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Abstract 

The thesis group started with the statement that patient procedures and patient flow are 

not coordinated enough with healthcare professionals workflow. Moreover, individuals’ 

preferences are often not taken into consideration in the scheduling of procedures for 

both patients and healthcare professionals. This results in an unoptimized patient 

pathway and in a loss of efficiency and efficacy for healthcare organizations, in addition 

to poorer outcomes for patients. 

In this thesis was developed a mathematical model and an innovative prototype of 

algorithm which suggests different planning options for the schedule of care of a 

pediatric operating room with patients diagnosed with a congenital heart disease. The 

innovation proposed aims for a better coordination between patient flow and healthcare 

professionals’ workflow, while observing individuals’ preferences. The solution presented 

in this thesis aims for a better patient-centered care, formulated around Lean principles. 

The results obtained from the mathematical model and the algorithm demonstrate that 

this innovation allows for the generation of optimized schedules, which is proven by the 

positive evolution of specific KPIs such as workers’ idle time or patient’s length of stay, 

and allowing for an increased treatment capacity for operating room. It was concluded 

that this innovation effectively increase the coordination of patient flow with healthcare 

professionals workflow, taking individuals’ preferences into account while being 

performable by hospitals. 

Keywords: care scheduling and planning; care coordination; patient flow; healthcare professionals workflow; 

modeling, simulation and optimization of clinical procedures; Lean. 
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Thesis outline 

Table 1 

This thesis is made of 4 chapters, all exploring different aspects of modeling, simulation 

and optimization for clinical processes and patient pathways in the specific case of a 

pediatric service with patients diagnosed with congenital heart disease. 

The thesis starts with a general introduction to the problem area, and is followed by the 

problem statement, the research questions and the reasons that motivated to develop this 

paper. This leads to an overview of the disease area, including a medical description of 
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the disease group, diagnosis and treatment methods currently used. A technical and 

technological background is also provided. 

The second chapter of this thesis consists in a literature review, a description and a 

contextualization of the different tools and methods used in this paper. The state of the 

art is also provided in order to have an overview of the current best innovations and 

practices in terms of innovation for the scheduling of care for patients and for optimizing  

clinical processes in general. 

This chapter gives more insight into the definition and the modeling of the patient flow 

and healthcare professional’s workflow. This chapter will also describe the different 

constraints forming this model, in addition to a conceptual framework for optimization 

of processes and pathways. Then, the thesis group elaborates on the development of a 

functional prototype of a model aiming to simulate patient flow and healthcare 

professional's workflow, based on real-life datasets, but with fictive configurations. An 

iteration and calibration model is then provided, based on the confrontation of the 

models to the reality and feedbacks provided by interviews, in order to have an 

implementable and functional prototype of a model. Preliminary results of this 

functional and innovative scheduling method are also provided. 

The fourth and final chapter consists in a discussion of the findings, a meta-analysis, 

some elements regarding potential further work and a conclusion. This chapter focuses 

on the assessment and the criticism of the model built on chapter three, taking into 

consideration the suggestions from healthcare professionals interviewed. 
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Chapter 1: introductory part 

1.1 Introduction 

Hospital services are facing strong and challenging pressures to become more efficient 

and deliver high quality services in such a competitive, complex and technological sector 

as healthcare (Di Maggio et al., 1983). Daily, hospitals receive thousands of patients with 

different types of diagnosis and needs. The diversity of processes and pathways, as a 

result of each patient having their unique characteristics, leads to certain concerns 

regarding the ability to deliver efficient and qualitative services while limiting 

uncertainty for the operational management (Han et al., 2012). 

