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Abstract 
 

Medical isotopes are radioactive materials used by nuclear medicine specialists to produce 

radiopharmaceuticals for therapy and diagnostic purposes. Keeping the time within the supply chain as 

short as possible is essential due to the radioactive decay of these isotopes. Therefore, fast last mile 

delivery methods could potentially be of great value within this industry. The purpose of this paper is to 

investigate if drone delivery of medical isotopes to hospitals in the Netherlands is a beneficial and cost 

effective transportation method, compared to the current road-based transport. In order to do so, a 

literature review and 8 structured interviews with experts in the field of drones and medical isotopes 

were performed, as well as a single case study comparing the radioactive decay and costs of Tc-99m 

based radiopharmaceuticals delivered by drone or van from 3 central radiopharmacies to 36 hospitals in 

the Netherlands. The results of the case study show that drone delivery could on average decrease the 

radioactive decay by 5,71% compared to delivery by van, leading to a yearly decrease in cost of 

€112.544,10 for the Tc-99m based radiopharmaceuticals. Furthermore, the yearly transport cost of drone 

delivery was calculated to be €2.356.951,93 and €1.367.509,52, for scenario 1 (deploying 36 drones) 

and 2 (deploying 18 drones) respectively. This is much bigger than the yearly transport cost for delivery 

by van, which was calculated to be €756.260,06. Based on this single case study the reduction in cost 

resulting from the decrease in radioactive decay of the Tc-99m does not outweigh the transport cost of 

drone delivery compared to delivery by van. A limitation of this study is that only one specific case was 

examined. Other types of settings and radiopharmaceuticals may lead to different results. Furthermore, 

weather conditions were not taken into account, which could influence the deployability of drones in 

case of rain and strong winds. This study contributes to the existing literature by providing insights into 

a new drone delivery application within the healthcare sector and shows the reduction in radioactive 

decay and costs in a potential real world setting.  

 

Key words: Medical isotopes, Radiopharmaceuticals, Drones, Unmanned aerial vehicles (UAVs), Case 

study. 
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1. Introduction 
 

The Nuclear Research and consultancy Group (NRG) is a global leader in nuclear solutions. Besides 

research in nuclear energy and nuclear technology their main occupation is the production of so-called 

medical isotopes which are used to produce radiopharmaceuticals. These radioactive isotopes are 

transported from the reactor in Petten, to radiopharmaceutical companies for further processing, and 

then to hospitals all over the world. Every day, more than 30,000 patients worldwide depend on NRG’s 

medical isotopes for treatment (NRG, 2021). A certain type of isotopes, called accelerator-based 

isotopes, have a short half-life and are therefore mainly suitable for domestic use. Currently, transport 

of radiopharmaceutical products to Dutch and other European customers is done via the road, and for 

overseas customers by airplane. Keeping the time within the supply chain as short as possible is 

important for the use and activity of the final radiopharmaceutical. Therefore innovative and fast last 

mile delivery methods could potentially be of great value within this industry. 

 

Currently, a major new technology is on the rise to become a disruptive force in the transportation sector 

for last mile delivery, namely: unmanned aerial vehicles (UAVs) also called drones (Choi-Fitzpatrick et 

al., 2016). Since the past decade, drones are increasingly investigated as a means to deliver packages 

safely and with high speed in the logistics of, for instance, the e-commerce industry. As one of the 

pioneers, Amazon already started with the development of a drone delivery service since 2013, which 

is called Prime Air. When fully implemented, drone delivery will enhance the service level of this e-

commerce giant by promising efficient and safe delivery within only 30 minutes time (Amazon, 2013). 

With this fast delivery speed and flexibility in throughput capacity, drone delivery systems have already 

seen several implementations in fulfilment centers of other e-commerce companies as well, such as: 

Alibaba, FedEx and Google (Shen et al., 2020).  

 

Recently, innovations have taken place in drone specific software, hardware and networks. For instance, 

innovations in light composite materials and global positioning systems (GPS) enable increasingly 

efficient flights (Dorling et al., 2017). Furthermore, lithium batteries improve rapidly, enabling drones 

to fly further distances on a charge (D’Andrea, 2014). Drone operating systems are able to manage the 

network by monitoring weather data and optimize the routes for drones accordingly (Raptopoulos, 

2013). By doing so, drones can avoid routes with adverse weather conditions and other potential risk 

factors. Lastly, diverse sensors and advanced algorithms enable drones to identify static and moving 

objects coming from any direction in order to avoid a collision and assure safe transportation of goods 

(Amazon, 2019). While the definition of drones is complicated due to the diversity of characteristics, it 

is widely agreed that drones are devices capable of sustained flight, without people on board, and under 

sufficient control to perform useful tasks (Clarke, 2014; Otto et al., 2018). 

 

Besides the above-mentioned implication of drone delivery in e-commerce as a future delivery system, 

drones can also be applied in healthcare. Useful drone applications include the delivery of small products 

that are urgently needed in places that are difficult to access due to poor transport infrastructure, natural 

disasters or traffic congestion (Scott & Scott, 2017). Drones could for instance help save lives by 

transporting organs (Scalea et al., 2019), blood (Ackerman & Koziol, 2019), vaccines (Haidari et al., 

2016), medication (Kim et al., 2017), and Automated External Defibrillators (Cheskes et al., 2020). 

Within the Netherlands, the ANWB Medical Air Assistance (MAA) provides all medical air transport. 

This includes air ambulance helicopters, but MAA is also investigating the use of drones for the delivery 

of blood together with Sanquin, medication together with ErasmusMC and samples to laboratories 

together with Certe and Isala hospitals (Medical Drone Service, 2019; Sanquin, 2019).  

 

With all of these recent innovations and applications for drone delivery, the question arises whether 

drones will be able to take over some of the shorter-ranged transport modalities of medical isotopes and 
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resulting radiopharmaceuticals in the (near) future. At the moment of writing this paper, this specific 

topic has not been investigated before and therefore provides insight into a potentially new application 

of drone delivery within the healthcare sector. The main research question addressed in this paper is as 

follows: “Is drone delivery of medical isotopes to hospitals in the Netherlands a beneficial and cost 

effective transportation method compared to the current road-based transport?” Due to the relative 

short amount of time available for this research it was decided to limit the scope to the Netherlands.  

 

In order to answer this main research questions the following three sub-questions were formulated which 

are further specified by several other sub-questions:  

 

1. What does the current market for drone delivery look like? 

a. What are the different type of drones that are available? 

b. For what applications is drone delivery currently used in the market? 

c. What are the current specifications in terms of range, cruising speed, payload, weather 

limitations for drones?  

d. What are the current laws and regulations for drones within the Netherlands? 

 

2. What does the current supply chain of medical isotopes look like within the Netherlands? 

a. What type of medical isotopes are available within the market? 

b. What are the different stages within the supply chain of medical isotopes? 

c. What is the current regulation on transport of medical isotopes and resulting 

radiopharmaceuticals via ground and by aircraft within the Netherlands? 

 

3. What are the opportunities of delivering medical isotopes by drone in the Netherlands?  

a. What are strengths, weaknesses, opportunities and threats of delivering medical isotopes by 

drone? 

b. What type of medical isotope is most suitable for drone delivery? 

c. For the medical isotope found in B, what are the expected gains and costs of drone delivery 

compared to the current road-based transport?  

 

To answer these three sub question and the resulting main research question, a literature study as well 

as 8 structured interviews with experts in the field of both drones and medical isotopes are performed. 

Subsequently, an in-depth SWOT analysis is executed to analyse the obtained insights in a structured 

way and critically assess the strengths, weaknesses, opportunities and threats of drone transport 

compared to the current road-based transport. After the SWOT analysis the most suitable medical 

isotope is defined and further analysed in a single case study. In this case study, the reduction in 

radioactive decay as well as the cost of drone delivery compared to delivery by van are further analysed. 

This approach was chosen because a case study approach allows for a more complete understanding of 

the nature and complexity of a phenomenon (Meredith, 1998). Furthermore, case study research also 

lends itself to early and more exploratory research where certain variables are still unknown and the 

phenomenon not completely understood (Meredith, 1998). The latter definitely applies for this 

completely new and unexplored drone application as well as the relatively new drone delivery 

technology in general. 

 

The remainder of this paper is structured as follows. Section 2 provides an extensive literature review 

on the drone delivery market as well as the market for medical isotopes. Section 3 describes the 

methodology used in this study and gives an overview of the research framework. In section 4 the results 

of the literature review as well as the findings from the executed interviews are further analysed in a 

SWOT analysis. Subsequently the most suitable medical isotope for drone delivery is defined. Hereafter, 

the radioactive decay and costs of drone delivery for this medical isotope are compared in a single case 

study to the current road-based transport. Section 5 discusses the obtained results from section 4 and 
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compares them with the literature for generalization purposes. Lastly, the conclusion, limitations and 

recommendations for future research are described in section 6, followed by the references and the 

enclosed appendix in section 7 and 8 respectively.  
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2. Literature review 
 

The present section provides a literature review on the drone delivery market and the market for medical 

isotopes. The first paragraph explores the current literature concerning the drone delivery market. In 

particular the various drone designs, applications, advantages and disadvantages of drone delivery are 

described, followed by a more specific look at drone delivery applications within the e-commerce and 

healthcare sector. The second paragraph addresses the literature concerning medical isotopes, including 

the different medical applications, supply chain and importance of fast and sophisticated logistics. It 

goes without saying that combining the insights obtained from the literature of both drone delivery and 

medical isotopes is an essential first step to determine whether drones could be a beneficial delivery 

method for medical isotopes compared to the current road-based transport. 

 

2.1 Drone delivery market 

A fast and efficient transport system is one of the main pillars of a modern society and its economy. 

Broadly speaking, the efficiency of transportation systems includes direct transport costs, external costs 

(such as congestion, pollution, etc.), use of infrastructure, and accessibility (Müller et al., 2019). 

