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Air transport of human organs, tissues and medical teams for the purpose of transplants have more than doubled over the past decade in Brazil, where airlines contribute with the public health system by donating all airline tickets and cargo shipments needed by the Ministry of Health to assist human organ transplants. Along with the increase on demand for air transport, there is a need to match the supply and guarantee the fastest and most efficient delivery possible, considering the unpredictability and urgency inherent to organ transport. This study aims to investigate the process of organ transport to identify a solution to help prevent human organ loss due to poor transport logistics. The solution must identify the fastest routes available to deliver organs, tissues and medical teams to their destination under the Cold Ischemia Time (CIT).

Since the majority (77%) of the organ transports are done by commercial airlines, Four Shortest path algorithm will be applied to identify the list of viable connections on a graph based on the airport network and the airline schedules, then the best results will be presented and the Origin-Destination (OD) pairs will be presented on a Compatibility Matrix, that displays viable paths according to the type of solid organ being transported (Heart, Lungs, Liver, Kidney and Pancreas).
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CHAPTER 1: INTRODUCTION

Brazil's Human Organ Transplant System is the one of the largest in the world and it was responsible for performing in 2019 alone, over 23.9 thousand transplants of Cornea, Kidney, Liver, Heart and Lungs (ABTO, 2019). All resources deployed to cater to the population's needs are provided by the Unified Health System (SUS), a 96% public funded system coordinated by the Ministry of Health (MS).

Despite its size and international recognition, the system struggles to deal with limited resources and logistic difficulties associated with the country's size and available infrastructure, constraints

that have somehow limited the potential growth on the number of transplant procedures.

Organ transplantation is often the only treatment for end stage organ failure, such as liver and heart failure (WHO 2020). The procurement of organs for transplantation involves compatibility from donor and receptor, the removal and transport of organs from a person (donor) to another (recipient). The entire procedure must abide by each country's legal requirements regarding the definition of death and consent and the roles of each stakeholder.

The process of transplantation is very complex and involves a large number of variables, one of the most important is the Cold Ischemia Time (CIT), which is the time between the organ's clamping, to the time it is delivered to the receptor's body.

On a large country such as Brazil, the long distances the organ often needs to travel to reach its receptor is very time consuming and that has a negative impact on the chance of success of the medical procedure. There is a negative correlation between CIT and tissue damage as proven by research involving renal [START_REF] Vroemen | The influence of warm and cold ischemic time on the outcome of cadaveric renal transplantation[END_REF], liver [START_REF] Totsuka | Analysis of clinical variables of donors and recipients with respect to short-term graft outcome in human liver transplantation[END_REF][START_REF] De Freitas | Effects of cold ischemia time on hepatic allograft function[END_REF] and others, so it is important to address any issue that may interfere on the logistics, not only to prevent organ loss, but to increase the chances of patient survival after transplantation.

The present work aims to develop a solution, based on a mathematical model applied to the logistics of human organ air transport, to prevent human organ loss due to unviable logistics for air transport.

I. Scope

In 2013, the Ministry of Health (MS), Civil Aviation Secretariat (SAC), Ministry of Defense (MD), Airport and Airline Operators signed an agreement to provide gratuitous air transport for human organs, tissues and medical teams for the purpose of transplants.

Since then, there has been an improvement on logistics and, despite the efforts of the health and aviation sectors combined, there is still a level of inefficiency within the process of human organ transplants.

To identify and study those inefficiencies focused on air transport logistics could prove to be a great contribution to Ministry of Health's work.

Inadequate logistics is one cause for human organs (specially hearts and lungs) becoming unfit for transplants due to cold ischemia every year, so the scope of the present work lies on the identification of viable routes between donor and recipient, as well as indicating an estimate for the required travel time including both air and land transport.

II. Objective

The Thesis objective is to develop a solution to facilitate the Ministry of Health's management of the logistics associated with the air transport of human organs by indicating unviable routes based on historical scheduled flights.

CHAPTER 2: PRESENTATION OF THE WORK ENVIRONMENT I. Introduction to the internship company

The internship at the Civil Aviation Secretariat (SAC) and at the Ministry of Health and started on March/2020, most of the work was performed at the Central Nacional de Transplantes (CNT) headquarters, where it was possible to follow actual organ transports management through the logistics coordinator's perspective. The internship had to be interrupted after Mar/2020, due to COVID-19 pandemic, since it was not possible to perform the interviews without bringing risk of exposure to CNT's analysts to myself and my family a total of two weeks of presential internship was possible during this period.

After March, there was a period when it was possible to follow the activities on CNT, by talking to its personnel and by discussing the premises of the work via telephone. During this period, there was also a contact with SAC to discuss the technical issues concerning organ transports and the involvement of the aviation sector on the task.

On August, part of the work was done remotely, and it was possible to attend to SAC (02 weeks)

and CNT (01 week), and to de Department of Computer Science of the University of Brasília (UNB) to attack difficulties with the shortest path algorithms models. After a few months working remotely, the internship was resumed at SAC on October and the final period was from January to early February at SAC and CNT. 

II. Ministry of Health Overview

The Ministry of Health is an organ of Brazil's executive power, responsible for the organization and for planning public policies on promotion, prevention and aid to the Brazilian population. The ministry's function is to create conditions for the protection and recovery of the population's health, by reducing and controlling diseases and improving the lives of the Brazilian people.

(Ministério da Saúde 2020)

The challenge of delivering good health services on a public system such as the Unified Health System (SUS) is enormous, so the ministry has access to one of the largest budgets of the government. Over the past 8 years, the amount invested on the system almost doubled, reaching approximately 100 million USD in 2020 (SIOP 2020).

SUS is one of the largest and most complexes public health systems in the world, providing universal access to services ranging from primary assistance to high complexity procedures, It is important to remember that the activities of SUS are complemented by the federations' states and the municipalities, that also contribute to its operation and for payment of a share of the services provided and there is also the provision of private health care services.

SUS is responsible for providing high complexity procedures and treatments and the demand for this kind of service grows every year. According to data provided by CNT, the number of organs, tissues and medical teams transported has grown 44% on the quinquennial (2014)(2015)(2016)(2017)(2018)(2019) reaching the total 7.660 items transported in 2019 alone.

To face the challenges associated with the planning and management of the transplant system on a large country such as Brazil, a structure had to be created. The following paragraphs will bring an overview of SNT's structure, according to the Decree nº 9175/2017.

III. National Transplants System (SNT)

According to the Decree nº 9175/2017, SNT is responsible for the coordination and for setting the rules and regulations regarding the collection, allocation and distribution of organs. It is also responsible for the authorization and control of transplantation services by healthcare establishments in the country, and for the management of the unified national waiting list of organ receptors.

SNT is also responsible for the management and control of the national organ recipients list, making sure the distribution of organs and tissues happen with a high level of fairness and transparency, while promoting the adequate organ collection and distribution according to donorrecipient compatibility, and addressing the unpredictability and urgency inherent to this nature of transportation. (CNT 2020)

Brazil is a large country, with an area of 8.510.295,914 km² with 5.568 cities (IBGE 2019), the Great Circle Distance (GCD) between the 30 main public airports in Brazil is 1.670 km, in a range from 76 Km to 3.788 Km, so it is important to use the organs locally or regionally when possible, and the alternative is to offer the organ to recipients nationwide.

To be able to transport the organs, teams and medical teams that are offered nationally, the use of air transport is almost the rule, accounting to over 90% of all transports coordinated by CNT.

To cater to all the system's needs, considering the country's size and healthcare system characteristics, its structure needs to be wide enough to cover the territory and need to have a centralized coordination to maximize the use of its resources. With that in mind, the Ministry of Health designed for SNT the following structural Units: The main structural units involved on the organ transportation activities will be shown in more detail on the following paragraphs, aiming to build a larger picture of the roles of each unit on the process of organ search, allocation and transportation.

IV. State Transplant Centers (CET)

The 

V. National Transplant Central (CNT)

Considering the large territory to provide services for, an area of 8.510.295,914 km², MS adopted the strategy of working together with states, through state transplant centers. To provide for and to articulate the activities of the CETs, MS created the National Transplant Central (CNT).

Working since 2000, the central is located at Brasília and one of its duties is to provide the means to allocate and distribute organs that could not be seized by State Transplant Centers and were put to "national offer". CNT's role is crucial to maximize the utilization of the human organs and tissues available by providing the logistic support to transport the organs from one state to another.

VI. Cooperation Agreement for Gratuitous Transportation of Organs

The By the end of 2013, the cooperation agreement was updated making possible to promote an increase on the number of transports performed. Although significant improvement had been made on facilitating access to scheduled operations, the long distances still made difficult to transport organs with low CIT times, like Hearts and Lungs. To address that, the Brazilian Air Force (FAB) made available resources to tackle the high urgency cases.

VII. Internship tutor and internship duties

This thesis was conducted under the supervision of Mr. Paulo Possas, Project Manager at the Civl Aviation Secretariat of the Ministry of Infrastructure and did my internship under the supervision of Mrs. Daniela Salomão, National Coordinator of SNT at the Ministry of Health.

There was a supervision of Dr. Li Weigang, Head of the Department of Computer Sciences at the University of Brasília.

Mr. Possas helped with discussions regarding the procedures and legislation for air transportation of organs, tissues and medical teams applicable through an aviation perspective, Mrs Salomão´s team helped with the processes of searching, allocation and transportation on SNT's shoes. To address the need for a computer-based solution, Dr. Weigang guided the work on matters concerning the development of the mathematical modelling and the tools needed to build a prototype to showcase the methodology developed by the present work.

During the time it was possible to attend to CNT's Headquarters in Brasília and to follow its routine activities planning and managing the logistics for delivering organs to their receptors across the country, and to discuss with analysts under Ms. Patricia Freire's coordination.