Complex and non-homogeneous processes and pathways can compromise the 

performance of healthcare professionals and health management services, while 

reducing the quality of outcomes for patients (Marcus et al., 2017). This complexity and 

unpredictability are characterized as a major and growing problem in healthcare, and for 

some authors, that can be explained as an indirect response to the massive emphasis on 

the development of evidence-based medicine and individual treatments and pathways 

(Han et al., 2012). The variability created by this individuality of diagnosis and pathways 

will increase the throughput time of processes. Consequently, it will lead to lack of 

available resources that will be needed and also increase the waiting time in each stage of 

the process (Modig & Ahlstrom, 2017).  Solutions and innovations to these problems are 

still to be found or implemented in order to achieve better outcomes for the different 

stakeholders. 
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1.2 Problem statement 

Patient procedures and patient flow are not coordinated enough with the healthcare 

professional’s workflow. Part of the problem is identified to be coming from outpatient 

clinics, where patients can be required to visit at multiple times for diagnostics, various 

procedures and follow-up appointments because of unoptimized patient pathways. This 

creates challenges not only for patients and their families, as they are required to visit the 

hospital, but also for coordinating and clinical staff, as they are required to plan and be 

involved in each visit for every patient (Sadki, 2012). Due to the frequency of visits and 

the multiplicity of procedures, the patient flow can be impacted if coordination of each 

patient and of all of them is not ensured (Sadki, 2012). Furthermore, the scheduling of 

procedures can be un-optimized for healthcare professionals, leading to a waste of time, a 

lack of follow-up of patients and so on (Agur, 2006). 

The challenge presented focuses on optimizing patient flow and the planning of 

procedures in a pediatric service for congenital heart diseases. This paper suggests an 

innovative solution that would allow for increased coordination, integration and patient-

focused care delivery by developing a custom-made optimization model. 

The goal of this thesis is to find an innovating scheduling solution to optimize patient 

flow and planning of procedures for patients while optimizing the workflow of the 

healthcare professionals. In order to answer this hypothesis, a mathematical model and 

the prototype of an algorithm has been developed. The analysis and the optimization 

process are not based on arbitrary numbers only, and qualitative elements are mixed to 

quantitative ones in order to produce more realistic insights. The thesis group provides a 

concrete prototype of solution that is in compliance with Lean principles, while being 
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patient-centered. The thesis group pursues the goal of making this model and this case 

useable in real life by most of hospital services, using real datasets. Ultimately, the thesis 

group’s innovative model aims to be applicable and scalable to other health conditions 

and other hospital services. 

1.3 Research question 

Currently, there is no consensus regarding methods and tools to use in order to better 

coordinate patient flow with the healthcare professional’s workflow (Sadki, 2012). The 

research available is proving that there is a possibility to find a generalizable model using 

specific tools and methods allowing to do so (Agur, 2006). 

The research question leading this Master’s Thesis is the following: 

How far can patient pathways be coordinated with healthcare professional’s schedules while 

being performable ? 

More specific research questions to be answered throughout this thesis is: 

How far patient and healthcare professional’s preferences can be taken into consideration in the 

schedule of care, while still producing an optimized planning ? 

What are the arguments in favor of the implementation of optimization tools for coordination of 

patient flow with the healthcare professional’s workflow ? 
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1.4 Motivation 

As it was mentioned previously in this paper, the goal of this thesis is the development of 

coordinated patient pathways with healthcare professional’s schedules for the case of 

congenital heart diseases. It was decided that congenital heart diseases would be the 

focus area, since pathways in this disease area have not been mapped and modeled in a 

way that allows for optimization, compared to other disease groups such as cancer or 

specific hospital services such as emergency departments (Levin et al., 2008). Moreover, 

the care provided is not patient and healthcare professionals centered enough, according 

to the elements provided by the existing research (see literature review). This motivates 

the thesis group to have an insight into the existing practices in terms of coordination of 

care and patient-centered care, and to apply them to the case of congenital heart 

diseases. 

The disease group of congenital heart diseases was considering interesting to focus on 

this paper due of its plurality of diagnostic methods and of treatments, linked to a high 

variability in terms of patient’s conditions. The plurality and the evolution of patients and 

relatives, and the evolution of their needs in terms of care to provide also makes this 

disease an interesting one to study. The complexity of the condition is also coming from 

the different stages and the evolution of characteristics of the patients. A congenital heart 

disease can start with a patient as a fetus, involving heavy treatments, the pregnant 

mother, its relative and highly specialized pediatric specialities, and can last and evolve 

until the patient becomes an adult, with lighter treatments in an adult unit-care 

requiring less specialized specialities, and where the mother is not involved anymore as a 

patient, (Donofrio et al., 2014). 
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The thesis group is motivated to work on the development of a mathematical model and 

an algorithm for modeling, simulation and optimization. The thesis group believes that, 

by joining algorithmic optimization and digital modeling tools to quantitative techniques, 

healthcare organizations could gain in terms of capabilities and capacities as much as in 

a more patient-centered care (White et al, 2001). The effective implementation of such 

technologies would also positively impact healthcare workers and patients for the 

reasons highlighted above (Sadki, 2012). Indeed, the field of algorithmic optimization 

linked to digital modeling tools has already shown positive results for hospitals and 

healthcare institutions (Prodel, 2017). 