Companies are always striving for the most cost-efficient way of distributing their goods across logistic 

networks  (Ha et al., 2018). Traditionally, road-based vehicles such as trucks have been mainly used to 

perform these tasks (Müller et al., 2019). However, as stated in the introduction a major new technology 

is on the rise to become a disruptive new distribution method, namely: unmanned aerial vehicles (UAVs) 

also called drones (Dorling et al., 2017). Drones are generally referred to as devices that are capable of 

sustained flight, do not have a pilot on board, and can be sufficiently controlled to perform useful tasks 

(Clarke, 2014; Scott & Scott, 2020). They typically have electric batteries as power source. However 

drones can also use different types of power sources, including internal combustion engines, solar and 

hydrogen fuel cells (Canis, 2015). Drones exist in a variety of different designs (Otto et al., 2018; Scott 

& Scott, 2020), such as rotorcraft (or multi-rotor) drones that look similar to a helicopter, having 

multiple rotors, and fixed-wing drones which look more like a plane. Rotor-craft drones have vertical 

take-off and landing capabilities (VTOL) and are able to hover. This makes them particularly attractive 

to use for shorter distances in crowded urban areas. Fixed‐wing drones on the other hand do not have 

vertical take-off and landing capabilities and therefor usually require a certain take-off mechanism that 

accelerates the drone enabling it to take-off horizontally. These type of drones are able to fly faster and 

further distances (up to 150 km), compared to rotor-craft drones (that generally fly up to 15 km), and 

fixed wing drones drop their supplies by parachute (Otto et al., 2018). There also exist tilt‐wing drones, 

which combine the features of rotorcraft and fixed‐wing drones by using wings that can rotate. A final 

drone design is the so called unmanned helicopter which, as the name suggests, is a helicopter that can 

fly without the need of an on board pilot. These type of drones can fly even further distances ranging up 

to 200 km and can carry heavy loads (Drone Delivery Canada, n.d.). However, they are also expensive 

and have high maintenance requirements compared to the aforementioned drone types. (Kückelhaus & 

Heutger, 2014). Table 1 gives a short overview of the main advantages and disadvantages of the 

different drone designs.   
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Table 1: overview of the main advantages and disadvantages of the different drone designs. Retrieved from: 

(Kückelhaus & Heutger, 2014) 

 

Even though drones were originally developed for military motives and used primarily as 

reconnaissance and weapons, their use has expanded enormously due to the benefit of collecting a wide 

variety of information while moving quickly through the air (Lee et al., 2009; Nex & Remondino, 2014). 

Useful non-military drone applications often include an on board camera that takes images used in for 

example documentaries and sports broadcasts. Drones are also commonly used for humanitarian 

purposes, such as locating survivors during a natural disaster, shark surveillance at beaches and 

firefighting (Choi-Fitzpatrick et al., 2016; Clarke, 2014). Besides these camera based applications, 

drones become increasingly used for logistical services as they are capable of carrying and delivering 

small loads. Thereby taking advantage of drones’ detection capabilities with the help of cameras and 

sensors, and their accessibility to difficult terrains (Dorling et al., 2017; Otto et al., 2018). Using drones 

for the delivery of goods creates several advantages: (1) drones can operate without the need for a human 

pilot; (2) drones avoid the increasing congestion on traditional road networks by simply flying over 

them; (3) drones can fly with high speed and in a straight line to their destination making them faster 

than trucks (Ha et al., 2018); (4) drones are assessed to have lower transportation costs per package 

(Aurambout et al., 2019; D’Andrea, 2014; Keeney, 2015a, 2015b); lastly (5) electric drone delivery is 

also beneficial for the environment as it has lower energy consumption and reduces greenhouse gas 

emissions compared to the traditional ground-based delivery methods such as trucks and motorcycles 

(Chiang et al., 2019; Park et al., 2018; Stolaroff et al., 2018). On the other hand, because most drones 

are powered by a battery, their lifting power and range are limited. In addition, drones are generally only 

capable of carrying one package at a time, meaning that they have to return after every delivery. In 

contrast, trucks are able to travel long distances, can carry large quantities, heavy loads and different 

sizes of parcels. However, trucks are also slow and have higher transportation costs (Ha et al., 2018). 

Consequently, depending on the situation and needs, using drones can be more beneficial than using 

trucks or the other way around.  

 

These complementary capabilities of trucks and drones have also led to novel delivery routing models 

for the last mile delivery with drones (referring to last step in the delivery process when goods are moved 
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to their final destination), where drones are used in collaboration with a delivery truck to distribute 

packages. In this scenario, a truck departs from the depot while carrying a drone and all the customer 

packages. As the truck is delivering, the drone (or multiple drones) is launched from the truck to deliver 

a package to a customer nearby. During the time that the drone is in service, the truck can continue its 

route to other customer locations. The drone will then later return to the truck at a location that is 

different from the starting point. This allows the drone to serve customers while remaining within its 

flight range, effectively increasing the usability and reducing negative environmental effects such as 

greenhouse gas emissions and energy consumption. (Chiang et al., 2019; Ha et al., 2018; Murray & Chu, 

2015) 

 

Currently, two main sectors can be identified that have high potential for drone delivery applications 

within the market. These industries are e-commerce and healthcare (Aurambout et al., 2019; Scott & 

Scott, 2017). Therefore, in the following two paragraphs the current literature and applications of drone 

delivery within these two industries will be further discussed. 

 

Drone delivery in e-commerce 

In the last decade, drones became increasingly investigated as a means to deliver packages safely and 

with high speed in the logistics of the e-commerce industry (Aurambout et al., 2019). Since the majority 

of products that are purchased online need to be delivered directly to the customers, last mile delivery 

is a fundamental part within this industry. However, this last-mile delivery is considered to be the least 

efficient and most expensive part of the B2C delivery process (Ulmer & Thomas, 2018). The causes for 

this are the dynamic customer orders, demanding service levels, and the delivery to multiple 

geographically dispersed customers within the same timeframe. As a result the last-mile delivery cost 

represent the majority of the total delivery cost. Consequently it is no surprise that companies within the 

e-commerce industry are looking for new and efficient transport methods with the aim to decrease these 

last-mile delivery costs. Besides reducing costs, e-commerce companies are also adopting drones for 

their last-mile delivery to satisfy the increasing customer expectations for a fast and high quality delivery 

service (Müller et al., 2019). Being one of the pioneers, Amazon already started with the development 

of a drone delivery service since 2013, which is called Prime Air (Amazon, 2013). Besides Amazon, 

Google’s subsidiary Wing is currently already providing commercial deliveries in parts of Finland, 

Australia and the United States (Wing, 2021). Further information on drone delivery applications within 

e-commerce and specifications of drones currently employed, can be found in the appendix section 8.1. 

 

Drone delivery in healthcare 

Besides the implication of drone delivery in e-commerce, in the recent years drones have been even 

more applied within the healthcare sector. Useful drone applications include the delivery of small 

products that are urgently needed in places that are difficult to access due to poor transport infrastructure, 

natural disasters or traffic congestion (Scott & Scott, 2017). Drones could for instance help save lives 

by transporting organs (Scalea et al., 2019), blood (Ackerman & Koziol, 2019), vaccines (Haidari et al., 

2016) and medication (Kim et al., 2017). Multiple studies have investigated drone delivery of 

Automated External Defibrillators (AEDs). In case of cardiac arrest, time to treatment is critical. Every 

minute that defibrillation is delayed, the survival rate is reduced by 7% to 10% (Cheskes et al., 2020). 

This is especially problematic in rural and remote areas, where emergency services take longer to arrive 

and AEDs are often unavailable. A recent study by Cheskes et al. (2020) performed 6 simulations in 2 

rural communities of southern Ontario, Canada. In each of these simulations, the drone with the AED 

arrived between 1.8 and 8.0 minutes faster at the incident than the ambulance (Cheskes et al., 2020). An 

earlier study by the Dutch student Alec Momont in 2014 already showed that using a drone for the 

transportation of AEDs to a patients within an area of 12 square kilometres, could decrease the AED 

arrival time from 10 to only 1 minute. This increases the chance of survival from 8 to 80 percent 

(Momont, 2014).  
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Within the Netherlands, the ANWB Medical Air Assistance (MAA) provides all medical air transport. 

This includes air ambulance helicopters, but MAA is also investigating what contribution drones can 

make within the healthcare sector in a consortium called Medical Drone Service. They are currently 

investigating the use of drones for the delivery of blood together with Sanquin, medication together with 

ErasmusMC and samples to laboratories together with Certe and Isala hospitals (Medical Drone Service, 

2019; Sanquin, 2019). Since November 2020 test flights with drones are performed between two 

locations of Isala hospital in Zwolle and Meppel. The drone will fly autonomously for about 15 

kilometers beyond visual line of sight (BVLOS) over a relatively sparsely populated area. If the test 

flights prove a success, the research will move to more urban areas with a higher population density 

(Poeder, 2020). Further information on drone delivery applications within healthcare and specifications 

of drones currently employed can be found in the appendix section 8.2. 

 

Drone delivery of medical isotopes 

At the moment of writing this paper, no literature whatsoever can be found on the transportation of 

medical isotopes by drone. The closest literature found concerns research performed by Canadian 

Advanced Air Mobility (CAAM) where an electric vertical take-off and landing aircraft (eVTOL) 

holding one pilot is used to fly the cancer treating radiopharmaceutical fluorodeoxyglucose (FDG) with 

a short half-life of 110 minutes, from B.C. Cancer-Vancouver to B.C. Cancer-Victoria in Canada 

(Canadian Advanced Air Mobility, 2020a, 2020b). This transportation is currently performed by truck 

and ferry. The research compared 3 pathways (truck & ferry, helicopter, and eVTOL aircraft) and found 

that eVTOL was the fastest and most effective transport method for this specific use case. Using the 

eVTOL aircraft reduced travel time from three hours to 30 minutes, resulting in less radioactive decay 

of the material and more cancer patients being treated per trip. Additionally emissions resulting from 

utilizing eVTOLs as transportation method were lower than the conventional ground transportation and 

helicopter transportation pathway (Canadian Advanced Air Mobility, 2020b). This results from the fact 

that the eVTOL aircraft is powered electrically, compared to fossil fuel energy consumption in the other 

scenarios. The article also stretches the fact that using eVTOL transportation extends the reach of large 

medical facilities, thereby reducing the need to place expensive medical equipment (such as cyclotrons), 

radio pharmacies and test laboratories in multiple locations close to hospitals (Canadian Advanced Air 

Mobility, 2020a).  