The routine of matching donor and receptor for each organ is quite complex, having to verify the compatibility with potential recipients on the national unified list, check if the organs conditions meet the criteria of the healthcare unit that will potentially perform the procedure, the available resources for the transportation and implant procedure, and finally, to plan and manage the logistics for safe delivery under Cold Ischemia Time (CIT).

CHAPTER 3: STATE OF ART

To deliver a practical solution aligned to the objectives of the present work, it is important to study the process of human organ transplants under two main aspects: Medical and logistic.

I. Human Organ Transportation a. Logistics

The current air transport support available for the Ministry of Health consists on the provision of pro bono flights by major airline companies (over 90%) and devoted flights provided by the Air Force, motivated by the high urgency transports such as Hearts and Lungs transports. On that account, it is important to find solutions that extract as much efficiency and reliability as possible from the available resources.

Siqueira et al ( 2016), conducted a literary review on the efficiency indicators used by researchers to identify the most widely used ones. The search on 5 different virtual libraries identified 344 papers, from which 23 were selected. The content showed 117 different indicators, most of them focused on the donation stage and there is a lack of indicators for the distribution and posttransplant stages. The only mapped indicator for organ distribution logistics is the CIT time.

According to [START_REF] Monteiro | Aplicação de técnicas do lean thinking às atividades logísticas dos transplantes de órgãos sólidos / Vera Lucia Monteiro[END_REF], CIT is the most important pre-transplant information necessary to decide upon the acceptance of an organ.

Studies that focus on the transport logistics itself are not very common, most of the material researched on the theme, deals with the design or operation of the healthcare network infrastructure and dedicated transportation. Some studies focus on treatment center locations, while other focus on the number of aircraft needed to cater to the system's needs. The Brazilian model for transportation of organs and tissues is predominantly a public transportation delivery model for 77% of the organs and the rest is transported by military flights, so it was difficult to find a parallel the literature.

Studies conducted by Belien et al (2013), B. [START_REF] Zahiri | A robust possibilistic programming approach to multi-period location-allocation of organ transplant centers under uncertainty[END_REF] and V. [START_REF] Cacchiani | Modelagem matemática e otimização aplicada ao transporte de órgãos para transplante em voos regulares domésticos[END_REF] focus on the supply chain design for organ transplants, analyzing the treatment center locations and their effect on different variables.

Belien et al (2013) presented a model for optimizing the supply chain design for organ transports, focused on the decision on which transplant centers should be opened for each organ, based on the minimum time between the notification of a donor and the moment the organ is inserted on the recipient´s body.

A MIP model was applied to the Belgian case, with data from 2004-2009 and different scenarios show that to minimize CIT time, the network of transplant centers should be centralized to minimize the total time (from notification to transplantation).

B. [START_REF] Zahiri | A robust possibilistic programming approach to multi-period location-allocation of organ transplant centers under uncertainty[END_REF] presented a possibilistic programming model for a multi-period Locationallocation problem in an organ transplant supply chain under uncertainty of input data, with the objective of minimizing costs to elevate efficiency on the Iranian organ transplant supply chain.

V. [START_REF] Cacchiani | Modelagem matemática e otimização aplicada ao transporte de órgãos para transplante em voos regulares domésticos[END_REF], on the work "A study on the optimal aircraft location for human organ transportation activities" studied the use of aircrafts devoted to the transport of organs operating on two or three hubs, with demand based on historical demand.

His study applied an Integer Linear Programming (ILP) model to reconcile the standard processes of air transportation and the urgency and uncertainty of organs transportation services caused by the perishability and location of donors and receptors, as he aimed to determine the "optimal distribution of aircraft in a given set of hubs under the demand of incapacitated facility location problems, where aircraft are facilities to be located and organ transportation requests represent the demand.".

The results showed that six aircraft would be sufficient to cope with the Italian transplants needs, with a reduction of costs compared with the current coordination. The results also point to a reduction of the total distance flown, fuel consumption and CO2 emissions.

While most of the studies abovementioned focused on the supply chain and the location of facilities for transplant treatment, the problem at hand is focused has more practical nature.

Considering an existing network, the need to deliver an organ from A to B under CIT times and the possibility to use pro bono flights of the existing commercial airlines schedule, which would be the shortest viable routes?

Carrara (2014) discussed at length this issue on his dissertation, according to which, considering the short lifetime of an organ outside the body, there is a need for planning and coordination of transport to obtain the best possible usage of donations by organ sharing among transplant centers.

On his work, he presents a solution using the mathematical model based on the shortest path algorithm to study the compatibility and viability analysis between pairs of airports for organ transportation using commercial flights. To accomplish that, he proposes the use of the DIJKSTRA and the FLOYD algorithms, the first is used to define the shortest path between two nodes of a graph, by calculating the shortest path between the origin node and all other nodes.

The second is used to find the shortest path between each of the nodes of a graph. The results obtained were compared with real data for transport of organs and the alignment made possible to propose a matrix that shows the viability of transport for each pair of airports, by each type of organ. His results are useful as an application for the decision makers that coordinate the logistics of organ transportation at the Ministry of Health.

The work constitutes a valuable contribution to the study of the logistics of organ transplants, however, the ministry of health was not able to fully apply his findings considering the legal limits they must abide by, and the difficulty to aggregate the results on their daily routine. Besides, the results present a photograph of the flight availability at the time of the study, and it gives a good idea of the time needed to deliver the organs using air transport, however the airline schedules are quite dynamic and for the identification of viable routes, an update schedule is paramount. The definition carries within the concept that at least two persons are part of the process, a donor and at least one receptor [START_REF] Beliën | Optimizing the facility location design of organ transplant centers[END_REF], so, since the vast majority of transplants utilizes organs from deceased donors, there is the need to deliver the organ to the receptor that is often located elsewhere.

b. Medical Aspects

The World Health Organization WHO ( 2009 According to Brazilian law 9.434, the donation of organs of patients on under the "a" condition above of a can only be carried out after the patient is declared Donor after Brain Death and in this case, the donation can only be carried out after authorization of a family member (Ministry of Health 2020).

The use of organs from donors after cardiac deaths is limited to the extraction of corneas if the time after death is limited to six hours Ministry of Health (2020). Domingez-Gil et al ( 2011), on a study on the situation of donation after circulatory death (DCD) in European countries showed that the utilization of organs from DCD vary from country to country, and there is a tendency towards the increase of this type of donation. However, the number of DCDs is still significantly lower than the number of donations after brain death (DBD).

The Brazilian Association of Organ Transplants (ABTO), over the past 5 years, the number of donations per million habitants (PMP) have grown 28%, from 14.1 to 18.1, and a total number of transplants of corneas, kidneys, livers, hearts and lungs amounts to 23.957 in 2019. However, there is an annual gap between the number of needed procedures and the number of performed procedures of nearly 16.000, this number means that to deal with the actual need there would have to be an increase of 67% on the number of transplants of corneas, kidneys, livers, hearts and lungs.

Additionally, the level of complexity associated with an increase on the number of procedures is directly linked to the type of organ to be transplanted. For example, to match the demand of corneas transplants ABTO estimates the need of a 26% increase, while to meet the demand for lung transplants, an increase of 1474% would be needed.

In time, the largest gaps abovementioned are relative to liver, heart and lung transplants, organs with the lowest CIT and, thus, the most difficult ones to operate adequate logistics.

So, despite the growing numbers, the transplantation scenario is led by urgency and unpredictability of time and location of organs. A human organ eligible for transplantation needs to be brought, in the shortest possible time, to the transplant center where the recipient is.

Therefore, for long distances, transportation activities are often performed by air, with road transportation segments between the airports and the healthcare facilities involved V. [START_REF] Cacchiani | Modelagem matemática e otimização aplicada ao transporte de órgãos para transplante em voos regulares domésticos[END_REF].

c. Organ transplant process

The process of organ transplant is very complex and unpredictable so, it is important to understand it and to identify the variables that have a significant impact on its logistics.

First, a view of the transplantation process is due, then the most important variables connected to the logistics will be examined.

d. Living Donation

An organ donation can have an alive or deceased person as its source. As for the process of organ transplants, Brain death confirmation is the first milestone of the whole transplant process.

f. Family Consent

According to the ministry of Health, after brain death confirmation, the potential donor is re-tested after six hours to confirm diagnosis, then the family needs to be enquired about its desire to donate de deceased's organs. Brazilian laws require the family's written consent to authorize the donation and informed about the organ donation process.

After the family´s consent, it is conducted a background check of the patient's former habits, followed by a thorough analysis of biological and physical tests that will indicate possible compatibility with the receptors on the national waiting list. This is one of the most critical parts of the donation process, because due to cultural, political or religious reasons the rate of family consent is still low, as shown in Table 1. The average family negative is, on average 43%, which means that only about half of the potential donors actually receive authorization from the family to donate their organs.

Note that the trend is quite stable over the past years, having an increase on the number of donors of 10,7% on the past 17 years (0,63% annually), and the percentage of family negatives have remained on the same order of values. Donation -Brazil

g. The offer

Once the Family has authorized the donation, and the battery of tests and exams have occurred, it is possible to search for compatible receptors. The search starts by crossing the donor's medical information with the receptors on the national waiting list, to find the best suitable candidate for the organ. During that process, the CIT time is considered for each of the 27 CETs as one of the variables to decide for the organ's acceptance.

Note that the offer is made, regardless of any logistic impediment for the organ to reach its destination. The decision to accept or reject the organ is taken by each CET, based on different criteria. Some CET already posted their time limitations for receiving an offer from distant states, other CET verify the viability of accepting the organ for each offer received.