This thesis aims to create a sense and to provide a realistic solution implementable in a 

hospital. To do so, the thesis group is also basing its analysis on the Lean philosophy. It 

constitutes a great tool in order to capture the best practices for processes, and also aim 

to find process improvements. Initially developed in automotive and manufacturing 

industries, those tools have been recently expanded to the healthcare sector (Radnor et 

al., 2012). It is believed that there is still room for a deeper implementation of Lean in 

specific patient care and pathways, including congenital cardiac diseases diagnosis and 

treatment, to pursue these goals. 

Moreover, the thesis group got the opportunity to visit the Barcelona’s Children Hospital, 

a hospital using simulation methods in order to improve the way they deliver care to 

their patients, while improving healthcare professionals working environment. The thesis 

group also got the opportunity to visit the Center for Genomic Regulation in Barcelona, a 

research center using computer-based simulations in order to find potential 

improvements in the human genome. Ultimately, the thesis group discussed the main 

challenges in healthcare with staff members from the Børneriget, the Children Hospital 
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at Rigshospitalet in Copenhagen. Members of these organizations were interviewed and 

motivated the thesis group to work in this field of modeling, simulation and optimization. 

They emphasized the lack of research in the field of optimization of care that takes 

patients and healthcare professionals’ preferences into consideration. Also, these 

meetings were used as guides in order to define the problem leading this thesis. 

Ultimately, and as explained in a more extensive way later on, the thesis group developed 

an analytical and experimental study, based on unmet needs expressed during the 

interviews mentioned above. The thesis group used the cases provided by these meetings 

as guides in order to define a problem, instead of using the cases exposed to then 

conduct a case study. This is motivated either by the low level of advancement of the 

projects exposed during the meetings, or by the fact that the field of application of the 

innovation was not related enough to the scope of our project to develop a case study. 

Thus, it is the impossibility to work on an existing case that motivated to group to 

develop its own prototype of a model for modeling, simulation and optimization of 

patient pathways and procedures. 

1.5 Medical background 

Congenital heart diseases are one of the main causes of structural fetal abnormalities. 

Cardiac heart diseases are defined as abnormalities in structure or cardiovascular 

function that are present at birth (Donofrio et al., 2014). These congenital cardiovascular 

malformations usually result from changes in the embryonic development of a 

cardiovascular structure or the lack of progression of this structure beyond an embryonic 

stage (Donofrio et al., 2014). The problem can affect the heart walls, the valves or the 
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blood vessels. The disease group is one of the most observed types of congenital 

condition in the world, affecting around 1% of pregnancies (Sarkar et al., 2013). From 

negligible to lethal consequences, the disease group gathers multiple conditions. About 

one-third of those affected present critical cardiac malformations, such as those that give 

rise to propaedeutic and immediate therapy or that lead to death in the first year of life 

(Levey et al., 2010). Diagnosis and care of these complex conditions have importantly 

improved during the last two decades, mainly due to imaging technology development 

and innovations in therapies, leading to higher survival rates and reduced length of stay 

for mothers and newborns (Donofrio et al., 2014). Patients with congenital heart disease 

might require highly specific and complex healthcare needs, requiring the coordination 

of various hospital services and healthcare organizations. Obstetric, neonatal, and 

cardiology services are always required, and some specialized hospital services such as 

cardiac intensive care, interventional cardiology, electrophysiology, and cardiac surgery 

can also be involved if required (Friedberg, 2009). Thus, it is possible to conclude that 

care needs to be coordinated and delivered in a way that maximizing chances of survival 

of the patient while being performable. 