 

Drone regulations within the Netherlands 

As of 31 December 2020 the national drone legislation in the Netherlands has been replaced by a 

European system of rules (Rijksoverheid, 2020a). In these new European regulations, drone operations 

are divided into three categories that depend on the security and privacy risks that they entail: the open, 

specific and certified categories. Operators performing low-risk drone flights end up in the Open 

category. If the flights involve a somewhat higher risk, the Specific category applies. This includes 

operations beyond visual line of sight (BVLOS), with drones weighing more than 25 kg, flying higher 

than 120 meters, or for operations in built-up areas near people (Rijksoverheid, 2020b). In this category 

one must be able to demonstrate that a specific type of operation can be performed safely on the basis 

of training, procedures and risk analyses. Lastly, high-risk drone operations end up in the Certified 

category. Think of the transport of goods, dangerous substances or even people by means of air taxis 

(Jager, 2020). The transport of medical isotopes therefore also falls under this category. In order to 

properly manage high-risk drone operations, strict requirements will be imposed on the aircraft, the 

pilots and the organization. To guarantee all this, certifications will be used. In terms of content, the 

certification will probably be  similar to that for manned aviation. However, it is not yet known exactly 

what the operational requirements for operators in the Certified category will look like. The European 

aviation authority EASA is currently working on the guidelines. A first concept is expected in the second 

quarter of 2021 (Rijksoverheid, 2020c). 
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Another reason that the introduction of the Certified category will take some time is the dependence on 

U-space. In order to manage all drone flights in the Certified category, an unmanned traffic management 

(UTM) system must first be in place, which ensures that unmanned and manned air traffic can be 

integrated in a safe manner. In Europe, U-space must become the overarching system within which 

UTM providers can offer their services to drone operators. However, the political and technical 

complexity of this system is great and implementation is expected to take another 5 to 10 years (Jager, 

2020). 

 

2.2 Medical isotopes 

Medical isotopes are radioactive materials used by nuclear medicine specialists for diagnostic purposes 

and therapy. Each year, around 48 million treatments and examinations take place that involve medical 

isotopes worldwide (Nuclear Netherlands, 2017). In more than 80% of these cases, which accounts for 

around 40 million procedures, the medical isotope technetium-99m (with a half-life of 6 hours) is used. 

This radioactive isotope is obtained during the decay of its mother isotope molybdenum-99 (with a half-

life of 66 hours) and is produced on a large scale by only a handful of nuclear reactors worldwide (OECD 

NEA, 2019). The Nuclear Research and consultancy Group (NRG) within the Netherlands is currently 

the biggest producer of molybdenum-99 in the world. The rest of the medical isotopes can be divided 

into two roughly equally-sized groups. The first group is fluorine-18, which is produced in small 

amounts by accelerators in or near hospitals (4.2 million procedures) and there is a collective second 

group that includes several other medical isotopes (3.8 million procedures) (Nuclear Netherlands, 2017).  

 

Medical isotopes used for diagnostics 

As stated in the previous paragraph, medical isotopes are used for both diagnostic purposes and therapy. 

Within diagnostics, the radioactive isotopes are used to determine if organs are functioning correctly 

and detect cancerous growths. In order for those medical isotopes to reach the right organ within a 

patient, the isotope is connected to a specially developed protein also called a tracer. This combination 

is called the radiopharmaceutical. By administering the radiopharmaceutical to a patient, it becomes 

possible to trace a trail of radiation using specialized imaging techniques. The two mainly used imaging 

techniques are PET and SPECT. Both techniques use gamma radiation that is emitted by the medical 

isotope to produce a series of images, visualizing the distribution of radioactivity within the body. The 

isotope Technetium-99m is used for the majority of SPECT scans. PET scans on the other hand use 

primarily fluorine-18. This isotope has a  short half-life of only 110 minutes (Nuclear Netherlands, 

2017). Therefore, it is produced shortly prior to use in a so-called cyclotron and processed in a GMP 

(Good Manufacturing Practice) laboratory, which are located in or close to a specialised hospital. If a 

hospital does not have its own cyclotron and GMP lab, they have to rely on a supplier who can supply 

ready-to-use sterile syringes. Currently only the company GE Healthcare offers this possibility for the 

PET nuclides with a relative longer half-life (>60 minutes) such as fluorine-18, to make transportation 

possible (Roobol et al., 2017). Fluorine-18 is in most cases used to produce the radiopharmaceutical 

FDG (18F-fluorodeoxyglucose), which visualizes the glucose consumption within the body. Thereby 

enabling it to detect cancerous growths. Other isotopes suitable for PET scans include: carbon-11, 

oxygen-15 and nitrogen-13 (Nuclear Netherlands, 2017). 

 

Medical isotopes used for therapy 

Medical isotopes used for therapy can be divided in 3 types: radiotherapy, nuclear medicine therapy and 

palliative therapy. In radiotherapy external sources of radiation are used, while for nuclear medicine 

therapy radiopharmaceuticals are administered to a patient. For both types, the therapy has the aim to 

destroy specific tissues. Palliative therapy, on the other hand, focuses on pain management. Patients are 

administered a medical isotope that slows down the disease process, reduces pain and improves quality 

of life. By pairing the correct medical isotope with a suitable tracer, the medical isotope is directed to 

the right place in the body, significantly reducing damage to healthy cells and effectively killing the 
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diseased cells. The radiation dose that is administered during therapy is much higher than the dose used 

in diagnostics. In certain cases, patients are even considered radioactive for a while. Commonly used 

medical isotopes for therapy include: iodine-131 for thyroid conditions, iridium-192 for breast and 

prostate cancer, and holmium-166 for treatment of liver cancer (Nuclear Netherlands, 2017). 

 

The supply chain of medical isotopes 

Several ways exist in which medical isotopes can be produced. Medical isotopes can be produced in 

nuclear reactors or accelerators (such as linear accelerators and cyclotrons). These production methods 

are rather different from each other and both necessary, as not every isotope can be made with a reactor 

and not every isotope can be made with an accelerator. Both production methods therefore complement 

each other and cannot replace each other (Nuclear Netherlands, 2017).  

 

Nuclear reactors have a uranium-based core, which constantly produces neutrons. By temporarily 

placing materials in a reactor, they become exposed to these neutrons, resulting in the formation of 

isotopes. A wide variety of medical isotopes can be produced with nuclear reactors. The most well-

known isotopes produced in this way are molybdenum-99 and its decay product technetium-99m.Within 

accelerators, charged particles (protons) are accelerated in a straight line (linear accelerator) or circular 

(cyclotron) using a magnetic and electric field, after which they collide with a target that contains the 

raw material. This activates the raw material and converts it into an isotope. Accelerator based isotopes 

typically have a much shorter half-life compared to reactor based isotopes, and are therefore generally 

produced in production facilities (cyclotrons) closer to the patients. Isotopes produced by using an 

accelerator are for instance: fluorine-18, oxygen-15, and iodine-123 (Nuclear Netherlands, 2017). In 

figure 1 an overview is given of widely used medical isotopes produced by accelerators, nuclear reactors 

or both and the field for which they are used. 

 

   
Figure 1: Figurative overview of widely used medical isotopes sorted by production process (accelerators, nuclear 

reactors or both) and purpose within healthcare (therapy, diagnostics or both). (Nuclear Netherlands, 2017) 

 

The supply chain of medical isotopes starts with the sourcing of raw materials such as uranium-235 

targets for the production of molybdenum-99 or Oxygen-18 enriched water for the production of 

fluorine-18 (OECD NEA, 2019; Stichting KernVisie, n.d.). These raw materials are then irradiated in 

either a reactor, or in an accelerator. In the next step, a series of purification and processing steps take 

place in several laboratories. The extent to which reactors and accelerators are able to play a role in the 
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production of medical isotopes therefore strongly depends on the proximity of parties that can process 

and prepare the irradiated materials quickly and after packaging transport them to the hospitals. In some 

cases hospitals therefore have their own radiopharmacy department and even a cyclotron to produce 

radiopharmaceuticals in the hospital itself. These radiopharmaceuticals can then be administered to the 

patient for either diagnostic purposes or therapy. Each of the steps in the production chain are essential 

and should be carried out as accurately as possible. For example, any trace of an unwanted isotope that 

remains in the final product after purification could result in a too large radiation dose for the patient or 

poor imaging quality (Nuclear Netherlands, 2017). Figure 2 gives a visual overview of the general 

supply chain for the production of medical isotopes. 

 

 
Figure 2: Visual representation of the general supply chain for the production of medical isotopes (Nuclear 

Netherlands, 2017). 

 

Within this supply chain, fast and sophisticated logistics are essential because of the short lifespan of 

the isotopes. Due to the radioactive decay of medical isotopes, the amount of radioactivity reduces over 

time meaning that the product loses its “strength”. The term half-life is often used to describe time in 

which half of the original number of nuclei decay or in other words the time that it takes for the amount 

of radioactivity to halve (Nagurney & Nagurney, 2012). For many medical isotopes, the half-life falls 

in a time frame of a few hours to a few days. Since the amount of active product decreases rapidly over 

time, it is important to ensure that supply is carefully planned and as little time as possible is lost in the 

supply chain.  

 

In the literature, studies have mainly been focussing on the supply chain of technetium-99m (formed 

during the decay of molybdenum-99) as this is the most commonly used medical isotope for diagnostic 

scans. In 2010 the OECD Nuclear Energy Agency (NEA) analysed the economics of the supply chain 

from the reactors to the patients, in order to ensure reliable long-term supply of molybdenum-99 and 

technetium-99m (OECD NEA, 2010). Nagurney & Nagurney (2012) developed a tractable network 

model and computational approach for designing medical nuclear supply chains. The model yields the 

optimal link capacities and product flows to satisfy the demand at medical facilities. This study also 

focused on the molybdenum supply chain (Nagurney & Nagurney, 2012). By 2019, another study by 

the OECD NEA was performed from a health system perspective. This study focused more on the 

nuclear medical diagnostic procedures that use Tc-99m, including the current supply and market 

structure (OECD NEA, 2019).  