Another characteristic of the organ offer is that each donor can offer more than one organ at the same opportunity, initiating searches for multiple receptors simultaneously and as consequence, searches for multiple logistics for the transportation of each organ.

Recent data gathered by CNT for each organ offered, present the related causes for organ refusals, due to 5 classes of motives. Logistics represent the smaller share of causes for refusals (3,11%) considering all organs. However, approximately one offer of pancreas on each 5 offers made, was refused due to poor logistics and 7,31% of the offers involving Hearts, were declined due to logistics.

The reduction of logistics-related refusals is important to prevent human organ losses. Despite the low percentage of refusals caused by poor logistics, time is an important factor to determine the chance of success of the transplant procedures, so efficient logistics may promote a reduction of organ-related refusals caused by high CIT. 

II. Organ Distribution

According to Belien et al ( 2013), an organ transport is one link on the chain of organ transplantation, however, the quality of organ transport strongly influences the success or failure of a transplant. That is one of the reasons he suggests that the success of the Spanish model could be founded on the attention given to every stage of the transplantation process.

The Brazilian model, alike the Spanish and American models, operate on a priority scale involving the municipal, state, regional and national levels. The national transplants coordinator (CNT)

works articulately with the state and municipal levels to minimize organ losses.

Considering the continental size of Brazil, the impact that quality of organ and transport and CIT time exerts on the outcome of the transplant and the healthcare system characteristics, the Brazilian government defined a structure for the National Transplants System, that was published by the Decree 9.175/2017, document that lays down the structure of SNT, and the legal attributions and responsibilities for its members. The transportation of organs and tissues are conducted by the structure established by the Decree 9.175/2017, according with the procedures contained at Portaria nº 91/2001. Some steps of the allocation process focus on the identification of the compatible receptors to the donated organs, while another part focusses on planning and managing the logistics for its safe delivery, the latter (blue boxes on Figure 3) will be the primary focus of this work. provides its logistics to deliver the organ to its destination, when it is not, the organ is offered on national level. CNT provides transportation on regional and national levels, while inside the States, the CET provides the logistic support. The coordination of the human organ transplantation process is a complex job, that demands pairing of donor and recipient, packaging and transportation and all other activities to allow the organs to be ready to use upon its delivery [START_REF] Moreno | Research Group on Artificial Intelligence Departament d'Enginyeria Informàtica i Matemàtiques Universitat Rovira i Virgili[END_REF]. [START_REF] Fuzzati | Organ Transplantation Management[END_REF] advocates that the transplant encompasses two phases: Surgery procedure phase and procurement, which comprises transport activities and schedule management.

According to Belien et al ( 2013), an organ transport is one link on the chain of organ transplantation, however, the quality of organ transport strongly influences the success or failure of a transplant, considering the negative effect CIT exerts on the organ's implant (Hernandez et al. 2008). That is one of the reasons he suggests that the success of the Spanish model could be founded on the attention given to every stage of the transplantation process.

There is a list of activities that must be performed during the transplant process. A delay on any of those will exert a negative impact on the quality of the organ that will be delivered to the receptor, hence decreasing his chances of success. On that context, the present work aims to focus on the steps necessary to make the transportation phase of the process as fast as possible. The Brazilian government has developed a set of tools to provide the organ transportation. The most widely used is the Cooperation Agreement with the airlines for gratuitous transportation of organs, tissues and medical teams, responsible for 77% of all transports performed in 2019.

Through the agreement, MS has gratuitous access to virtually all commercial scheduled flights in Brazil, however the schedules need to respect a fix timetable and there is no flexibility to stablish new routes or different schedules and that has made difficult to transport organs with low CIT times, especially hearts and lungs.

To address the need for high urgency transportation, the Brazilian Air Force (FAB) provides transport upon request. FAB transported 6,9% of the organs in 2019, 22,5 % of the organs with CIT under 12 hours and 58,3 % of the hearts, so the transport with military aircraft complements the deficiencies of the cooperation agreement, for it provides the flexibility the last cannot.

The CNT operations cater to the needs to transport solid organs, tissues and medical teams.

Table 4 below depicts the volume of transports coordinated by CNT's team and will provide a glimpse of the size of CNT's operation and the need for the present work.

Table 4 displays the number of transplants where the organs could not be seized locally and were offered regionally or nationally to a compatible receptor according to the national transplant list. Note that solid organs represent 17% of the total number of items transported, however those are the organs that normally need the most attention from CNT, due to the close relation between their CIT times and the success rate of the transplant procedure.

III. Airport Network versus Transplant Center Location

The It is clear the importance of using commercial flights to transport organs in Brazil, however, given the static nature of the flight schedules, when compared with a dedicated airplane model, the long distances and the incompatibilities between the transplant centers and the airports need to be studied to understand in which cases the transport will prove to be viable. [START_REF] Soares | Transplantes de órgãos sólidos no Brasil: Estudo descritivo sobre desigualdades na distribuição e acesso no território brasileiro, 2001-2017[END_REF], while studying the inequities of the access and distribution of solid organs in Brazil, concluded that out of 153 transplant centers identified in 2017, only a minor portion of them were located at north and middle-west regions of Brazil, while the regions south and southeast were able to perform the largest number of transplants.

Results point that the middle-west and north regions there was not one transplant center able to perform lung or pancreatic transplants. The States of Roraima (RR), Amapá (AP) and Tocantins (TO), located on the north region did not possess a qualified transplant center, that caused some distortion on the data, because the patients needed to travel to another state to receive treatment and were accounted on another state database. The issues pointed by Soares show that there is room to for further studies to identify the demand and determine the best locations to implement transplant centers on those States to support public policy that would induce the offer of treatment to meet the local demand. Recent data provided By CNT shows that in 2019 alone, 860 solid organs (hearts, lungs, livers, kidney and pancreas) could not be seized locally, and went through the national offer process, in which CNT is responsible for the planning, allocation and management of the air transport logistics. Figures 8 and9 below and 10, 11 12 and 13 at ANNEX I display the paths utilized for organ transports in 2019.

The analysis of the distribution maps shows that the pattern for location of organ destinations for 2017 (Figure 6) has remained very similar, with a concentration of transplant centers along the east coast and the mid-west region, however, there is a larger number of states that did not As pointed out by CNT's team, the number of pancreas transplants have decrease over the past years and there is a tendency of ceasing the performance of pancreas alone and their substitution for the performance of simultaneous kidney and pancreas transplants, considering the greater success rate the last presents.

Population from states with no capable transplant centers often need to travel to other states to receive their treatment, causing much emotional and economic distress for the family [START_REF] Soares | Transplantes de órgãos sólidos no Brasil: Estudo descritivo sobre desigualdades na distribuição e acesso no território brasileiro, 2001-2017[END_REF], so much would be gained by the implementation of public policies to develop a more evenly distributed transplant center network.

Belien et al ( 2013) indicates for the Belgian case, that the decision of which transplant center should be opened for each organ should be made based on the minimum CIT required, considering that a more centralized distribution of transplant centers would minimize CIT.

However, the continental proportions of the Brazilian territory and the regional social and economic disparities between the states create a complex equation on the development of the network.

Although the causes for the concentration of the transplant centers network may vary, their effect create a series of challenges to deliver the organs from origin to destination states, thus it is important to examine the route structure to understand the limitation for viable delivery of organs.

Considering the 860 transports performed by CNT in 2019, the total pairs of origin-destination

States amount to 142 distinct routes, most of them (83,8%) with a length of less than 4 hours. An analysis of the average time needed to transport solid organs in 2019 with data provided by SIG/SNT/DATASUS, show the actual CIT times needed to transport the organs from one UF to another. The results are displayed on the tables 05 and 6 below and tables 7 and 8 on Annex II, with the utilized routes and the average CIT time. It is important to point out that the data provided for Tables 6, 7, 8 and 9 account for all transport types, regardless of the transporter, so the data brings information of organs transported by private jets, military flights and by airlines.

By crossing the information from SIG/SNT/DATASUS with the information provided by CNT (Table 4), it is possible to identify that the number of transports performed by airlines for hearts and lungs is smaller and it is more difficult to deliver the organs, once the logistics depends on a previously determined rigid schedule and its connectivity.

The role of connectivity on CIT can also be understood by looking at the network used by airlines.

In 2019 there were 116 public commercial airports that receive passenger flights (SIROS Database for the year 2019) operated by the airlines signatory of the cooperation agreement:

Latam Airlines (TAM), Gol Airlines (GLO), Avianca Airlines (ONE), Azul Airlines (AZU) and Passaredo Airlines (PTB) and their locations.

The picture below shows the drastic change on the number of destinations that was caused by COVID-19 pandemic. That is an exaggerated example of the effects seasonal changes on schedules exert on the number of available destinations and thus, to the available routes that might be at the CNT's disposal. 

IV. Logistics Operation

Considering there is an offer, the origin of the transport is known, and after the definition of the compatible receptor's location, so is the destination. The problem lies on the search for the fastest routes to deliver the organ from point A to point B and under the CIT.

The transportation process is presented as a sequence of milestones (Figure 15), that start with the Clamping of the organ's blood supply at the origin Hospital (t0), the start of the CIT count.

Between the clamping and the arrival at the departure airport (t1), a series of activities take place before the actual departure time (t2).

It is important to quantify the minimum time needed between t0 and t2, because it exerts a crucial role on the definition of the parameters for the search of scheduled flights, for example, if the clamping time is known/estimate (t0), and the Minimum Transition Time for Departure (MTTD) is 45 minutes, the algorithm must search for flights scheduled for departure after t0 + 45 minutes.