The diagnosis of congenital heart disease is not a standardized procedure. In most of the 

cases, a fetal echocardiogram is performed between the 18th to the 22nd weeks of 

pregnancy (Friedberg, 2009). But other methods can be used for specific cases or for 

confirmation of an echocardiogram-based diagnosis. These other methods include 

electrocardiograms, x-rays, pulse oximetries, cardiac catheterization or cardiovascular 

magnetic resonance imaging (Donofrio et al., 2014). The prenatal and perinatal diagnosis 

of congenital heart disease have an important positive effect on the management of the 

pregnancy and the preparation of the care needed. The use of the methods mentioned 
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hereinabove help to achieve the best outcome for patients and relatives (Anker et al., 

2014). 

In regard to the diagnosis delivered, patients will have to go through different pathways, 

that can range from the absence of treatment to a heart transplant and a permanent and 

lifelong follow-up (Donofrio et al., 2014). It is this high variability in the conditions and 

in the evolution of the disease that mainly explains the absence of standardized and 

generic patient pathway. This results in an increased level of complexity of care and in a 

need for a better coordinated care (Sadki, 2012). 

There are several types of congenital heart disease. In order to have a better 

understanding of them and to better differentiate them, a short description of these 

diseases is provided in appendices. 

To summarize, congenital heart diseases continue to be considered as the main cause of 

morbidity, mortality and disability associated with congenital malformations, implying 

the detriment of the quality of life of its patients and high health costs. Healthcare 

professionals call for a better coordinated care, which is an unsolved problem until today 

(Donofrio et al., 2014). 

1.6 Technical background 

1.6.1 Scope of the innovative solution

The thesis project focuses on modeling, simulation and optimizing patient pathways and 

clinical processes, especially the schedule of care in consideration to patients and 

healthcare professionals’ preferences. The scope of the solutions is within the technical, 
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technological and organizational innovations contributing to the optimization of these 

pathways and processes, leading to a more patient-centered care and a better work 

experience for healthcare professionals, while being in compliance with Lean principles. 

To narrow the scope, the thesis group focuses on innovations that can be expressed using 

mathematical and algorithmic languages. The innovation selected must show strong 

evidence of their benefits. This means that the impact of its implementation have to be 

measurable and quantifiable (Andersen, 1999). The focus is on solutions implementable 

by most of healthcare organizations that have to deal with the diagnosis and the 

treatment of congenital heart diseases, regardless of financial and human resources, size 

of the organizations, or any other element of characterization of healthcare organizations. 

This includes established hospitals as much as projects of future hospitals which usually 

do not have determined scheduling methods. 

The thesis group also focuses on an innovation that is implementable within a short to 

medium period of time (maximum effective time to implementation of about 6 months). 

The time period of 6 months is based on the fact that the impact of an innovation is less 

measurable and quantifiable if it takes more time to implement due to the potential 

parallel implementation of other innovations. Also, due to technical and financial 

limitations, the modeling of more complex elements is limited by the thesis group, 

justifying a short time to implementation choice. Indeed, heavier and bigger optimization 

projects require the access to specific technical and technological elements, as explained 

in a more extensive way later in this thesis. 
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1.6.2 Characterization of the innovation presented in this thesis 

The applications of quantitative technics linked to artificial intelligence in healthcare are 

multiple, and range from cancer detection to patient flow optimization tools (Sadki, 

2012). Thus, it is essential to decide which specific technics and technologies to use in 

order to achieve a specific purpose, since they all aim to serve different ones. 

As explained in a deeper way later in this thesis, the mathematical model and the 

algorithm resulting from it are within the field of Mixed-Integer Linear Programming 

(MILP), a sub-field of algorithmic optimization and theoretical computer sciences 

(Savage, 1997). The purpose of the use of such models is the optimization (maximization 

or minimization) of a problem, given a set of variables and constraints to be respected 

(see chapter 3 for further explanations) (Savage, 1997). 

Recently, the field of Mixed-Integer Linear Programming have been connected to the 

field of artificial intelligence, more specifically machine learning (Åsgård, 2017). Artificial 

intelligence consists in the programming and on all the programs having the capacity to 

learn and to reason the way human beings would do (Stéphan, 2018). Machine learning, a 

sub-field of artificial intelligence, refer to the programming and to all programs having 

the capacity to learn without being explicitly asked to do so, while being able to reason 

the way human beings would do (Stéphan, 2018). 