 

Regulations for transport of nuclear material within the Netherlands 

The regulations for the transport of dangerous goods by road are described in a European agreement 

called the ADR (Agreement concerning the international carriage of Dangerous goods by Road) (RIVM, 

2020). There are many substances that belong to the group of hazardous substances due to their specific 

properties. Depending on these properties they are divided into hazard classes. Medical isotopes fall 

under hazard class 7, in other words the transport of radioactive materials. In the Netherlands the ADR 

is implemented in the “regeling Vervoer over Land van Gevaarlijke stoffen” (VLG) which is part of the 

Dutch legislation called the “Wet Vervoer Gevaarlijke Stoffen” (WVGS) (Ministerie van Infrastructuur 
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en Waterstaat, 2015, 2021). The VLG also contains more specific national rules, such as the designation 

of roads over which dangerous goods may be transported.  

 

For the transport of dangerous goods by air within the Netherlands, the rules stated in title 6.5 of the 

“Wet luchtvaart” must be complied with (Inspectie Leefomgeving en Transport, 2017). This act is 

further elaborated in the “Besluit vervoer gevaarlijke stoffen door de lucht” (Ministerie van 

Infrastructuur en Waterstaat, 2018). The ICAO (International Civil Aviation Organization) Technical 

Instructions apply to this transport. The IATA (International Air Transport Association) incorporates 

these rules into the global IATA Dangerous Goods Regulations (IATA, 2021). The classification within 

IATA is the same as the ADR, but this regulation contains some specific and higher requirements needed 

for transport by aircraft.  

 

One of the most important items mentioned in the IATA regulation are the packaging requirements in 

order to safely transport radioactive material. There are four types of approved packaging for radioactive 

materials: exempt packaging, industrial packaging, type A and type B packaging. Certified type A or B 

packaging are required for the transportation of medical isotopes and resulting radiopharmaceuticals. 

Type A packages are designed to safely transport relatively small amounts of radioactive material. They 

must withstand normal rough handling during transport, such as falling from vehicles (the free fall test), 

contact with sharp objects (the penetration test), exposure to rain (water spray test) or other loads placed 

on top (the stacking test). Type B packaging is used to transport larger quantities of radioactive materials 

and is designed to withstand the consequences of serious accidents. The packaging design shall be tested 

for fire resistance, water tightness and impact resistance when dropped onto a hard surface from a height 

of 9 meters. For the transport of medical isotopes and resulting radiopharmaceuticals the IATA also 

states a maximum radiation dose of 2000 microsievert at the surface of the package and 100 microsievert 

at a distance of 1 meter from the package. (IATA, 2021) 
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3.2 Research design 

As stated in the previous section, the goal of this study is to investigate if drone delivery of medical 

isotopes to hospitals in the Netherlands is a beneficial and cost effective transportation method, 

compared to the current road-based transport. Due to the radioactive decay of medical isotopes, the 

amount of radioactive product reduces over time. This makes fast and sophisticated logistics an essential 

factor within the supply chain. Since a great variety of medical isotopes exist, each with their own 

properties (such as half-life, type of radiation, etc.) and production chain, it is important to first gain 

insight into the market of medical isotopes in the Netherlands. In addition, also the drone delivery market 

needs to be explored in order to define advantages and disadvantages of using drones compared to road-

based transport and current drone specifications in terms of range, cruising speed, payload, purchase 

price and transport costs. These insights are obtained through a literature review and interviews with 

multiple experts in the field of both medical isotopes and drone delivery (see appendix section 8.3 for 

the transcription of all performed interviews).  

 

Subsequently, a SWOT (strengths, weaknesses, opportunities and threats) analysis is performed to 

further analyse the obtained insights in a structured way. A SWOT analysis takes the information from 

an environmental analysis and separates the results into internal (strengths and weaknesses) and external 

(opportunities and threats) factors (Leigh, 2009). By doing so, a SWOT analysis helps to critically assess 

if drones are a beneficial and effective transportation method compared to the current road-based 

transport. Over the past decade SWOT analyses have been used by multiple studies in the field of drone 

delivery and proved to be an effective tool for assessing the implementation of drones for delivery 

purposes. For instance, Laksham (2019) performed a SWOT analysis on the application of drones in the 

public healthcare sector and concluded that drones provide great opportunities to reduce travel time and 

deliver urgently needed medical products, such as blood and medication, to remote areas. Another study 

by Pandit & Poojari, 2014 looked into the feasibility and profitability of Amazon Prime Air and 

concluded that due to legal aspects, privacy, public safety and package security issues the business idea 

may not yet be viable in the business environment at the time.  

 

After this SWOT analysis the type of medical isotopes that are most suitable for drone delivery are 

investigated. To that end, a variety of currently used medical isotopes within the Netherlands, as shown 

in figure 1, are examined based on criteria drawn up from the literature review and interviews with 

experts. The most suitable medical isotope will be further investigated in a single case study. Yin (1994) 

suggests that a single-case study approach is appropriate when it (1) concerns an unique or extreme case 

or (2) can be considered as a revelatory case where the researcher has the opportunity to observe and 

analyse a phenomenon that was previously inaccessible to scientific research. As drone transport of 

medical isotopes is an unique case of which no prior research can be found in the literature, a single case 

study was chosen as an appropriate research approach. In this case study the supply chain of the most 

suitable medical isotope for drone transport is further elaborated. Subsequently, the expected gains (in 

terms of decrease in radioactive decay) and costs of drone delivery, compared to road-based transport 

are calculated. By combining both the qualitative results of the SWOT analysis and the calculated 

quantitative results of the case study a well-founded conclusion is formulated to the main research 

question. 

 

3.3 Data Description 

Besides the in section 2 described data and insights gathered through the performed literature review 

also 8 interviews with in total 9 experts in the field of medical isotopes and drones were performed. 

Table 2 gives an overview of the names, functions, and companies of the 9 interviewed experts. A full 

transcription of each of the interviews can be found in the appendix section 8.3. Each of the questions 
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asked during the interviews were semi-structured with open questions, which were preconceived and 

focused on the expert’s area of expertise.  

 

 
Table 2: overview of the names, functions, and main insights obtained from the 9 interviewed experts. 

 

Besides the interviews, more in depth data on the properties (such as half-life, type of radiation, etc.) 

of 42 currently used or developing medical isotopes in the Netherlands were retrieved from the IAEA 

Isotope Browser and reports published by Nuclear Netherlands and the RIVM (IAEA, 2017; Nuclear 

Netherlands, 2017; Roobol et al., 2017). Table 8 of appendix 8.5 gives an overview of all medical 

isotopes that were considered in this study. Lastly, for the executed single case study a list of Dutch 

hospitals with a nuclear medicine department was composed based on data from the website of the 

Nederlandse Vereniging voor Nucleaire Geneeskunde (NVNG) and information send from the NVNG 

via email, see table 9 of appendix 8.6. The table also indicates the straight line distances between the 

hospitals and the three central radiopharmacy locations of GE healthcare in the Netherlands (located in 

Eindhoven, Leiderdorp and Zwolle). The distances were obtained with the Distance From To tool by 

Map Developers (Map Developers, 2019). 

 

3.4 Research Framework 

Now the research design and data gathering method are specified the following step is to implement 

both in a research framework in order to improve clarity and prevent confusion about the proper 

sequence of steps that were followed during this study. As stated in the introduction this study was 

performed in collaboration with the Nuclear Research and consultancy Group (NRG) and the ANWB 
Medical Air Assistance (MAA). As a result, interviews with the Director Strategic Alliances at NRG and 

the Managing Director of the MAA were performed first (see appendix 8.3). The insights obtained from 

both interviews led to the formulation of the main research question and corresponding sub questions.  

 

In the next step, a literature review was executed which provided necessary insights on the different 

drone types, specifications, current delivery applications and regulations. The literature review also gave 

insight in the variety of medical isotopes existing in the market, the current general supply chain, and 

regulation regarding road and air transportation of medical isotopes. Subsequently, multiple experts in 

the field of drone delivery and medical isotopes were interviewed in order to gain an even deeper 

understanding of both markets and identify potential applications and requirements for drone delivery 

of medical isotopes.  

 

In the following step, a SWOT analysis is performed to further analyse the obtained insights in a 

structured way and to critically assess if drones are a beneficial transportation method for medical 

isotopes compared to the current road-based transport. After this SWOT analysis the most suitable 

medical isotope for drone delivery is defined. Therefore, a variety of currently used medical isotopes 

within the Netherlands, as shown in figure 1, are examined based on criteria drawn up from the literature 

review and interviews with experts. Based on these criteria the most suitable medical isotope is further 

investigated in a single case study. Subsequently, the expected gains (in terms of decrease in radioactive 

decay) and costs of drone delivery, compared to road-based transport are calculated. By combining both 
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the qualitative results of the SWOT analysis and the calculated quantitative results of the case study a 

well-founded conclusion can be formulated to the main research question. A visual representation of the 

research framework is shown in figure 4. 

 

 
 

           Figure 4: Research framework 
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4. Results 
 

In this section the results of the performed research are described. First a SWOT analysis is performed 

based on findings from the literature review and semi-structured interviews with various experts in the 

field of both medical isotopes and drone delivery. Secondly, the most suitable medical isotope for drone 

delivery is defined and further investigated in a single case study. This case study elaborates on the 

supply chain of that specific medical isotope and calculates the expected gains of drone delivery, 

compared to current road-based transport. 

 

4.1 SWOT analysis 

The executed SWOT (Strengths, Weaknesses, Opportunties, Threaths) analysis, as shown in figure 5, 

assesses the application of drones for the delivery of medical isotopes to hospitals in the Netherlands. A 

SWOT analysis takes the information from an environmental analysis and separates the results into 

internal (strengths and weaknesses) and external (opportunities and threats) factors (Leigh, 2009). By 

doing so, a SWOT analysis helps to critically assess if drones are a beneficial and effective transportation 

method for the delivery of medical isotopes, compared to the current road-based transport. The 

performed analysis is based on findings from the literature review, as described in section 2, and 8 

extensive interviews with experts in the field of both medical isotopes and drone delivery (see appendix 

section 8.3). A full description of each part in the SWOT analysis is presented below. 