The same principle applies to arrivals, with the Minimum Transition Time for Arrival (MTTA), so to verify a chosen route's viability, one must check if, MTTD +MTTA + flight duration (minimum transport time) is smaller than CIT. CNT keeps track of the milestones t0, t2, t3 and t5, hence, the MTTD and MTTA, will have to be estimated to enable the verification of the minimum transport time. 

CHAPTER 4: METHODOLOGY

Chapter 3 discussed the transplant process and the most important variables to be considered to provide good organ transport services. On chapter 4, the necessary steps to guarantee an efficient and most important, viable route identification will be discussed, beginning with most common algorithms, moving towards the mathematical model and the architecture of the chosen solution.

This study was based on observations performed between February 2020 and February 2021 at the Civil Aviation Secretariat (SAC), of the Ministry of Infrastructure (MINFRA) and at the Central Nacional de Transplantes (CNT) of the Ministry of Health (MS). During that period, it was possible to identify the legislation applicable to the transportation of human organs and to understand the difficulties faced by the aviation and health sectors, that lead to the identification of improvement opportunities at the process of organ transportation, amongst which lay the legal obligation to offer an organ on national level to locations to which logistics are clearly unviable and the need to incorporate information on operational and meteorological conditions to the decision making process.

Considering the opportunities abovementioned, the present work proposes as hypothesis, the possibility of the utilization of a solution to identify viable routes considering the airport and hospital networks, the available scheduled flights and the land transport time, that could help prevent human organ loss by assisting CNT on the discussion of public policies and on operational planning.

To test the hypothesis, a mathematical model will be selected and applied to identify the shortest paths between origin and destination hospitals considering land and air transport (Google Maps for land transportation time and airlines schedules for 2019 SIROS ANAC, for flight schedule).

The results will be compared with real transports performed by CNT on that 2019 (861 transports) by analyzing the Origin-Destination routes.

The results will present, for each solid organ type and its cold ischemia time (CIT), the minimum transport time between hospitals that perform transplant procedures.

I. Shortest Path Algorithms

On modern times, solutions to provide common services, for example: delivery of purchased goods; finding the fastest path to take to get to work… there is a countless number of everyday examples of the use of mathematical algorithms associated with computer programming to deliver route planning solutions for different types of transport modes.

Route planning utilizes graphs to model a specific problem, where the nodes of the graph represent the connection points, such as bus stops, or in the present case, airports and the edges that connect the nodes represent the roads or air routes. To find a path is to determine a sequence of nodes and edges that connect an origin to a destination point and to solve this kind of problems, shortest path algorithms have been used since the late 50's.

According to [START_REF] Geisberger | Advanced Route Planning in Transportation Networks[END_REF], the solution to many logistic problems can be achieved by computing shortest paths on a graph that represents a transportation network, however, depending on the network's characteristics the computing times can be too high, hence, during the last decade, there was a predominance of academic research focused on the development of faster algorithms and techniques.

The length of the paths can be measured by adding the individual weights for each edge along the path and it represents the time needed to travel between a pair of nodes. For example, on the graph shown on Figure 16, there are different paths that link the nodes 1 and 5, however we are often interested on finding the shortest path among the existing on the graph. problem can be solved by applying the single-source algorithm for each node, or by using specific algorithms like Floyd-Warshall's, for example.

Shortest path algorithms between all pairs of vertices of a graph, organize the information on a square matrix format (n x n), where rows and columns represent origins (u) and destinations (s)

and each position w and stores the sum of the weights of the path connecting u to s.

For example, for a graph G = (V,E), where the set of weights is defined as W = w(i,j) the matrix would contain the following values: 

II. Mathematical Model for shortest paths

Consider a Graph G = (V, E), where V is the number of nodes and E is the number of edges, where:

(1)

(2)

For each pair of vertices (V), there is an edge (i,j) ∈ E, with a specific weight wij. To choose the shortest path is to determine the path with the minimum weight sum for the subset of edges (i,j)

connecting the vertices on from origin to destination. The subset of vertexes that follow the origin node is defined as the successors of the origin vertex S(i), while the subset of nodes that precede the destination vertex is defined as the predecessors of the destination vertex P(j).

The choice of a given arc is represented by a binary decision variable xij ∈ {0,1}, so for the example 1 shown on Figure 16, since there are no edges connecting the nodes 4-2, 4-1 and 2-5, x24= x42 = 0; x14= x41 = 0 and x25= x52 = 0, for all other edges, xij may assume value 1 if it is a part of a path, otherwise assume the value 0. Floyd Warshall's algorithm is very efficient for the determination of all-pair shortest paths, however, it does not store the paths between nodes and that constitutes a limitation to its use on the problem at hand, for it is important to determine not only how long it takes to reach a destination, but which path would be the best solution.

VI. Breadth-First Search

Breadth-first Search algorithm (BFS) is one of the simpler algorithms and uses similar idea of other important graph searching algorithms, such as Dijkstra's and Prim. [START_REF] Zhou | Breadth-first heuristic search Department of Computer Science and Engineering[END_REF] shown that the use of BFS strategy can be more memory efficient than best-first strategies that apply A* and other graph search algorithms. The researchers argue that by using a BFS strategy, the number of nodes that need to be stored to detect duplicates is significantly reduced and the technique for duplicate detection is easier to implement than other alternatives.

By using this algorithm, we aim to test its efficiency on the specific problem of organ transportation using commercial airline schedules and the airport network structure, so it is expected that this model will search for more direct routes and minimize the number of connecting flights.

Its concept considers a graph G = (V,E) and a vertex s. The BFS algorithm searches all adjacent edges leaving s to determine which vertexes may be reached (v) and designs a tree with the results. The shortest path from s to v is the one with the smallest number of edges. 

BFS(G,s) 1 for each u ∈ V[G]-{s} 2 u.color = WHITE 3 u.d =∞ 4 u.π= NIL 5 s.colo = GRAY 6 s.d = 0 7 s. π = NIL 8 Q = 9 ENQUEUE (Q,s) 10 while Q 11 u=DEQUEUE (Q) 12 for each v = Adj[u] 13 if v.cor ==WHITE 14 v.cor ==GRAY 15 v.d = ud+1 16 v.π = u 17 ENQUEUE (Q,v) 18 u.color = BLACK

VII. Architecture of the solution

The main objective of the present work is to determine the fastest viable routes to deliver an organ from origin to destination. To achieve that, the four algorithms previously described (A*, Floyd-Warshall, Breadth-First Search and Dijkstra's) were applied to the structure of the existing routes in 2019. The parameters for the graph consist of vertexes (airports) and edge weights (estimates based on travel timesland and air transport). However, to deliver a consistent solution, it is important to calculate the distances from Origin Hospital to Destination Hospital, so a complete solution consists of applying the land, MTTD and MTTA times to the total transportation time.

To calculate the distances between Hospitals and Airports, the coordinates of the airports were available at Public Airports table (ANAC 2019) and the coordinates of the hospitals were obtained after using Google Geocoding API, to find the coordinates matching the hospital addresses available at the National Healthcare Centers Database CNES (2019).

The distances and times for land transportation were estimated by applying Google Maps, using the Distance Matrix API for travel mode "driving", to the GPS coordinates of each pair airporthospital, the land transport time will be added to the air transport time (MTTA and MTTD) to deliver the shortest routes. Time for connections between flights and for embarking and disembarking will be estimated based on data from INFRAERO, based results of Ramos (2016).

The times of air transport were provided by calculating the minimum flight times for each airport pair, based on ANAC's database (VRA) from 2019.

The CIT were provided by ABTO (t5), and to considering the similar treatment for planning the logistics of organs with CIT longer than 12 hours (Liver, Kidney and Pancreas), those three will be analyzed as a single class.

An estimate of packaging time for each solid organ type was made by conducting interviews with CNT personnel and the results are as follows: The times presented by Table 10 represent the period from clamping until the organ is packed and delivered to land transportation. Besides the estimated packaging time, during the interviews CNT reported the occurrence of delays on surgery scheduled times of 15 minutes, on average.

CHAPTER 5: PRESENTATION AND DISCUSSION OF RESULTS

I. Algorithm selection

Four Algorithms have been selected to calculate the shortest paths between each of the 71 nodes that represent the Brazilian airports that received daily scheduled operations in 2019. Each had its own particularities, Dijkstra's being the benchmark for the experiment, A*, the most directionoriented algorithm, Breadth-First Search, the most likely to save time and memory on the process of identifying the shortest paths and Floyd-Warshall, the algorithm more prone to deliver fast results for all-paths calculations.

The total, average and median time from origin to destination, expressed in hours and minutes, were calculated to display for all shortest path durations and for all pairs that resulted from the application of each algorithm, the respective sum, average and median value. The results were compared to Dijkstra's values and the differences were expressed in absolute numbers and on percentages.

To express the differences between each pair on the all-paths matrixes, the total, average and median difference between correspondent paths to benchmark, expressed in hours and minutes were calculated and the results on absolute values were displayed, showing better results for A* algorithm.

The variable total time to calculate and consume the query, expressed in milliseconds was measured by Neo4j (https://neo4j.com/) graph platform as an indicator of which algorithm would have better performance when applied to online app searches.

After calculating all-paths using the listed algorithms, the origin-destination matrixes were compared, and a quantitative and qualitative assessment could be performed.

The results show that, as expected Floyd-Warshall was the fastest calculating all-paths, since its code was specifically developed for such purpose. Besides, the results of each of the 5041 cells is identical to Dijkstra´s. The downsides of the use of Floyd-Warshal's algorithm for the identification of viable routes for organ transportation are:

• The algorithm does not allow for retracing the steps on a given Origin-Destination pair, so it could not be applied to identify connections between flights;

• It would take longer to calculate the entire matrix OD and only then, identify the desired route, then to execute the query using a single-path algorithm.