Hereinabove is a table illustrating the fields and sub-fields in which Mixed-Integer 

Linear Programming belong to: 
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Table 2 

1.6.3 Characterization of the technology 

Similar mathematical models and algorithms are often described as part of « high » and 

« deep » technologies (Rex, 2008, Wavestone, 2017). 

The U.S. Bureau of Labor Statistics defines «  high  » technologies based on different 

characteristics, which are the intensity of the science, the qualification required to 

perform such technologies, the research and development required to obtain 

technologies, the achievement of high-technology products, the use of specific 
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production methods, and the role of the technology in growth and productivity growth 

(Rex, 2008). Thus, Mixed-Integer Linear Programming can be considered as a high 

technology. 

« Deep » technologies can be defined as the simultaneous use of various breakthrough 

technologies and technology-driven instruments to serve a specific purpose (Wavestone, 

2017). Deep technologies are also considered as technologies coming from fundamental 

research and having potential real life applications, which is the case of Mixed-Integer 

Linear Programming, since this field is originally coming from theoretical computer 

sciences (Chiarandini, 2013). It also requires the use of simultaneous technologies and 

technology-driven instruments. Indeed, specific softwares and specific configurations of 

hardwares to perform the prototype of the algorithm developed were used. To illustrate 

this statement, the software IBM ILOG CPLEX Optimization Studio 12 was used with a 

MacBook Pro (8Go of RAM, quad-core Intel Core i5 processor powered at 2,3GHz). 

Under this configuration, which is reasonably correct and suitable for any conventional 

use, the thesis group needed 4 hours to obtain satisfying results, under a simplified 

version of the problem. Thus, the thesis group can conclude that such mathematical 

models and algorithms constitute « high » and « deep » technologies. 

1.6.4 Mathematical modeling and algorithms as technical innovations 

Using new technics and technologies is not enough to consider the solution to a problem 

as an innovation. Indeed, an innovation is often defined as a technic or a technology in 

which the economic and commercial aspects are engaged (Freeman, 1982), or as the 

result of a three-stage approach in which a technology goes through the invention stage, 
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the commercial translation stage and commercialization stage (Merrifield, 1986). This 

concept of innovation has to be confronted with the concept of invention, in which a 

technic or a technology is not showing any commercial interest, or if the 

commercialization of it is not successful (Freeman, 1982). 

From these statements, the use of such mathematical model and algorithm constitute an 

innovation in the field of healthcare. Indeed, the thesis group is aware of the economic 

and commercial aspects linked to the use of such models; as stated in this thesis, the 

thesis group was motivated to work on this subject after different meetings with 

healthcare organizations, during which staff members expressed their need for innovative 

solutions in the field of coordination of pathways and planning of procedures. Moreover, 

the results of the findings were presented to different stakeholders in order confirm the 

need for such a solution, which confirmed the demand of optimization tools for care 

planning and scheduling. The use of such a technic is an invention motivated by a 

demand, which is an element that characterizes an innovation. The technological 

possibility to exploit a technic is also considered as a constitutive element of an 

innovation (Freeman, 1982). As explained in a deeper way hereinafter, the technological 

context is allowing for the use of such technics. 

1.6.5 A favorable technological context 

Problem solving using algorithmic optimization, especially using Mixed-Integer Linear 

Programming, recently moved from the invention stage to the innovation stage (Åsgård, 

2017). Indeed, the technological context played a major role in the ability of this 

optimization technic to show concrete results with real life applications. As mentioned 
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earlier, specific softwares and hardwares were used to perform its algorithm, and 4 hours 

were needed to obtain satisfying results, under a simplified version of the problem. Even 

though the use of similar softwares and hardwares has been possible since the 1950’s 

(ENIAC, 1964), it became possible to solve problems with a high level of complexity like 

the one displayed in this thesis only recently.  Considering the present case, a few years 

ago, it would have taken a much longer time than the 4 hours needed to obtain the same 

results as the one obtained by the thesis group and exposed later. This was due to the 

poor calculation power of the computers a few years ago. Thus, the thesis group can 

conclude that the technological context allows for the use of such mathematical models 

and algorithms, and that problems of optimization of planning and scheduling of care 

can now be solved, contrary to a few years ago. 