 

Strengths 

The most important advantage of using drones for the delivery of medical isotopes is the potential to 

reduce travel time. Drones are able to fly with high speed and in a straight line to their destination 

making them faster than trucks (Ha et al., 2018). Within the current market, the speed of drones vary 

between 52 km/h and 204 km/h (see table 5 and 6 in the appendix). Mainly medical isotopes with a short 

half-life (30 minutes to a few hours) will benefit from a decrease in delivery time. For that type of 

medical isotopes and resulting radiopharmaceuticals, the current road-based transport significantly 

reduces the amount of end product that arrives at the hospital. This reduction in end product, resulting 

from the radioactive decay, is something hospitals would like to keep a small as possible and is also 

discounted in the price by the supplier (retrieved from the interviews with Ronald Schram, René Meekel 

and Koen Kodde). Drones are also able to fly autonomously, meaning that they can operate without the 

need of an on-board human pilot. It is assessed that in the future only one operator is needed to monitor 

a fleet of around 10 to 12 drones (Keeney, 2015a; Tavares, 2019). This results in two main advantages 

for the delivery of medical isotopes to hospitals. Firstly, a decrease in operational cost, as no salaries 

have to be paid anymore for all drivers of the manned road-based transport. The second advantage has 

to do the radiation dose of workers. In the upcoming years an increase is expected in the use of medical 

isotopes for therapy (Roobol et al., 2017). This increase will result in a higher radiation dose for workers 

in the nuclear supply chain. Unmanned drone transport may alleviate this problem. Multiple studies 

have also assessed that, when fully implemented, drones will have a lower transportation cost per 

package than the traditional road-based transport (Aurambout et al., 2019; D’Andrea, 2014; Keeney, 

2015a, 2015b). However, these are still estimates as drone delivery is only starting to be implemented 

on a relatively small scales by companies such as Flytrex and Wing (Flytrex, n.d.; Wing, 2021). More 

accurate data and specific operating conditions (range, payload, etc.) is needed to assess the real cost 

per package. Remco van den Born (Chief Commercial Officer at Avy) stated in his interview the 

following: “I estimate that the profit for drone delivery at this stage will not yet be in the price per 

kilometer. I think it will be cheaper for now to drive a car from one location to another. Once the 

autonomy has really been added and the access roads around cities and hospitals become more 

congested, it will be a completely different story. That discussion is becoming increasingly relevant, but 

we don't have exact data yet.” Lastly, electric drone delivery is also beneficial for the environment as it 
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and opportunities offered by drones can be exploited within a structured set of rules. This new set of 

rules also allows certified drones to fly beyond visual line of sight, which was previously not allowed. 

This is also something that Petra van Saaze (Managing Director ANWB Medical Air Assistance) 

mentioned in her interview as one of the main obstacles that had to be overcome first in order to further 

develop drone delivery in the healthcare sector (see appendix 8.3b). Even though the regulation for the 

so called “certified category” that applies to high-risk drone operations, such as the transport of goods 

and dangerous substances, is still being developed by the EASA. A first concept is already expected in 

the second quarter of 2021 and is an important step towards the possibility of delivering medical isotopes 

by drones in the future (Rijksoverheid, 2020c). A possible downside why the introduction of the 

Certified category may take some more time is the dependence on U-space. In order to manage all drone 

flights in the Certified category, an unmanned traffic management (UTM) system must first be in place, 

which ensures that unmanned and manned air traffic can be integrated in a safe manner. In Europe, U-

space must become the overarching system within which UTM providers can offer their services to 

drone operators. However, the political and technical complexity of this system is great and 

implementation is expected to take another 5 to 10 years (Jager, 2020). Another opportunity that 

deploying drones for the delivery of medical isotopes and resulting radiopharmaceuticals entails is the 

increase in reach of radiopharmaceutical production locations and the potential to implement new 

business cases. Because of the short life span of medical isotopes, the extent to which nuclear reactors 

and accelerators are able to play a role in the production strongly depends on the proximity of parties 

that can process and prepare the irradiated materials quickly and after packaging transport them to the 

hospitals. In some cases hospitals therefore have their own radiopharmacy and even a cyclotron to 

produce radiopharmaceuticals on location. Remco Schram (Director Strategic Alliances at NRG) stated 

in his interview the following: “You can also make other business cases with drones. In the VUmc and 

also in the MCA they have their own radiopharmacy and cyclotron for making medical isotopes and 

processing them into radiopharmaceuticals. You can now see that regional hospitals are building that 

infrastructure too, but that is extremely complicated and expensive as you need a radiation expert, 

measuring equipment and permits at every location. So suppose you have 2 or 3 central production 

locations in the Netherlands instead of each hospital setting up its own radiopharmacy and production 

unit. Then you could concentrate there with knowledge and equipment. I think such a business case can 

be very interesting.” This type of business model is currently already implemented by a company called 

General Electric Healthcare that has the function of a central radiopharmacy. They process the irradiated 

materials into ready to use radiopharmaceuticals, which are then transported by truck to the hospitals. 

Deploying drones instead of trucks could lead to faster transportation and extend the delivery range of 

these central radiopharmacies for the shorter lived radiopharmaceuticals. Research performed by the 

Canadian Advanced Air Mobility (CAAM) also stretched the fact that using eVTOL transportation 

extends the reach of large medical facilities, thereby reducing the need to place expensive medical 

equipment (such as cyclotrons), radio pharmacies and test laboratories in multiple locations close to 

hospitals (Canadian Advanced Air Mobility, 2020a). 

 

Threaths 

Besides the above-mentioned opportunities there are certainly also external threats that need to be 

overcome first before drones can be used to deliver medical isotopes to hospitals in the Netherlands. 

First of all is the strict regulation that exists on transport of radioactive material such as medical isotopes. 

The regulations for road-based transport of dangerous goods are described in a European agreement 

called the ADR (RIVM, 2020) and transport of dangerous goods by air are stated in the global IATA 

Dangerous Goods Regulations (IATA, 2021). If drones become implemented for the delivery of medical 

isotopes or radiopharmaceuticals, they should comply with these regulations and potentially additional 

regulation that is specifically composed for drones. Ronald Schram stated in his interview that drone 

transport of medical isotopes should in principle be possible, according to NRG’s radiation expert. The 

transport of radioactivity cargo with a long half-life through air is already happening on a large scale. 

For this type of transport a licensing framework has been drafted as well as international agreements. 

Only for drone transport that licensing framework and regulation is not yet in place. So this needs to be 

developed. Besides regulation, safety also opposes a major threat to drone delivery of medical isotopes. 
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In case of an accident, a drone may fall into residential area where it could not only injure the public but 

the transported radioactive material could also end up on the street. For these type of accidents, specific 

safety systems and procedures need to be in place and thoroughly investigated. Remco van den Born 

(Chief Commercial Officer at Avy) told in his interview that one way to incorporate more safety during 

drone transport are redundant systems. This means that at least one back-up should exists for every 

component on board of a drone, such as dual GPS, compass, battery and multiple rotors. These redundant 

systems increase the reliability and prevent a drone from crashing when one component stops working. 

Multiple additional safety systems are also implemented in the drone, such as a RTL system, quadchute, 

ADS-B, detect and avoid system, first person view (FPV) camera, parachute and loiter system. A 

description of each of these safety systems is given in section 8.4 of the appendix. By combining these 

safety systems and associated procedures drones should be capable to safely transport medical isotopes. 

In addition to this safety aspect, Alexander Colditz (distribution manager NL at GE) and Rob Dekkers 

(Global logistics manager at GE), mentioned in their interview that the driver which delivers the 

radiopharmaceuticals to the hospital also walks to the right location within the hospital to make sure that 

the radiopharmaceuticals are safely delivered. Thereby never leaving the packages unmanned. In case 

of drone delivery, someone from the hospital itself will need to safely accept the package as soon as it 

arrives. As a results, a safe landing place as well as specific safety procedures should be in place to make 

sure that the radiopharmaceuticals do not fall into the wrong hands upon delivery. Apps for mobile 

phone or tablet could potentially be developed with GPS tracking and finger print safety systems to 

notify the hospital as soon as the drone arrives and only enable authorized employees to receive the 

package. A last threat is the social acceptance of drones for the delivery of medical isotopes. People may 

not like drones flying over there houses because of noise pollution, privacy reasons and the radioactive 

material that is transported by the drone. Petra van Saaze (Managing Director ANWB Medical Air 

Assistance) stated in her interview that if the transport can be carried out safely, social acceptance is not 

expected to cause major problems. For this application, the drones will not fly to all kinds of different 

addresses, but rather from fixed production locations to hospitals. She also stated the following: “In 

principle, a helicopter also causes nuisance. However, as soon as it is a yellow trauma helicopter, 

people understand the situation. That could also be the case with drones in the future. You could then 

for example fly with recognizable drones that people know are used for important medical transport. 

That may make social acceptance easier in the Netherlands.” 

 

 
Figure 5: SWOT analysis on the delivery of medical isotopes by drone to hospitals in the Netherlands 
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4.2 Defining the most suitable medical isotope for drone delivery 

In this second part of the results, the most suitable medical isotope for drone delivery is defined. In order 

to do so, 42 currently used medical isotopes in the Netherlands are examined based on criteria drawn up 

from the literature review and interviews with experts. Each of these 42 medical isotopes are shown in 

figure 1 and further elaborated in the appendix section 8.5. This section will start with defining the 

criteria followed by the results. The most suitable medical isotope will then be further investigated in a 

single case study in the next section.  

 

Criteria 

Based on the interviews with six experts in the field of medical isotopes (see appendix section 

8.3a,c,d,f,g) two important criteria came to light to define which medical isotope is most suitable for 

drone delivery. First and foremost is the half-life of the medical isotope. Especially shorter lived medical 

isotopes, with a half-life ranging from 30 minutes to a few hours, will benefit from faster transportation. 