The other three algorithms have shown similar performances when determining critical paths to connect all 71 airports. Amongst the three algorithms, the fastest to execute the query was Breadth-First Search (BFS), showing a 48% faster than Dijkstra's, however, the comparison of BFS origin-destination (OD) matrix with Dijkstra's show that the calculated shortest paths were, on average, 18,79% longer than the latter. For BFS, the average differences between the correspondent paths and the benchmark (Dijkstra) is significantly higher than A*.

A* algorithm time required to execute the query was approximately 1,28% faster than Dijkstra's and its shortest paths were, on average, 5,05% longer. The close values for the average difference between the correspondent paths and the benchmark (Dijkstra) show a best fit to the benchmark and a lower variance on the values than BFS.

The queries were executed on a laptop Acer F5-573G-75A3, Intel(R) Core (TM) i7 2.7 GHz 16 GB RAM memory 64 bits, by Victor Martorelli, who collaborates with the present thesis for the Department of Computer Science, under Dr. Li Weigang's supervision. Note: For each Algorithm it is presented the total, average and median time (hours and minutes) and the correspondent difference from Dijkstra's results (benchmark), both total and relative (%).

Considering the abovementioned, for the determination of all-paths (origin-destination Matrix -OD), Floyd-Warshall was the most efficient of the four presented on this study, for it presented the exact same results for the shortest paths as Dijkstra's on a fraction of the time necessary to execute the query.

For the determination of single-paths, to be used on the construction of the tool to identify viable routes, the Dijkstra's algorithm has shown better results than the A* and BFS, by executing the query faster and presenting routes that were, on average, 25 minutes shorter than A* and 36 minutes shorter than BFS.

II. Compatibility Matrix

The compatibility matrix is designed to present the estimate time needed to transport the organs For the definition of MTTD and MTTA, the minimum times for land transport from the hospital to the airport (I-a) and from the airport to the hospital (III-a) was calculated by using the hospital´s and airport's GPS coordinates applied to google + tool, so the results would consider realistic ground transport times. This was done for all CNES hospitals listed with transplant capabilities (467 distinct hospitals) and for all airports (71) that would provide, according with data from 2019, reliable and frequent transport services as defined by the following criteria:

-Domestic scheduled operations;

-Airports must have at least one daily scheduled flight;

-Airports must receive flights of at least one of the airline companies that signed the Cooperation Agreement (GLO, TAM, AZU and PTB).

For land transportation times, after calculating the duration of the journey to, and from the hospitals, it was possible to identify that in some cities, there is a large variation on transportation times (from 2km to 334 km), that could implicate on erroneous assumptions if accounted. An To determine (I-a), the packaging procedures, delays and land transport times must be accounted. Packaging times and delay times were estimate based on interviews with CNT personnel (Table 6), and the standard value of 15 minutes.
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III. São Paulo

São Paulo State is the UF with the largest number of Hospitals listed on CNES (303) and is the state with the highest connectivity due to its airport framework, with Guarulhos (SBGR), Viracopos (SBKP) and Congonhas (SBSP) airports as important hubs on national level, hence, the choice to display the compatibility matrix for such state, aligns with the objective of the present study.

As previously mentioned, time is the most important variable for organ transports, so the matrix displays the necessary time to deliver organs from all origins to SP, considering MTTD, ATT and MTTA, for the three groups of solid organs: Hearts, Lungs and others (Liver, Pancreas and Kidney), given their respective CIT limitations of 4 hours (240 min), 6 (360 min) hours and above 12 hours (720 min) for the others.

Results show that, for heart transplants from region IV to São Paulo, none of the routes point to the viability of the transport and may need public policy measures to address that limitation, like incentives to opening of transplant centers on region IV or programs for temporary relocation of patients. The results also confirm that, due to the difficulty of transporting hearts under CIT times, the use of dedicated military aircraft is very important to improve the probability of success of the procedures. It is also possible to visualize that there is virtually no limitation to the transport of Livers, Kidneys and Pancreas, which proves that, with a 12-hour window, there is always a viable route to transport the organs via commercial flights, thus, there is, in theory no need for the use of military flights to deliver those.

There is, however, a limit to the time between hospitals and airports, shown in I-a and III-a, for MTTD and MTTA, respectively, where the value of 60 minutes was used as the maximum transport time, due to the information that on real cases, when the hospitals are located farther from the airports, the transport is often carried out by helicopters.

IV. Shortest Path identification tool

The case of São Paulo is interesting, for it shows an efficient location of transplant centers, around the one of the 12 airports that serve the State. However, it is important to point out that the closest airport will not necessarily be on the shortest path, for it might not provide a favorable flight schedule and sometimes, a helicopter flight might be needed to transport the organ to an airport on the shortest viable route. For this reason, the compatibility matrix presents the average time between the hospitals and the closest airport limited to a 60 minute-window to and from the airport, as discussed before.

To determine the logistics to deliver the organs from hospital A to hospital B, a more precise methodology was used. The distances from all hospitals to all 71 airports was calculated based on a query on Google + to deliver the distance and the most frequent time travel by car between the GPS coordinates of the origin and destination. 

V. Model Validation

After calculating the estimate CIT times, the value for each path was compared with the sample provided by DATASUS, with 861 solid organ transports that occurred in 2019, to validate the model and discuss its applicability.

The sample provided the information for each solid organ transplanted with warm, cold and total ischemia times. The CIT was then used as the "Real CIT", below and the total transportation time provided by the model was named "Estimate CIT", the results are shown on the picture 20 below and pictures 21 to 24 on Annex IV: The optimal situation would be a perfect overlap of both series of data, which would mean the model was able to perfectly mirror the real case scenarios. The objective was to achieve a best fit for the model, however, due mostly to the dependency of real data to a fixed and schedule, the modeled series were offset to the left, thus, delivering lower results than real data.

In general, the pictures 20 to 24 show that the distribution of the results of the model tend to deliver earlier CIT than DATASUS data, that is true for all solid organ transports examined. A reason for that is the model indicates the existence of a solution based on 2019 schedule, it indicates which would be the fastest path to deliver an organ to its destination, however DATASUS data reflects the adjustment of the transports with hospital and airlines schedules, and that brings another level of complexity that exerts a negative impact on CIT that is visualized on the pictures shown.

For heart, lung and pancreas transplants, the sample is small, and most of the heart and lungs transports were carried out by military flights, due to the difficulty to adjust hospital and airline schedules and that is the main reason military flights are such an important tool.

The curves for the estimate show that the model presented a smaller Standard deviation for all solid organs, and average times below CIT times for each organ. Besides the model showed a tendency to deliver faster paths than the currently in use, as we can see by comparing the blue and yellow columns, the concentration of solutions under 3:05 hours.

However, it is important to state that the sample is relatively small and most of the transports were made by Military flights. In fact, by looking at the data, only 4 heart transports were carried out using commercial flights. The need to wait for the flight schedule burns precious time, so to use a commercial flight for heart transplants is difficult.

Liver and Kidney transports have provided the largest data samples, and they confirm the same effect of anticipating the solutions as previously discussed for hearts, lungs and pancreas.

However, for the previous, the effect is more accentuated (especially for liver transports) than for the latter.

In a practical analysis, the presented model could be a useful tool to aid CNT on planning the logistics of the transplants, for it to points the earlies possible solutions.

As proven by the validation, the model delivers faster routes than real life data, so if the pair is not shown by the compatibility matrix, it is certainly not viable to transport the organ to its destination under CIT.

This is an important result, considering the process of organ donation and the legal obligation to offer the organs to all states and wait for their CET's replies. The use of a time limit for the replies could be shortened by applying the compatibility matrix's results, improving daily operations at CNT.

The model, however, does not provide tailored information for the determination of the logistics by matching the schedules of medical procedures and of available flights. To deal with this limitation, is necessary to develop an application to search for the shortest paths considering the online flight schedule available at SIROS/ANAC.

Results are applicable to military flight planning if the aircraft assigned to the transport is comparable to those used by airlines on the same routes. For the Heart transports performed in 2019, mostly carried out by FAB, the model delivered results that were, on average 18 minutes faster, however, deeper studies on the military flights logistics need to be conducted, to understand the applicable times for land-aircraft transitions and for the route planning process.

II. Recommendation

Based on the results presented here, I recommend the use of the Origin Destination Matrix and the PowerBI Report (tinyurl.com/54fdtw66) to identify and eliminate clearly unviable paths from the logistics planning at CNT's and CET's daily operations. Even with the existing legal obligation that CNT offers the organs to all CET, some have already communicated to CNT that due to unviable logistics, they only accept offers from a specific set of states, thus, I recommend that while it is not possible to modify or revoke the existing law, CET uses the information provided by the present work to limit unviable offers made by CNT.

I strongly recommend the discussion of the legal obligation to offer the organ to all State Transplant Centers (CET), for it is an unnecessary, time consuming link on the process and its suppression would lead to a simpler and faster process of organ allocation. 
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  such as organ transplants(MS -SUS 2020). SUS also provides epidemiologic, sanitary and medicine support to promote the quality of life of the almost 212 million Brazilians (IBGE 2020), abiding by the Federal Constitution of 1988 (CF-88) article 196: "Health is a right to all and a duty of the state".
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 1 Figure 1: Structure and distribution of SNT over Brazilian territory.

  The use ofDIJKSTRA (1959) apud Carrara 2014 saves time on the search for a optimal path between origin-destination pairs for it only return values for routes in which the time of travel is shorter than CIT for each organ. The FLOYD (1962) apud Carrara 2014 algorithm is applied over the selected origin-destination pairs, given the flight schedule and maximum CIT.The defined network considered the 32 major Brazilian airports represented by 30 different nodes arranged in a network, after the assumption of different airports at the same City as one single node for the pairs of airports Galeão International (SBGL) and Santos Dumont (SBRJ) and for Guarulhos International (SBGR) and Congonhas (SBSP).