1.6.6 Gartner’s Hype Cycle and modeling, simulation and optimization technologies 

« Organizations should look to the digital revolution not as a threat, but as an opportunity to 

stand out in an increasingly competitive environment » 

Antonio Costa, Senior Partner Kaizen Institute Western Europe. 

Gartner’s Hype Cycle characterizes the expected progress of an invention or an 

innovation, especially technological ones, from early development, to a significant 

technology in a market (Gaura et al, 2018). During each phase of development of the 

technology, different market indicators, such as investments and adoption are observed. 

This model aims to dissociate the « hype technologies » from the viable ones. 

Hereinafter is the latest Cycle for Emerging Technologies released by Gartner (Gartner, 

2018): 
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Table 3 

Modeling, simulation and optimization technologies have been adopted by many sectors, 

such as finance or manufacturing. The use of these technologies is not generalized for 

the healthcare sector. Nowadays, modeling, simulation and optimization technologies are 

considered as part of the slope of enlightenment stage (Gartner, 2016). This stage is the 

one in which a technology starts to reveal its real potential, mainly because of a maturity 

in the technological development. Even though this technology seems to have be close to 

its technological and market maturity, it is important to emphasize that the healthcare 

sector is often cited as notably behind in the adoption of these technologies (Berg, 2001). 

Health technology is still understood as equipment and tools that helps to diagnose and 

care for the patient. However, technology goes further and includes algorithms and 

digital modeling tools. Human and organizational factors have often been identified as 
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the main causes of failure to implement innovations and new technologies, especially in 

the health care sector (Nieboer, M.E, et al. 2014; Berg, 2001). Thus, there is still an 

important potential of development of modeling, simulation and optimization 

technologies for the specific case of the healthcare sector. 

1.7 Conclusions of the chapter 

The introductory elements necessary to the general understanding of the problem 

highlighted throughout this thesis have now been presented. A general introduction to 

the problem area was provided and followed by the problem statement, the research 

questions and the motivations leading this paper. An overview of the disease area and a 

technical and technological background followed. 

The second chapter goes in depth into the methodology elements and a review of the 

related work. This chapter consists in a contextualization of the different tools and 

methods used in this paper and a literature review in which the state of the art is 

provided, in order to have an overview of the current best innovations and practices for 

patient flow and healthcare professionals’ workflow optimization, and clinical processes 

in general. 
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Chapter 2: background research and 

related work review 

2.1 Literature review 

The research of innovations regarding the schedule of care for patients requires research 

into various literature first. In the following chapter, the thesis group reviews different 

concepts and theories relevant to the solving of the problem of optimization of patient 

scheduling for hospitals, for patient flow optimization and healthcare professionals’ 

workflow optimization. The thesis group also provides an insight into the pathways of 

patients suffering from congenital heart disease and the necessary background for 

understanding Lean principles for a more patient-centered care. 

2.1.1 Modeling, simulation and optimization of patient pathways, patient flow and 

healthcare professionals’ workflow 

The use of simulation technics has been increased in the last decade, especially for the 

healthcare sector (Jacobson, 2006). This is due to the improvement of technics and 

technologies in the field, allowing for modeling of complex interactions, taking into 

consideration elements such as uncertainty or plurality of patients (Liu, 2016). Studies 

show that simulation has positive repercussions on healthcare organizations. Simulation 

helps healthcare organizations to evaluate existing processes and pathways, but also 

allows for the development and testing of new systems (Jensen, 2015). Simulation can 

also predict the impact and the consequences of changes in a system, such as patient 
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scheduling and flow, waiting times, resource utilization and needs, and so on (Liu, 2016). 

Simulation is not only showing an operational level of analysis only. It also helps 

decision-makers in healthcare organizations regarding decision-making-process. 

Simulation helps to analyze the consequences of the remodeling of a system in terms of 

performance indicators, or even helps for investment decisions (Saunders, 2010). 

