability.

			Stent’s sons, Charles R. Stent and Arthur H. Stent, became dentists, and together they founded a firm, C. R. and A. Stent, which manufactured the increasingly popular Stent’s compound. The sons continued marketing the compound through the prestigious dental supply company, Claudius Ash and Sons of London. When the last of the Stent brothers died in 1901, Ash’s firm purchased all rights for the compound and manufacture, keeping the Stent name (Figure 2). Claudius Ash and Sons became an international company in 1924, merging with de Trey & Company to form the Amalgamated Dental Company; it is now a division of Plandent Limited.

			The transition of the dental impression compound into a surgical tool is attributable to Johannes Fredericus Esser (1887 to 1946), a Dutch plastic surgeon who invented innovative methods of reconstructive surgery on soldiers with face wounds during the First World War. This war saw the introduction of trench warfare. Esser was designated Special Surgeon for Plastic Operations and assigned to a hospital in Vienna. He applied sterilized Stent’s dental mass to stabilize the skin grafts.
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			Figure 2. Logo of the Stent compound

			He accomplished this by means of what he termed the “epidermic inlay technique”, which used the Stent’s compound to stretch and fix grafts in place to enlarge the conjunctival opening, and for ear reconstruction as well as intraoral grafting.

			An English army surgeon, H.D. Gillies, cited Esser’s work in his book, Plastic Surgery of the Face, when he wrote “The dental composition for this purpose is that put forward by Stent and a mild compound of it known as a “Stent”. This is probably the first use of Dr. Stent’s name as a noun. The principle of the fixation of skin grafts by “stenting” was quickly adopted and persisted long after Stent’s compound ceased to be the material of choice for this technique.

			The application of the word stent in the surgical literature was not immediate. Since the beginning of the 20th century, numerous inert tubes and biological tissue were tested to bridge a gap or restore bile duct continuity. Such a device was referred to in various ways: tube, catheter, internal splint, internal strut, and, later, endoprosthesis. The first reference to a polyethylene tube “to act as a stent for the anastomosis” in experimental biliary reconstruction in dogs was made in 1954.

			In urology, even as genitourinary reconstruction of the ureter and urethra expanded in the first half of the 20th century after the First World War, the terms used were tube, catheter, and specifically, retention catheter. After the Second World War, the terminology remained limited to ureteral, urethral, and vassal splinting. Because the spoken word generally precedes the written word, it is reasonable to suppose that some urologists must have started to use the word stent once it was established in the surgical vocabulary.

			In urology, stenting first appeared in 1972, when Goodwin wrote a brief commentary titled Splint, Stent, Stint, concluding: “Urologists are always talking about putting a tube in a ureter or urethra. When they do this, it is not a splint. It may be a stent. It probably is never a stint. Perhaps the process is most properly described as leaving a tube or stent in an organ.”

			By 1980, the urinary tract stent was widely in use in adult and pediatric urologic practice and was also the word used for hypospadias repair, similar to the work described by Esser in 1916.

			The first reference to the word stent in cardiovascular literature was by Weldon et al. in 1966, when they described a prosthetic-stented aortic homograft used for mitral valve replacement.

			Dotter was the first to use the word in his article in Radiology in April 1983, titled “Transluminal Expandable Nitinol Stent Grafting: Preliminary Report.”

			The first coronary stent was implanted into a patient by Jacques Puel in Toulouse, France, on March 28, 1986. In their report in French, they used the term endo-prothèses coronariennes autoexpansives.

			Ulrich Sigwart has been credited with the concept and realization of endoluminal stenting, a procedure that has revolutionized coronary and peripheral arterial revascularization. Sigwart worked at the University Hospital, Lausanne, Switzerland (1979 to 1989), and played a pivotal role in the concept and ultimate application of coronary stenting.