For that type of medical isotopes and resulting radiopharmaceuticals, the current road-based transport 

significantly reduces the amount of end product that arrives at the hospital. Faster delivery by drone 

could reduce the decay of the medical isotope and therefore decrease the amount of radioactive product 

that needs to be put into the radiopharmaceutical to still arrive at the hospital with the right dose of 

radioactivity. The second criteria is the weight of the package in which the medical isotope and resulting 

radiopharmaceutical needs to be transported. The radioactive isotope must be packed in such a way that 

the radioactive radiation is adequately shielded. Rohen Schuring (Dangerous goods Safety Advisor at 

NRG) told in is interview that the dose of ionizing radiation on the outside of the packaging should be 

less than 2 millisieverts and less than 100 microsievert on a distance of 1 meter from the packaging. 

Depending on the type of radiation and the amount of product, some isotopes could be properly shielded 

with relatively light packaging, such as alpha-radiating isotopes. However, other isotopes require thick 

lead layers, including the isotopes used for PET scans. The maximum payload of electric drones 

currently deployed in the market varies between 1,5 (for smaller and cheaper drones) and 32 kg (for  big 

and expensive drones), see table 5 and 6 in the appendix. The maximum payload usually lies below 6 

kg. Remco van den Born (Chief Commercial Officer at Avy) mentioned in his interview that he expects 

the Avy drone to be able to carry a weight of 10kg over a distance of 150km within 5 years (see appendix 

8.3e). Based on this scenario the packages with radiopharmaceuticals should weigh no more than 10 kg 

to be transported to the hospitals by drone. 

 

Results 

Based on the above mention criterion “half-life” an overview is made of the medical isotopes with a 

relative short half-life between 30 minutes and 28 hours, see table 3. This is a subset from the 42 

currently used medical isotopes in the Netherlands that were taken into account. A minimum half-life 

of 30 minutes was set because radioisotopes with an even shorter half-life such as O-15 (t1/2=2,04 

minutes) and N-13 (t1/2=9,97 minutes) are simply too short to be transported, even by a drone with a 

speed of approximately 100 km/h. To be able to use these isotopes in radiopharmaceuticals, hospitals 

must have their own cyclotron and GMP lab to produce them on location (Roobol et al., 2017). For the 

second criterion it can be seen that from this selection the radiopharmaceuticals based on Tc-99m, At-

211, Pb-212, I-123, Na-24 and Re-188 could be transported in a package weighing less than 10 kg. 

Therefore the maximum amount of syringe with radiopharmaceuticals of Tc-99m, At-211, I-123 can be 

no greater than 6.Out of these six radioisotopes Tc-99m has the shortest half-life, followed by At-211 

and Pb-212. The latter two isotopes, are currently still under development and not often used to treat 

patients in the Dutch hospitals. In contrast, Tc-99m is the most commonly applied radioisotope in 

nuclear medicine. It is essential for diagnostic SPECT scans of a wide variety of body parts, and thus to 

provide accurate diagnoses of diseases, including neurological disorders, cancer and heart diseases. Tc-

99m is estimated to be used in approximately 85% of all nuclear medicine diagnostic scans worldwide 

(OECD NEA, 2019). In the Netherlands around 284.000 patients are treated with Tc-99m 
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radiopharmaceuticals each year (Pallas, 2021). Because of the relative short half-life of around 6 hours 

and the light packaging weight that is needed to adequately shield the low energy level gamma radiation 

of 140 keV, this radioisotope is identified to have the highest potential to be transported by drone.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3: Subset of radioisotopes with potential for drone delivery based on half-life (retrieved from: IAEA, 

2017; Nuclear Netherlands, 2017; Pallas, 2021; Roobol et al., 2017, and interviews with Koed Kodde, René 

Meekel and Nanno Schreuder) 

*   Electron Capture (ec) 

** Isomeric Transition (IT) 
#    Pig: plastic shelled lead container       
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4.3 Case study 

In this third section of the results drone delivery of Tc-99m based radiopharmaceuticals to the hospitals 

in the Netherlands will be further investigated in a single case study. This case study will first elaborate 

on the supply chain of Tc-99m based radiopharmaceuticals in the Netherlands, followed by a description 

of the case study and the hospitals taken into account. Lastly the expected gains in terms of decrease in 

radioactive decay are calculated as well as the costs of drone delivery, compared to current road-based 

transport. 

The Supply chain of Tc-99m based radiopharmaceuticals 

Below the supply chain of Tc-99m in the Netherlands is described. As stated in the previous section, 

Tc-99m is the most commonly applied radioisotope in nuclear medicine. It is obtained during the 

radioactive decay of its parent isotope called Molybdenum-99 (Mo-99). Given the short half-lives of 

Mo-99 (66 hours) and Tc-99m (6 hours) resulting from the radioactive decay, both products cannot be 

stored for a long time. This makes fast and sophisticated logistics within the supply chain essential. 

Figure 6 gives a simplified overview of the supply chain for Tc-99m. Basically, the process is as follows 

(OECD NEA, 2010):  

 Targets containing uranium-235 (U-235) are delivered to a nuclear reactor (for instance the High 

Flux reactor of NRG in Petten) and are subsequently irradiated within the reactor to produce the 

fission product Mo-99 along with several other fission products. The irradiation takes around six to 

seven days. 

 After irradiation, the targets need to be cooled and are subsequently prepared for transportation to 

the processing facility. In order to do so, the targets are placed in a secure transport container. The 

cooling takes approximately 12 hours and transportation preparation takes about 4 hours. 

 In the next step, the irradiated targets are transported to the processing facility. The transport time 

depends on the distance between the reactor and the processing facility. Irradiated targets from NRG 

are transported to Curium for further processing. Curium is located on the same terrain as NRG, 

thereby minimizing the decay of Mo-99. The transport of irradiated targets is constrained to land-

based transportation methods due to the weight, size and licence restrictions of the containers.  

 When arrived at the processing facility, the Mo-99 is first separated from the irradiated target by 

dissolution and then purified. The resulting bulk Mo-99 radiochemical is then transported to the 

generator manufacturer, which in the Netherlands is Curium as well. Processing of the irradiated 

targets into bulk Mo-99 takes approximately twelve hours. 

 In the generator manufacturing facility of Curium, the bulk Mo-99 is absorbed onto an alumina 

column, which is subsequently placed in a Tc-99m generator. The preparation of the Tc-99m 

generator takes approximately 18 to 24 hours. 

 The Tc-99m generator is then shipped to a central radiopharmacy (GE Healthcare in the Netherlands) 

or directly to the hospital. The latter depends if the hospitals has its own radiopharmacy department.  

 In the central radiopharmacy the Tc-99m is eluted (by running a saline solution over the column) and 

used to prepare the patient dose by combining it with a cold kit (a non-radioactive solution, designed 

for specific medical procedures). The resulting radiopharmaceuticals are then shipped to local 

hospitals to be used for diagnostic SPECT scans. A Tc-99m generator can be eluted up to a two week 

period. In case the hospital has its own radiopharmacy department, the same process applies but the 

radiopharmaceutical is then delivered to the imaging department within the hospital.  

 

 

 

 

 

 

Figure 6: Simplified overview of the Tc-99m supply chain (OECD NEA, 2019). 
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5. Discussion 
 

In this section of the report the empirical results from the SWOT analysis and the performed case study 

are generalized and compared with the existing literature.  

 

At the moment of writing this paper drones are still a rather new innovation and no academic literature 

can be found on the transportation of medical isotopes by drone. The results of this study therefore 

provide insights into a completely new drone delivery application. The performed SWOT analysis, 

based on multiple interviews with experts in the field of both drones and medical isotopes, shows the 

strengths and opportunities of this new application but also the weaknesses and threats that need to be 

overcome. The SWOT analysis can be used for all different types of medical isotopes and helps to 

critically assess this new drone delivery application.  

 

The closest literature that was found on drone delivery of medical isotopes concerns research performed 

by Canadian Advanced Air Mobility (CAAM) where an electric vertical take-off and landing (eVTOL) 

aircraft holding one pilot was used to fly the cancer treating radiopharmaceutical fluorodeoxyglucose 

(FDG), from B.C. Cancer-Vancouver to B.C. Cancer-Victoria in Canada (Canadian Advanced Air 

Mobility, 2020a, 2020b). This transportation is currently performed by intermodal transport using truck 

and ferry. The research showed that using a eVTOL aircraft reduced travel time from 3 hours to 30 

minutes, resulting in less radioactive decay of the material and 20 instead of 11 cancer patients being 

treated per day. The article also stretches the fact that using eVTOL transportation extends the reach of 

large medical facilities, thereby reducing the need to place expensive medical equipment (such as 

cyclotrons), radio pharmacies and test laboratories in multiple locations close to hospitals (Canadian 

Advanced Air Mobility, 2020a).  

 

The performed case study in this research also showed that deploying drones for the delivery of Tc-99m 

based radiopharmaceuticals from three central radiopharamcies to 36 hospitals reduces the travel time. 

However, this reduction is much smaller than in the study performed by the CAAM. The results show 

that the transport time by van to a hospital takes on average 57,09 minutes, while drone delivery takes 

on average 20,4 minutes (see table 4). This is an average reduction of 36,69 minutes compared to 150 

minutes in the study of CAAM. This bigger difference in transport time follows from the fact that in the 

study by CAAM the FDG needs to be ferried across the strait of Georgia to get to the hospital. This 

transportation by ferry is much slower than road transport. In addition, this bigger decrease in transport 

time also leads to a bigger decrease in radioactive decay of the FDG radiopharmaceutical compared to 

the Tc-99m radiopharmaceuticals taken into account in this study. This is due to the fact that FDG is a 

fluor-18 based radiopharmaceutical, which has a shorter half-life (110 minutes) compared to Tc-99m (6 

hours). Unfortunately, fluor-18 based radiopharmaceutical need a heavier packaging 

(21kg/radiopharmaceutical) to adequately shield the radiation, see table 3. This is currently too heavy 

for a drone to carry.  