  Transplantation of organs is defined by the Global Glossary of Terms and Definitions on Donation and Transplantation issued by the World Health Organization WHO (2009), as the transfer (engraftment) of human cells, tissues or organs from a donor to a recipient with the aim of restoring function(s) in the body.

  ), defines a deceased donor as a human being declared, by established medical criteria, to be dead and from whom cells, tissues or organs were recovered for the purpose of transplantation, i.e. there are two medical criteria for death declaration: "Deceased Heart Beating Donor (Donor after Brain Death): Is a donor who was declared dead and diagnosed by means of neurological criteria. Deceased Non-Heart Beating Donor (Donor after Cardiac Death) = Non-heart beating donor (NHBD): Is a donor who was declared dead and diagnosed by means of cardio-pulmonary criteria."
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 2 Figure 2: Offers refused in 2020 by state transplant centrals (CET) and the related causes. CNT/2020.
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 3 Figure 3:Organ allocation process adopted by the Brazilian government. Source: Ministry of Health, Portaria nº 91/2001 and Decreto 9175/2017.

Figure 3

 3 Figure 3 illustrates the allocation steps, determined by law (Ministry of Health -Portaria nº 91/2001), beginning with the attempt to pair donor-receptor locally, then, when local CET is not able to allocate the organ, the matching process is handed over to CNT, that tries to identify the donors according to the regions shown on Figure 4. When regional allocation is possible, CNT
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 4 Figure 4: National map for organ allocation. Source: Ministry of Health,

  Cooperation Agreement signed by airlines operators, airport operators, and Air Traffic Control (ATC), grants access to gratuitous flights needed by the Ministry of Health. The airline companies TAM, GOL, OCEANAIR (out of operation), AZUL and PASSAREDO, TWO FLEX and MAP, operate on 116 public airports and are responsible for 99,7% of the scheduled domestic passenger flights (ANAC VRA database and SIROS database).
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 5 Figure 5: Number of transports performed by CNT and the number of air transports that utilized the Cooperation Agreement. Source: CNT Statistics.
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 6 Figure 6: Distribution of solid organ transplants in 2017 by State. Soares et al (2020).
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 7 Figure 7: Cumulative distribution of solid organ transplants from 2001 to 2017 by State. Soares et al (2020).
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 8 Figure 8: Flow of solid organs and the distribution of transplant centers on Brazilian territory in 2019. (SNT/DATASUS 2020).

Figure 9 :

 9 Figure 9: Flow of kidneys and the distribution of kidney transplant centers on Brazilian territory in 2019. (SNT/DATASUS 2020).
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 10 Figure 10: Effect of seasonality over airlines schedules and number of routes. Source: Hórus Database/University of Santa Catarina (UFSC)/SIROS-ANAC.

  MTTD and MTTA have activities that take place on the airport and the transport to and from the hospital. The estimation of the embarking and disembarking duration were based on the results of a research conducted by INFRAERO, that measured the efficiency of each activity at the airport terminal. The connection time between airport and hospital were estimated by applying google+ application to the geographic coordinates of the airports and hospitals.
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 19 Figure 19: Floyd-Warshall's procedure to return the matrix D (n) of shortest path weights. (Cormen 2009)
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 20 Figure 20: Breadth-First Search procedure to calculate the shortest path on a graph G, starting from a vertex s. (Cormen 2009)

  from A to B, considering land and air transportation. So as shown on Figure15, the time displayed on the matrix considers the results of the following time intervals:

  interview with CNT personnel, backed up by DATASUS data, indicates that land transports represent 5 % of the total number of transports and are more common for high CIT time organs. For low CIT time organs, CNT team pointed out that normally, the use of land transport is restricted to 45-60 minutes, and for hospitals located far from the airports, it is common to use helicopters to keep transportation time between airport and hospital under that window. For the present work, considering the abovementioned, a ceiling of 60 minutes was used on the calculation of the average distance from hospitals to airports. The compatibility matrix displays the time considering the following time packaging time, land transportation time calculated using Google +, embarking and disembarking times based on data from INFRAERO and air travel time calculated based on ANAC/VRA 2019, by the minimum flight time for each route.
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 15 Figure 15: Distribution of Airports and hospitals in São Paulo.
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 16 Figure 16: Real Heart transplant CIT compared with estimate CIT for 2019.
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 18 Figure 18: Flow of livers and the distribution of liver transplant centers on Brazilian territory in 2019. (SNT/DATASUS 2020).
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 19 Figure 19: Flow of hearts and the distribution of heart transplant centers on Brazilian territory in 2019. (SNT/DATASUS 2020).
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 21 Figure 21: Flow of pancreas and the distribution of pancreas transplant centers on Brazilian territory in 2019. (SNT/DATASUS 2020)
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 25 Figure 25: Real Kidney transplant CIT compared with estimate CIT for 2019.
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Table 1 : Internship Dates

 1 

	Week	S	M	T	T	F	Coordination
	W1 16/03/2020 17/03/2020 18/03/2020 19/03/2020 20/03/2020	CNT
	W2 23/03/2020 24/03/2020 25/03/2020 26/03/2020 27/03/2020	SAC
	W4 03/08/2020 04/08/2020 05/08/2020 06/08/2020 07/08/2020	SAC
	W5 10/08/2020 11/08/2020 12/08/2020 13/08/2020 14/08/2020	SAC
	W6 17/08/2020 18/08/2020 19/08/2020 20/08/2020 21/08/2020	CNT
	W7 26/10/2020 27/10/2020 28/10/2020 29/10/2020 30/10/2020	SAC
	W8 26/10/2020 27/10/2020 28/10/2020 29/10/2020 30/10/2020	SAC
	W8 18/01/2021 19/01/2021 20/01/2021 21/01/2021 22/01/2021	SAC
	W9 25/01/2021 26/01/2021 27/01/2021 28/01/2021 29/01/2021	CNT
	W10 01/02/2021 02/02/2021 03/02/2021 04/02/2021 05/02/2021	SAC

  The legal foundation for transplants of organs from alive persons dates from 1998 (Law nº 9.434/97), with the permission to any capable person donate organs as long as the procedure did not jeopardize the donor's Under Brazilian law, any person with confirmed Brain Death Diagnosis is fit to become a donor, considering that the complete stop of brain function is an irreversible condition. To confirm brain death, electroencephalogram and an angiography are mandatory so doctors and families can be sure about the definiteness of the patient's condition (Ministry of Health 2016).Brain death usually occurs after head injuries and strokes and in such conditions, the heart and all circulatory functions are maintained, and that is what keeps the organs fit for donation. After confirmation of ceased brain activity, the circulation is artificially maintained, and the family must be notified. (Ministry of Health 2016).

	health and did not involve any commercial motivation. (ABTO 2019). Transplants of organs from
	living persons are very representative for kidney, liver and bone marrow transplants. In 2019, the
	transplants of kidneys from living donors in Brazil reached 17% of the total number of transplants
	(6283) (ABTO RBT 2019).

e. Brain Death Diagnosis

Table 2 : Number of potential donors and the realization rates.

 2 Source: Centrais Estaduais de Transplantes -CET / Ministry of Health Statistics. *PMP: Parts per million habitants(IBGE 2000(IBGE , 2010;; 2015 and forecasts based on the previous year).

	Brazil	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017
	Potential Donor	4.000	4.340	4.739	4.995	4.675	5.371	5.087	6.057	6.413	6.870	7.240	8.176	8.916	9.378	9.727	10.158	10.614
	Potential Donor (PMP)*	23,6	25,6	27,9	29,5	27,6	31,7	30	35,7	37,8	36	38	42,9	46,7	49,2	48	49,7	51,5
	Actual Donnor	861	953	1.163	1.395	1.061	1.126	1.089	1.350	1.693	1.896	2.207	2.451	2.562	2.710	2.836	2.987	3.420
	Actual Donnor (PMP)*	5,1	5,6	6,9	8,2	6,3	6,6	6,4	8	10	9,9	11,6	12,8	13,4	14,2	14	14,6	16,6
	Realization Percentage	21,50% 22,00% 24,50% 27,90% 22,70% 21,00% 21,40% 22,30% 26,40% 27,60% 30,50% 30,00% 28,70% 28,90% 29,20% 29,40% 32,20%
	Family interview													7.874	8.228	6.191	5.921	6.472
	Family negative													3.492	3.457	2.739	2.560	2.740
	Family negative (%)													44%	42%	44%	43%	42%

Related causes for organ refusal by CET

  

		Logistic	Recepient	Donor	Organ	Operational	Total
	HEART	83 7,31% 94 8,27%	578	50,88%	93	8,19%	288 25,35% 1.136 100,00%
	KIDNEY	266 2,11% 429 3,40% 7.954 62,97% 932	7,38% 3.050 24,15% 12.631 100,00%
	LIVER	129 3,63% 222 6,24% 2.021 56,80% 495 13,91% 691 19,42% 3.558 100,00%
	LUNG	15 4,67% 35 10,90% 222	69,16%	10	3,12%	39 12,15%	321 100,00%
	PANCREAS	66 21,78% 47 15,51%	90	29,70%	8	2,64%	92 30,36%	303 100,00%
	Total	559 3,11% 827 4,61% 10.865 60,53% 1.538 8,57% 4.160 23,18% 17.949 100,00%

Table 3 : Cold Ischemia times.

 3 Source:ABTO (2009). * ABTO time is 12 hours, while due to logistics limitations, the Brazilian medical teams that perform liver transplants reached a consensus to apply 8 hours as a safe measure.