			Jacques Puel and Ulrich Sigwart were invited almost simultaneously by the company Medinvent to help with the initial animal and clinical research pertaining to their new product, the Wallstent. Ulrich Sigwart was contacted because he practiced in Lausanne, Switzerland, the headquarters of Medinvent, and the French engineer behind the product contacted his French colleague, Jacques Puel.

			Sigwart and Puel were the first to report on the clinical use of stents to prevent sudden occlusion and restenosis after transluminal angioplasty in their landmark work published on March 19, 1987, in the New England Journal of Medicine. The article reported their experience from Lausanne, Switzerland, and Toulouse, France.

			Sigwart also observed the shortcoming of stents, when, 3 months after one had been implanted in the proximal left anterior descending artery, the patient had recurrent chest pain. Angiography revealed severe restenosis, and he wrote that a combination of mechanical and biological factors would be the sine qua non to overcome the problem of recurrence.

			Sigwart wrote in a letter to the editor of the American Journal of Cardiology that, “When submitting the first article on human stenting in 1986, the New England Journal of Medicine persuaded me to drop the verb ‘stenting’ and use instead the noun ‘stent.’”

			Julio Palmaz, an interventional vascular radiologist, is known for inventing the balloon-expandable stent, for which he received a patent filed in 1985. In October 1987, Palmaz implanted his first peripheral stent in a patient at Freiburg University in Germany. Since then, stents and stenting have evolved, establishing a vibrant market.

			Economical Framework

			This section presents the global analysis and market forecast presented in 2014 by GlobalData [7] as an economic motivation for this thesis. The study only focuses on coronary stents, one of the most commonly used stents in clinical practice, but it serves as an example of the incredible market that stents entail.

			Table 1 provides the key metris for coronary stents in the 10MM (US, France, Germany, Italy, Spain, UK, Japan, Brazil, China, and India) during the forecast period from 2013 to 2020.

			Table 1. Coronary Stents Market – Key Metrics in the 10MM – 2013 to 2020

			
				
					
					
				
				
					
							
							2013 Coronary Stent Market Sales

						
					

					
							
							US

						
							
							$ 2065.3 m

						
					

					
							
							EU

						
							
							$ 573.1 m

						
					

					
							
							APAC

						
							
							$ 2123. 3 m

						
					

					
							
							Brazil

						
							
							$ 124.0 m

						
					

					
							
							TOTAL

						
							
							$ 4885.7 m

						
					

					
							
							2013 Global Market Sales by Type of Stent

						
					

					
							
							Drug Eluting Stent (DES)

						
							
							$ 4335.6 m

						
					

					
							
							Bar Metal Stent (BMS)

						
							
							$ 530.1 m

						
					

					
							
							Pipeline Assesment (Stage of Clinical Development)

						
					

					
							
							Stents in the early development stage

						
							
							4

						
					

					
							
							Stents in the preclinical stage

						
							
							13

						
					

					
							
							Stents in the early clinical stage

						
							
							6

						
					

					
							
							Stents in the late clinical stage

						
							
							5

						
					

					
							
							Key Events (2015 to 2020)

						
					

					
							
							2015 - Commercial launch of the CE-Marked DESolve 100, a novolimus-eluting, thin-strut BRS, in the EU.

						
					

					
							
							2015/2016 - Expected commercial launch of BRS, such as DREAMS by Biotronik and Fantom by REVA Medical, in the EU.

						
					

					
							
							2016/2017 - Commercial launch of Absorb BVS in the US and APAC, including in Japan and China.

						
					

					
							
							2019/2020 - Expected commercial launch of BRS, such as DREAMS by Biotronik and Fantom by REVA Medical, in the US.

						
					

					
							
							2012 Coronary Stent Market Sales

						
					

					
							
							US

						
							
							$ 1849.9 m

						
					

					
							
							EU

						
							
							$ 0555.2 m

						
					

					
							
							APAC

						
							
							$ 3023.5 m

						
					

					
							
							Brazil

						
							
							$ 0187.8 m

						
					

					
							
							TOTAL

						
							
							$ 5616.4 m
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