 

In the study by CAAM nothing is mentioned about the transport costs. However, other studies assessed 

that, when fully implemented, drones will have a lower transportation cost per package than the 

traditional road-based transport (Keeney, 2015a, 2015b; Sudbury & Hutchinson, 2016). A study by 

Keeney (2015a) assessed that Amazon’s cost per package for drone delivery would be approximately 

€1,00 for a drone with a maximum payload of 2,3 kilograms and a range of 32 kilometers. This is of 

course still an estimation since drone delivery is only starting to be implemented on a relatively small 

scales by companies such as Flytrex and Wing (Flytrex, n.d.; Wing, 2021). More accurate data and 

specific operating conditions (range, payload, etc.) are needed to assess the real cost per package. The 

calculated cost per package (carrying 4 Tc-99m radiopharmaceutical) in this study is 

(€2244604,93/(72*365)=) €85,41 for scenario 1 (deploying 36 drones) and (€1.255.162,52/(72*365)=) 
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drone delivery of Tc-99m radiopharmaceuticals from 3 central radiopharmacy locations to 36 Dutch 

hospitals (within a 75 km radius), would result in an average decrease in transport time of 36,69 minutes 

and a decrease in radioactive decay of 5,71% compared to delivery by van. The average cost of an 

individual patient dose at the point of eluting Tc-99m from a generator is approximately €18,00 (OECD 

NEA, 2019). This leads to an average decrease in cost of €1,03 per Tc-99m radiopharmaceutical and a 

yearly decrease in cost (assuming 300 Tc-99m radiopharmaceuticals per day) of €112.544,10. 

Furthermore, the yearly transport cost of drone delivery was calculated to be €2.356.951,93 and 

€1.367.509,52, for scenario 1 (deploying 36 drones) and 2 (deploying 18 drones) respectively. This is 

much bigger than the yearly transport cost for delivery by van, which was calculated to be €756.260,06. 

In conclusion to the main research question, based on this single case study it was found that the 

reduction in cost resulting from the decrease in radioactive decay of the Tc-99m does not outweigh the 

transport cost of drone delivery compared to delivery by van.   

 

6.1 Limitations of this research 

There are a view critical limitations in this study that need to be addressed. A first limitations is the fact 

that this study only looked at the transport of one specific type of radiopharmaceuticals based on Tc-

99m. This is because Tc-99m is the most commonly applied radioisotope in nuclear medicine, it has a 

relative short half-life of 6 hours and its radiopharmaceuticals can be transported in radiation shielding 

packaging weighing less than 10 kg. However, in the future it might be possible for drones to also carry 

packages weighing 21 kg or more. In that case radiopharmaceuticals based on even shorter lived medical 

isotopes such as Ga-68 (67,71 minutes) and F-18 (109,77 minutes) can also be transported by drone. For 

these types of isotopes drone delivery may lead to a bigger reduction in radioactive decay during 

transport, making it potentially more beneficial an cost effective compared to delivery by van. Secondly, 

the average cost of an individual patient dose was not taken into account as one of the criteria for defining 

the most suitable medical isotope for drone delivery. If that had been a criteria, another medical isotope 

might have been of interest. A third limitation of this research is the fact that in the single case study it 

was assumed that vans and drones only deliver Tc-99m radiopharmaceuticals from the 3 central 

radiopharmacies to the 36 hospitals. However, in reality often multiple packages with different types of 

radiopharmaceuticals (based on various radioisotopes) are transported by a van in one trip. This would 

mean that besides the Tc-99m based radiopharmaceuticals that can be transported by drone, all other 

radiopharmaceuticals weighing more than 10 kg would still need to be transported by van. A fourth 

limitation of this study is the fact that weather conditions were not taken into account in the single case 

study. In case of adverse environmental conditions, such as rain and wind speeds above 30 km/hour 

drones may not be able to fly. In such circumstances vans will still need to be used to deliver the ordered 

radiopharmaceuticals to the hospitals. Lastly, this study was unable to directly compare potential other 

gains of deploying unmanned electric drones, such as a decrease in radiation exposure for the driver and 

a decrease in greenhouse gas emissions. 

 

6.2 Recommendations for future research 

As indicated above in section 6.1, this study only looked into one particular case study where Tc-99m 

based radiopharmaceuticals are transported from 3 central radiopharmacies to 36 Dutch hospitals with 

a nuclear medicine department. Therefore, additional research should be carried out for different settings 

and different types of radioisotopes with a shorter half-life and potentially higher cost per patient dose 

to see if drone delivery may become more beneficial and cost effective in those cases. Drone delivery 

of radiopharmaceuticals could for instance become more useful in cases were hospitals are more difficult 

to access from a radiopharmacy location due to poor transport infrastructure, traffic congestion or natural 

obstacles such as rivers or mountains. In addition, before drones could be implemented for the delivery 

of radiopharmaceuticals more in depth research is needed into the necessary safety systems as well as 

procedures that need to be in place in case of an accident. Furthermore, even though the transport of 
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radioactive cargo by aircraft is already happening on a large scale and is regulated in the IATA 

Dangerous Goods Regulations, potential additional regulation may be needed for transport of dangerous 

goods by drone. Further research should therefore also be executed into the current regulation for 

transport of radioactive cargo through air and the potential additional regulation needed for transport by 

drone. Lastly, additional research is needed to also take potential other gains into account of deploying 

unmanned drones for the delivery of medical isotopes, such as a decrease in radiation exposure for the 

driver and a reduction in greenhouse gas emissions.  
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8. Appendix 
 

8.1 Drone delivery companies in the e-commerce sector 

In the last decade, drones became increasingly investigated as a means to deliver packages safely and 

with high speed in the logistics of the e-commerce industry (Aurambout et al., 2019). Since the majority 

of products that are purchased online need to be delivered directly to the customers, last mile delivery 

is a fundamental part within this industry. However, this last-mile delivery is considered to be the least 

efficient and most expensive part of the B2C delivery process (Ulmer & Thomas, 2018). The causes for 

this are the dynamic customer orders, demanding service levels, and the delivery to multiple 

geographically dispersed customers within the same timeframe. As a result the last-mile delivery cost 

represent the majority of the total delivery cost. Consequently it is no surprise that companies within the 

e-commerce industry are looking for new and efficient transport vehicles with the aim to decrease these 

last-mile delivery costs.  

 

Being one of the pioneers, Amazon already started to develop and provide a drone delivery service since 

2013, which is called Prime Air. When fully implemented, drone delivery will enhance the service level 

of this e-commerce giant by promising efficient and safe delivery within only 30 minutes time (Amazon, 

2013). In December 2016, the first PrimeAir delivery service was performed in the UK and in June 2019 

Amazon showed their new electric delivery drone at the 2019 re:MARS conference.  This latest version 

is capable of carrying parcels under 2.3 kilograms to customers within a half-hour and can fly up to 24 

kilometers (Wilke, 2019). By August 2020 Amazon received approval by the Federal Aviation 

Administration to operate its fleet of Prime Air delivery drones within the United States. This will give 

Amazon the ability to carry property on small drones “beyond the visual line of sight” of the operator 

and start drone delivery within a test range in rural area (Leonard, 2020; Palmer, 2020).  

 

Besides Amazon, Google’s subsidiary Wing has already received approval by the Federal Aviation 

Administration (FAA) for commercial deliveries in the United States. Wing has built a lightweight drone 

and navigation system that is able to deliver small packages including medicine, food and household 

items directly to the homes of their customers via an app. The drone is able to fly over a distance of 20 

km at a speed up to 113 km/h and can carry a weight of 1.5 kg. Wing was created in 2012 and has 

conducted already over 100,000+ flights in Finland, Australia and the United States. During the delivery, 

instead of landing on the ground, the drone will fly above the target and then slowly lowers a package 

on a tether (Wing, 2021). 

 

Flytrex is another company that offers an end-to-end delivery service by using autonomous drones for 

e-commerce marketplaces, retailers, restaurants, and delivery companies. Their drones can carry 

packages weighing up to 3 kg and are capable of flying 52 km/h over a distance of approximately 11,2 

km. The company is one of the first commercial drone operators, which currently collaborates with 

Iceland’s largest e-commerce platform AHA to deliver consumer products, groceries and warm food in 

Reykjavik (Flytrex, n.d.). Flytrex also has test programs in North Dakota and North Carolina in the 

United States. In September 2020, Walmart announced that it would start using Flytrex drones as part 

of a pilot program in Fayetteville, North Carolina for the delivery of groceries and household items from 

Walmart stores (Ward, 2020). Further specifications on the above mentioned drone delivery companies 

within the e-commerce sector and their corresponding drone can be found in table 5.  
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North Carolina. Zipline uses fixed wing drones that are launched from a catapult like platform and 

deliver their goods by dropping them with a paper parachute. After the drone has returned to the platform 

a new battery and sim card are inserted together with the needed medical supplies for the next delivery. 

Zipline drones can fly over a distance of 80 km, carrying up to 1.75 kg at a speed of 100 km/h (Zipline, 

n.d.). 

 

In July 2015, the company Flirtey completed its first FAA-approved drone delivery. Their drones 

delivered prescription items from the regional airport to a healthcare clinic in Wise, Virginia (Pepitone, 

2015). By March 2016, Flirty’s first fully autonomous and FAA-approved urban delivery was made 

carrying emergency supplies to a house in Hawthorne, Nevada (Flirtey, n.d.). In addition, Flirty 

collaborated with the Johns Hopkins School of Medicine to deliver medical samples in June 2016 

(Knight, 2016), and has partnered with REMSA Health in October 2017 to deliver portable automatic 

external defibrillator (AED) in the state of Nevada whenever symptoms of cardiac arrest were reported 

by a 911 caller (Kolodny, 2017). Since November 2020, Flirtey has also announced a partnership with 

Vault Health to test the delivery of COVID-19 test kits in Northern Nevada (Flirtey, n.d.). Flirty’s latest 

drone, called the Flirtey Eagle, can deliver packages weighing up to 5.5 pounds (2.5 kg) over a distance 

of 10 miles (16 km) (Flirtey, n.d.; Partech, n.d.). 