	Organ	Cold Ischemia Times
	Heart	4 hours
	Lungs	4-6 hours
	Liver	12 hours/8 hours*
	Pancreas	20 hours
	Intestines	6-8 hours
	Kidney	24 hours
	Blood Vessels	10 days

Table 3 : Number of items transported by CNT in 2019. Source (CNT coordination -Adapted) Items

 3 

		Transports Cooperation Agreement	Transports FAB	Transport International Companies	Other Private	Other Land Transport	Other Mail Services	Other Total	TOTAL % Share
	Heart	4	56	0	35	1	0	36	96	0,9%
	Liver	237	70	0	84	46	0	130	437	4,3%
	Pancreas	29	2	0	4	1	0	5	36	0,4%
	Lungs	3	5	0	41	0	0	41	49	0,5%
	Kidney	1.059	18	0	34	23	0	57	1.134	11,2%
	Total Solid Organs	1.332	151	0	198	71	0	269	1.752	17,2%
	Heart Valve	132	0	0	0	0	0	0	132	1,3%
	Cornea	1.628	0	0	20	0	0	20	1.648	16,2%
	Sclera	63	0	0	0	0	0	0	63	0,6%
	Ocular Globe	552	0	0	0	2	0	2	554	5,5%
	Bone Marrow	114	0	244	0	0	0	0	358	3,5%
	Bones	420	0	0	0	7	0	7	427	4,2%
	Skin	50	0	0	0	0	0	0	50	0,5%
	Valves	119	0	0	0	1	0	1	120	1,2%
	Total nº of Tissues	3.078	0	244	20	10	0	30	3.352	33,0%
	Medical Teams	920	449	250	689	248	0	937	2.556	25,2%
	Total Teams	920	449	250	689	248	0	937	2.556	25,2%
	Total Other	2.499	1	0	2	0	0	2	2.502	24,6%
	TOTAL	7.829	601	494	909	329	0	1.238		

10.162 100,0% Tissues Medical Teams Other Total number of transports 2019 Solid Organs

  

  receive solid organs through CNT: TO, AP and RR, already shown on Figure KK, and , MT, PI, SE, AL and AM, and that may have different causes, one of which may be the limited number of transplant centers at those states. It is noticeable that the concentration of transplant centers in the Southwest and South Regions, focused on the states of SP, MG, RJ, RS and PR, drive the demand for transportation from the other regions to those locations, 81% of the solid organs

	When discussing kidney transports, 83,4% of the 506 organs transferred in 2019 from 25 states
	were allocated on four states (RS, GO, SP e PE), where 42,9% of the kidney transplant centers
	are located.	A similar pattern occurs with liver transports, where 88% of the organs were
	allocated to 6 states (DF, CE, PE, RJ, PR and SP) where 71,4% of the liver transplant centers
	are located.	

transported were allocated to 6 states (SP, RS, PE, GO, DF and CE) that together, hold 51% of all solid organ transplant centers in Brazil.

Hearts, lungs and pancreas have an even more concentrated transplant center network, SP and DF Received 69,2% of the hearts transported in 2019, while all of the 35 lungs were allocated to SP and RS, where the only two Heart transplant centers are located, and all 17 Pancreas transported were allocated to SP and MG.

Table 4 : Duration of the routes flown by CNT in 2019 for solid organs. (SNT/DATASUS 2020)

 4 

	Flight Duration		Routes
	T ≤ 1h	16	11,3%
	1h < T ≤ 2h	49	34,5%
	2h < T ≤ 4h	70	49,3%
	4h < T ≤ 6h	5	3,5%
	T > 6h	2	1,4%
	Total	142	100%

Table 5 : Heart CIT times on transplant in Brazil -2019. (SIG/SNT/DATASUS 2020).

 5 

			HEART			
		Average CIT times 2019		
	UF CE	DF MG PE	PR	RJ	RS	SP
	BA	3:28				
	ES	3:04		3:00		4:20
	GO	2:28					3:39
	MG	2:53					3:12
	MS	3:21					3:40
	PB		2:23			
	PR	3:15					2:42
	RJ	3:30					2:43
	RN 1:48 3:58	3:00			
	SC	3:41		2:41 2:26 2:56 3:32
	SE		2:51			
	SP	3:04				

Table 6 : Pancreas and Lung CIT times on transplant in Brazil -2019. (SIG/SNT/DATASUS 2020).

 6 SP and RJ-SP the question of the role played by connectivity and other variables on transportation time is raised.The transportation of pancreas also follows a pattern of CIT being directly proportional to distance, but, since the number of transports of those organs is small (17 Pancreas, 35 Lung and 52 Heart), the relation between CIT will be better understood by looking at Liver and Kidney data.For Liver routes leaving TO, it is possible to point to reasons diverse from distance to justify a close CIT time for TO-DF and TO-SP. A similar example is found by comparing routes SP-DF and SP-RJ, with close CIT times and being DF located farther from SP than RJ. Another example are Kidney routes leaving CE, present a larger CIT to MA and MG, than to SP.

		PANCREAS			LUNG
	Average CIT times 2019	Average CIT times 2019
		MG	SP		RS	SP
	ES		8:00	ES		5:35
	GO		9:05	MG		7:15
	MS		6:12	PR	6:00	8:00
	PE	12:34	RJ		6:34
	PR	10:45	SC	5:12	3:50
	RJ	10:00	9:54	SE		7:55
	SC	10:07		
	SE	12:30		
	SP	10:45		

Data on Heart CIT shows that the distance between States exert a negative impact on the time needed to transport the organs and, as expected, that is valid for most cases such as the paths between GO, MS and SP and MS, PR, RJ, RN, and SC to D. However, by looking at the CIT of PR-

Table 7 : Estimate Packaging duration. Source: CNT/interview.
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		Packaging time
	Organ	(min)
	Heart	30
	Lung	30
	Liver	40
	Pancreas	60
	Kidney	40

Table 8 : Results for all-paths calculation for 71 vertexes (Airports)
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					Algorithm			
		Djikstra	A -Star	Floyd-Warshall	Breadth-First Search
	Total time from Origin to	14.261,3	14.988,7		14.261,3		16.973,2	
	Destination (hours)	2	0	5,05	2	0,00	8	18,79
	Average time from Origin to Destination (hours:min)	03:13	03:23	%	03:13	%	03:50	%
	Median time from Origin to Destination (hours:min)	03:14	03:22	4,38 %	03:14	0,00 %	03:49	18,04 %
	Total Difference Between							
	correspondent paths to	-	811,45		-		3.019,15
	benchmark (hours)							
	Average Difference Between							
	correspondent paths to	-	00:26		-		00:36
	benchmark (hours:min)							
	Median Difference Between							
	correspondent paths to	-	00:00		-		00:08
	benchmark (hours:min)							
	Total time to Calculate and							
	Consume the query	114.478	113.015	494		55.292
	(miliseconds)							

Table 10 : Results for all-paths calculation for all States (UF) -Minimum required time to deliver an organ between different States using scheduled flights (hours:min).

 10 Note: Darker colored cells are compatible with lighter colored, for example, if a given route is viable for heart transportation, it will automatically be compatible with higher CIT organs (Lungs, livers, kidneys and pancreas).

		AC AL AM AP BA CE DF ES GO MA MG MS MT PA PB PE	PI	PR	RJ RN RO RR RS SC	SE	SP TO
	AC	07:				

Table 11 : Analysis of the Compatibility Matrix with São Paulo State as Destination (Airports SBAE, SBAU, SBDN, SBGR, SBKP, SBML, SBRP, SBSP, SBSR)

 11 

	Region	Pairs	Hearts	Lungs	Livers, kidneys and Pancreas
	I	130	10,32%	99,23%	100,00%
	II	100	16,01%	96,00%	100,00%
	III	290	23,2%	63,79%	100,00%
	IV	190	0,00%	40,53%	100,00%

  Figure 19 and table 14 (ANNEX III), show that 77% of the hospitals are served by Guarulhos Airport (SBGR), Congonhas (SBSP) and Viracopos (SBKP) The airports are located 73 km on average to the hospitals. If we look closely at the hospitals at São Paulo City, 50 are located on a 10 km radius from Congonhas Airport and would need a 17-minute drive to access air transport services. The variance on airport-hospital distances demands prioritization actions, and the creation of a ceiling to limit land transport time, as shown onTable 15 on ANNEX III.