 

Drone Delivery Canada (DDC) is a Canadian drone logistics company that was founded in 2014 and 

has since then deployed multiple drone delivery applications within the healthcare sector (Drone 

Delivery Canada, n.d.). DDC has demonstrated the ability of transporting temperature-controlled blood 

tests (Moose Cree project in 2018) and medical supplies (University of Saskatchewan project in 2020). 

In November 2020 the company has also demonstrated the delivery of AEDs to simulated cardiac arrest 

patients in a Caledon, Ontario (Drone Delivery Canada, 2020b). Since June 2020 and July 2020, DDC 

has also started 2 new projects in which they transport COVID-19 associated products such as personal 

protection equipment (PPE), test kits, hygiene kits and test swabs by drone from the Beausoleil First 

Nation (BFN) mainland to Christian Island and from the Georgina Island First Nation mainland to 

Georgina Island respectively. Both projects intend to limit the person-to-person contact on the island 

communities' ferry services (Drone Delivery Canada, 2020a). The company currently deploys 3 

different type of drones. Their smallest and most used drone is called the Sparrow, which has a maximum 

range of 30 km, a maximum speed of 80 km/h and can carry up to 4.5 kg. Their second type of drone is 

called the Robin XL, which can fly a maximum distance of 60 km, has a maximum speed of 105 km/h 

and can carry a payload up to 11.3 kg. DDC’s third and biggest type of drone is called the Condor and 

is in contrast to the previous two electric drones a gasoline powered drone that looks like a helicopter. 

This drone can has a maximum range of 120 km, a maximum speed of 200 km/h and can carry up to 

180 kg of payload. 

 

Bell Textron is an American aerospace manufacturer, that was founded in 1960 and manufactures 

military and commercial helicopters (Bell Textron, n.d.). Since January 2018, the company also 

launched their first autonomous drone called the APT 20, which stands for Autonomous Pod transport 

(Electric VTOL News, n.d.). This electric vertical take-off and landing (eVTOL) cargo drone is 

developed for both military and commercial purposes. After vertical take-off, this drone tilts to a 

horizontal position for forward flight, thereby taking advantage of its bi-plane wings enabling it to fly 

further distances. The APT 20 has a maximum speed of 167 km/h, a maximum range of 11 km, and can 

fly up to 9kg payload. Since August 2019, Bell has also launched the APT 70. This is similar but bigger 

autonomous drone compared to the APT 20, which can fly at a maximum speed of 204 km/h, has a 

maximum range of 56 km, and can carry up to 32 kg of payload. Besides military and logistical support, 

Bell is also looking to implement the APT drones for medical missions for the delivery of for example 

blood, medical supplies, and tests samples (Bell Textron, n.d.). Currently, the APT flight test program 

has already completed over 300 test flights. However, to date the first medical delivery project has yet 

to be performed. 
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HE: Set of hospitals assigned to the central radiopharmacy in Eindhoven. 

dij: Distance of trip starting and ending at the central radiopharmacy in Eindhoven with 𝑖 ∈ 𝐻𝐸 being   

the first hospital visited and 𝑗 ∈ 𝐻𝐸 being the second hospital visited in the trip.  

(With i,j = 1 for Canisius-Wilhelmina Ziekenhuis, i,j = 2 for Catharina Ziekenhuis, …, i,j = 8 for Ziekenhuis  

Rivierenland, see table 10 for corresponding number of every hospital). 

 

Variables 

The proposed formulation uses the following decision variables 

 

𝑥𝑖𝑗 ∈ {1,0} binary variable equal to 1 if the trip with 𝑖 ∈ 𝐻𝐸 being the first hospital visited and  

      𝑗 ∈ 𝐻𝐸 being the second hospital visited is chosen. 

(With i,j = 1 for Canisius-Wilhelmina Ziekenhuis, i,j = 2 for Catharina Ziekenhuis, …, i,j = 8 for 

Ziekenhuis  Rivierenland, see table 10 for corresponding number of every hospital). 

 

Mathematical formulation 

The problem can be formulated as follows: 

 

𝑚𝑖𝑛 ∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖≠𝑗 𝑑𝑖𝑗    (1a) 

 

𝑠. 𝑡.       ∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=1 ∨ 𝑗=1 ∧ 𝑖≠𝑗 = 1   (1b) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=2 ∨ 𝑗=2 ∧ 𝑖≠𝑗 = 1   (1c) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=3 ∨ 𝑗=3 ∧ 𝑖≠𝑗 = 1   (1d) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=4 ∨ 𝑗=4 ∧ 𝑖≠𝑗 = 1   (1e) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=5 ∨ 𝑗=5 ∧ 𝑖≠𝑗 = 1   (1f) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=6 ∨ 𝑗=6 ∧ 𝑖≠𝑗 = 1   (1g) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=7 ∨ 𝑗=7 ∧ 𝑖≠𝑗 = 1   (1h) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐸 | 𝑖=8 ∨ 𝑗=8 ∧ 𝑖≠𝑗 = 1   (1i) 

 

8.7b Mathematical model for radiopharmacy Leiderdorp 

 

Sets and Parameters 

The proposed formulation uses the following sets and parameters: 

 

HL: Set of hospitals assigned to the central radiopharmacy in Leiderdorp. 

dij: Distance of trip starting and ending at the central radiopharmacy in Leiderdorp with 𝑖 ∈ 𝐻𝐿 being   

the first hospital visited and 𝑗 ∈ 𝐻𝐿 being the second hospital visited in the trip.  

(With i,j = 1 for Ziekenhuis Rivierenland, i,j = 2 for Alexander Monro Ziekenhuis, …, i,j = 16 for Zaans 

Medisch Centrum, see table 10 for corresponding number of every hospital). 

 

Variables 

The proposed formulation uses the following decision variables 

 

𝑥𝑖𝑗 ∈ {1,0} binary variable equal to 1 if the trip with 𝑖 ∈ 𝐻𝐿 being the first hospital visited and  

      𝑗 ∈ 𝐻𝐿 being the second hospital visited is chosen. 

(With i,j = 1 for Ziekenhuis Rivierenland, i,j = 2 for Alexander Monro Ziekenhuis, …, i,j = 16 for 

Zaans Medisch Centrum, see table 10 for corresponding number of every hospital). 

 

Mathematical formulation 

The problem can be formulated as follows: 
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𝑚𝑖𝑛 ∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖≠𝑗 𝑑𝑖𝑗    (2a) 

 

𝑠. 𝑡.       ∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=1 ∨ 𝑗=1 ∧ 𝑖≠𝑗 = 1   (2b) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=2 ∨ 𝑗=2 ∧ 𝑖≠𝑗 = 1   (2c) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=3 ∨ 𝑗=3 ∧ 𝑖≠𝑗 = 1   (2d) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=4 ∨ 𝑗=4 ∧ 𝑖≠𝑗 = 1   (2e) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=5 ∨ 𝑗=5 ∧ 𝑖≠𝑗 = 1   (2f) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=6 ∨ 𝑗=6 ∧ 𝑖≠𝑗 = 1   (2g) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=7 ∨ 𝑗=7 ∧ 𝑖≠𝑗 = 1   (2h) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=8 ∨ 𝑗=8 ∧ 𝑖≠𝑗 = 1   (2i) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=9 ∨ 𝑗=9 ∧ 𝑖≠𝑗 = 1   (2j) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=10 ∨ 𝑗=10 ∧ 𝑖≠𝑗 = 1  (2k) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=11 ∨ 𝑗=11 ∧ 𝑖≠𝑗 = 1  (2l) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=12 ∨ 𝑗=12 ∧ 𝑖≠𝑗 = 1  (2m) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=13 ∨ 𝑗=13 ∧ 𝑖≠𝑗 = 1  (2n) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=14 ∨ 𝑗=14 ∧ 𝑖≠𝑗 = 1  (2o) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=15 ∨ 𝑗=15 ∧ 𝑖≠𝑗 = 1  (2p) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝐿 | 𝑖=16 ∨ 𝑗=16 ∧ 𝑖≠𝑗 = 1  (2q) 

 

8.7c Mathematical model for radiopharmacy Zwolle 

 

Sets and Parameters 

The proposed formulation uses the following sets and parameters: 

 

HZ: Set of hospitals assigned to the central radiopharmacy in Zwolle. 

dij: Distance of trip starting and ending at the central radiopharmacy in Zwolle with 𝑖 ∈ 𝐻𝑍 being   the 

first hospital visited and 𝑗 ∈ 𝐻𝑍 being the second hospital visited in the trip.  

(With i,j = 1 for Deventer Ziekenhuis, i,j = 2 for Gelre Ziekenhuizen (locatie Apeldoorn), …, i,j = 12 for 

Ziekenhuis Gelderse Vallei, see table 10 for corresponding number of every hospital). 

 

Variables 

The proposed formulation uses the following decision variables 

 

𝑥𝑖𝑗 ∈ {1,0} binary variable equal to 1 if the trip with 𝑖 ∈ 𝐻𝑍 being the first hospital visited and  

      𝑗 ∈ 𝐻𝑍 being the second hospital visited is chosen. 

(With i,j = 1 for Deventer Ziekenhuis, i,j = 2 for Gelre Ziekenhuizen (locatie Apeldoorn), …, i,j =12 

for Ziekenhuis Gelderse Vallei, see table 10 for corresponding number of every hospital). 

 

Mathematical formulation 

The problem can be formulated as follows: 

 

𝑚𝑖𝑛 ∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝑍 | 𝑖≠𝑗 𝑑𝑖𝑗    (3a) 

 

𝑠. 𝑡.       ∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝑍 | 𝑖=1 ∨ 𝑗=1 ∧ 𝑖≠𝑗 = 1   (3b) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝑍 | 𝑖=2 ∨ 𝑗=2 ∧ 𝑖≠𝑗 = 1   (3c) 

∑ 𝑥𝑖𝑗(𝑖,𝑗)∈𝐻𝑍 | 𝑖=3 ∨ 𝑗=3 ∧ 𝑖≠𝑗 = 1   (3d) 