Table 13 : Kidney CIT times on transplant in Brazil -2019. (SIG/SNT/DATASUS 2020).
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	KIDNEY
	Average CIT times 2019

Tables 14 and 15 -Distribution of Airports and OD Matrix for São Paulo (SP)

  

Table 14 : São Paulo's distribution of hospitals and associated closest airports.
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	Airport/City	Hospitals	Share	Average Distance	Average Time	Land Transport time
	SBGR	81	27,00%	51,48	00:53	00:53
	BRAGANCA PAULISTA	1	0,00%	84,44	01:12	01:00
	CAMPINAS	8	3,00%	119,09	01:36	01:00
	GUARUJA	1	0,00%	128,33	01:49	01:00
	GUARULHOS	1	0,00%	9,57	00:16	00:16
	INDAIATUBA	1	0,00%	122,27	01:35	01:00
	JUNDIAI	4	1,00%	75,66	01:05	01:00
	MOGI DAS CRUZES	2	1,00%	42,06	00:42	00:42
	SANTO ANDRE	3	1,00%	36,99	00:59	00:59
	SANTOS	3	1,00%	113,35	01:42	01:00
	SAO BERNARDO DO CAMPO	1	0,00%	45,28	01:00	01:00
	SAO JOSE DOS CAMPOS	5	2,00%	71,55	01:01	01 :00
	SAO PAULO	50	17,00%	30,72	00:38	00:38
	VINHEDO	1	0,00%	95,71	01:17	01:00
	SBSP	82	27,00%	37,75	00:39	00:39
	BRAGANCA PAULISTA	1	0,00%	93,64	01:26	01:00
	CAMPINAS	6	2,00%	103,79	01:25	01:00
	GUARUJA	1	0,00%	92,83	01:19	01:00
	GUARULHOS	1	0,00%	28,14	00:36	00:36
	INDAIATUBA	1	0,00%	110,47	01:27	01:00
	JUNDIAI	4	1,00%	63,87	00:57	00:57
	MOGI DAS CRUZES	2	1,00%	71,51	01:11	01:00
	SANTO ANDRE	3	1,00%	26,06	00:41	00:41
	SANTOS	3	1,00%	75,23	01:10	01:00
	SAO BERNARDO DO CAMPO	1	0,00%	25,12	00:36	00:36
	SAO JOSE DOS CAMPOS	5	2,00%	103,78	01:32	01:00
	SAO PAULO	50	17,00%	10,16	00:17	00:17
	SOROCABA	3	1,00%	103,31	01:26	01:00
	VINHEDO	1	0,00%	83,91	01:09	01:00
	SBKP	70	23,00%	85,04	01:12	01:00
	AMERICANA	1	0,00%	53,51	00:47	00:47
	ARARAS	1	0,00%	95,31	01:16	01:00
	BRAGANCA PAULISTA	1	0,00%	107,25	01:24	01:00
	CAMPINAS	8	3,00%	30,41	00:34	00:34
	INDAIATUBA	1	0,00%	21,99	00:28	00:28
	JUNDIAI	4	1,00%	48,22	00:45	00:45
	LIMEIRA	2	1,00%	71,94	01:02	01:00

Table 15 : Compatibility Matrix with São Paulo State as Destination (hours:min)
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		Hearts	Lungs	Liver, kidney and Pancreas
	ICAO	UF Region SBAE SBAU SBDN SBGR SBKP SBML SBRP SBSJ SBSP SBSR
	SBCA	PR	I

Given the definitions abovementioned, the mathematical model with the definition of the variable, parameters, function and conditions to be met is defined as follows:

Variable:

(3) Decision variable

Parameters:

Function:

(3.1) Calculate minimum cost for the routes i-j Conditions:

(3.2) Eliminate simultaneous parallel routes with destination j

Eliminate simultaneous parallel routes with origin i (3.3) Eliminate Sub-routes

To solve shortest path problems, simpler and more efficient algorithms can be used, such as the ones developed by Dijkstra, Breadth-First Search (BFS), Floyd-Warshall, A* and other algorithms, so the following paragraphs will describe the algorithms chosen for the problem of organ transportation.

III. Dijkstra's Algorithm

Dijkstra's algorithm dates from 1959, and it is considered the fundamental shortest path algorithm, being used as a standard against which the speed of other algorithms is compared [START_REF] Geisberger | Advanced Route Planning in Transportation Networks[END_REF]. It is commonly used to solve SSSP problems on a given graph G = (V, E) in which the weights for all edges are non-negatives, w(u,v) ≥ 0 for each edge (u,v) ∈ E.

The algorithm initializes two sets of vertices, and Q = (V-S), and runs a loop to identify the minimum weight associated with each adjacent edge, keeping track of the path that produced the smallest weight sum, upgrading the sets S and Q and moving forward on the loop, until the set and S = V (Cormen 2009).

To start the calculation, the value 0 is assigned to the Origin vertex (i) and the infinity value is assigned to all other nodes. The next step is to determine the vertex (j) linked to the origin vertex (i), with the minimum cost and assign the edge value to it (relax the vertex), then the algorithm compares for the adjacent vertexes, the sum of their preceding edges weights with the cost from the origin to the precedent vertex and moves to the vertex with the smallest cost, assigning the aggregate path value to it. The procedure is repeated (loop) until the destination is reached and all vertexes have been relaxed. Figure 18 illustrates the procedure to compute the algorithm:

For each vertex v 8 RELAX (u,v,w) 

IV. A* Algorithm

A* algorithm is similar to Dijkstra's, but instead of making the decision for the next steps towards the solution based solely on the sum of the edge weights, it also considers the distance between the nodes to the destination, prioritizing more direct paths.

The algorithm applies the heuristic function to all vertexes linked to the reference vertex. The function returns the distance between the vertexes and the destination vertex. The algorithm advances to the vertex with the smallest sum (edge weight + distance to destination) and repeats the operation until the destination is reached.

(4)

Where:

Considering A* moves on a more direct path towards the destination, its application to solve organ transportation graph problem might present a faster performance than the other algorithms.

However, given the airline's schedule and the airport network structure, in some cases, the direction of a connection flight may deviate significantly from destination, as normally occurs on flights leaving Mato Grosso State, connecting via Brasília to reach Santa Catarina, for example and that may exert a negative impact on the performance of the algorithm.

V. Floyd-Wharshall's Algorithm

Floyd-Warshall's algorithm follows a dynamic programming process to solve the all-pairs shortest paths (APSP) problem. It allows negative-weight edges, assuming there are no negative-weight cycles.

Initially, it is necessary to define the matrix D0, that assumes the following values:

(5)

To find the solutions, the algorithm performs the same number of iterations as the number of vertexes on the graph. Each iteration updates the values on a matrix Dnxn by using the formula:

(6)

For the example on Figure 17, the first matrix defined according to (4) would be the starting set of values. Then, new matrixes will be calculated (D1, D2, D3, D4 and D5) by using formula (5) on each iteration. The final matrix (D5) will present the minimum distances from all pairs of vertexes on the graph.

The idea behind this algorithm is to check, for each iteration, if the insertion of an intermediate vertex between a given pair of vertexes will be able to reduce the calculated cost for the path between the pair of vertexes. Figure 19 illustrates the procedure to compute the algorithm:

For the determination of time spent on embarking procedures, we based our estimations on data presented by Ramos (2016), from the results of INFRAERO's monitoring program for the World Cup 2014 host cities, covering some of the most important domestic hubs in Brazil, with extensive on-site data collection. The results showed that Time spent on embarking procedures (t2-t1) would be close to 13 minutes (Check in + Security screening). However, since we did not find data on the required time from the parking lot to the gate, and despite the priority given to organ transports security screening and the times for check in represent queue waiting times, we assumed 15 minutes would be a reasonable time for embarking procedures (I-b) and for connections between flights (II-b).

For Time spent on disembarking procedures (III-b), that involve deplaning and the time needed to walk from the airplane to the curb, we also considered data provided by Ramos (2016) with measurements of the time needed for passengers to walk from the plane to the baggage reclaim area (Average Arrival walk time for baggage reclaim). The average time on five airports amongst which SBSP and SBRJ, two major domestic hubs, is about 7 minutes, so we estimated additionally, 3 minutes for a walk from the reclaim area to the curb and assumed a time of 10 minutes for disembarking procedures (III-b).

The fully detailed results for MTTD, MTTA and for ATT are presented at the PowerBI App (tinyurl.com/54fdtw66).

The entire compatibility matrix will also be presented on the PowerBI App, for it is too large to fit the format of this document, however, for didactical purposes, a map of the distribution of Airports and Hospitals and a sample of the results for the state of São Paulo will be presented in more detail. The next table present the estimation for the total travel time (t4-t0), that represents the minimum time from the Clamping procedure, at the origin hospital, to the delivery to the destination hospital.

Note that it is the minimum of the total transport times from all airports located at each state because of that, the table may present values lower than its detailed version (tinyurl.com/54fdtw66).

CHAPTER 6: CONCLUSION

I. Technical Conclusion

The results prove that it is possible to develop a solution to facilitate the Ministry of Health's management of the logistics of human organ transplants by indicating clearly unviable routes based on historical flight schedule data.

The model used to estimate CIT delivered results that pointed, as expected, the unviable routes to transport an organ from origin to destination. The resulting OD Matrix displays the shortest paths connecting 467 distinct hospitals and 71 airports and can be used by CNT personnel on their daily routines.

By observing the OD matrix (tinyurl.com/54fdtw66) it is possible to isolate the list of possibly viable routes and to limit the number of offers required for a specific offer for a given organ type. For example, as shown on the figure below, if a donation takes place near Congonhas Airport (SBSP), there are only 17 routes that connect to 9 states compatible with heart transportation. I also recommend the further studies on the logistics of military flights performed by FAB, to better understand and quantify the differences between military and commercial organ transportation and in the future, allow for the development of a single logistics planning tool.

Finally, I recommend the development and implementation of an online App to search for the shortest paths connected to the scheduled flights database (SIROS) and use meteorological information available at https://www.redemet.aer.mil.br/ to assist on the decision-making process.

This tool is under development by Marco Porto and Victor Martorelli and will provide a route searching tool that calculates the shortest path considering the existing flight schedule.

A modified version of Dijkstra's algorithm was used to identify the combined land and air paths, considering the difference between times of arrival (duration) and the Clamp Time (t0) as the weight of the edges of the graph, instead of the duration of each step, to make possible, the identification of the route that would deliver the organ first considering actual schedule constraints.

To run such query requires the use of parameters to filter the database and lower the time needed to run the algorithm, so, for entry data, the following variables will be used: Origin hospital (Ho), Destination hospital (Hd), Clamping date and time (t0) and Type of solid organ; and for filters, it will be necessary to select the flights, from t0 to t0+CIT on the day of the day scheduled for the medical procedure.

The algorithm presented below, is an adaptation of Dijkstra's algorithm to determine the shortest route considering the total time needed to deliver the organ until ANNEX II -Tables 7 and8 -Real CIT data (2019)