However, simulation has some limitations, since simulation-based models do not 

necessarily highlight the best scenarios. Indeed, some constraints can be too complex to 

be modeled in simulations, and thus, a part of the reality of a situation can be omitted. To 

palliate to this problem, optimization technics can be used jointly with simulation ones 

(Amaran, 2016). Optimization models aim to model complex systems and realities based 

on the quantitative representation of elements it is made of, and the consideration of the 

constraints it addresses, to then find the maximum or the minimum solution to a 

problem (Zhang, 2015). 

Studies showing the potential of simulation for optimization of processes and patient 

flow have been conducted. Optimized patient pathway is defined as patient-centered care 

that addresses « effective and coordinated management » in terms of qualitative, of space 

and time variables. An optimized patient pathway is a pathway providing the best 

possible outcome regarding a specific scenario, while minimizing the level incomes 

needed to do so (Baffert, 2015). Since pathways, inputs, and outcomes in a healthcare 

process are heterogeneous, it is presumed that some of the pathways can be optimized, 

with simulation-based optimization. (Ozcan, 2017). An optimized patient flow is defined 

as a system allowing for maximum patient throughput (close to maximum capacity), with 

minimum or no waiting time, minimum length of stays, and maximum staff and facility 

utilization (with minimum idle time), while being performable for a healthcare 
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organization (Litvak, 2018). Simulation based modeling is a potential way of optimizing 

patient flow since simulation can build a model based on the existing features and 

constraints while seeking for improvements, keeping feasibility as a main decision-

making variable (Ozcan, 2017). 

Simulation and optimization in healthcare for optimization of processes started in 1965 

with Fetter and Thompson. In their study, the physician utilization rate and patient 

waiting time were calculated and processes were emulated in a computer for an 

outpatient clinic. Their model takes into consideration variables of different nature, such 

as patient capacity, arrival patterns, administration and processing times, healthcare 

professional's breaks, and so on. Authors concluded that the patient capacity of the 

organization could be increased by almost 50% if processes and patient flow were 

optimized. Authors also highlighted that the increase of capacity resulted in a decrease of 

healthcare professional's idle time of about 160 hours, reducing the waiting time by 11 

680 hours in a year’s time (Fetter and Thompson, 1965). 

Another simulation study simulated patient flow and healthcare professionals’ workflow 

for 13 different types of pathways in an emergency department in order to assess the 

feasibility and the performance of different schedules for nurses, technical staff, 

management and doctors, taking into consideration the feasibility of the suggested 

workflow and patient flow. The study ended with the suggestion of an optimum schedule 

that minimizes patient’s length of stay while minimizing the healthcare professional's 

idle time and maximizing occupancy rates (Rising et al., 1973). 

Giachetti et al. address a new planning method aiming to solve problems typically 

observed in outpatient clinics (waiting times, no-show rate and delays). A simulation 

model based on a fictive dataset was built and showed an improved patient throughput 
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time and a reduced no-show rate. Their model highlighted different planning methods, 

improving patient throughput time up to 50% (Giachetti et al., 2005). 

Chand et al. analyzed the three sources of variability regarding the patient flow in an 

outpatient clinic. In this paper, sources of variability are patient arrival pattern, 

administrative registration process, commuting time from administrative registration to 

the waiting room, and time spent with physicians. This paper showed that by optimizing 

these sources of variability, the patient flow can be optimized. Chand et al. used a 

simulation model to assess the effects of optimization on the outpatient clinic’s overall 

performance. The model shows that up to 37% more patients can be served by the 

outpatient clinic by optimizing the key pain-points that account for variability of patient 

throughput. The optimization of the appointment and waiting system resulted in an 

improved overall patient flow. 

Yeh and Lin developed a simulation based on a « genetic algorithm » (specific kind of 

algorithm aiming to find the near-optimum in a problem without a clearly identified 

optimum). Their study aimed to reschedule nurses’ shifts to improve the patient flow and 

reduce the waiting time in an emergency department. The simulation results showed a 

queuing time reduction of 43% (Yeh and Lin, 2007). 

Ahmed and Alkhamis used modeling and simulation techniques in order to determine 

the optimal number of healthcare professionals and technical staff that maximize the 

patient flow and that minimize the waiting time, with feasibility constraints (mainly cost 

and maximal capacity). Their optimization resulted in an increase of 28% in patient 

throughput and a reduction of average of 40% in waiting time (Ahmed and Alkhamis, 

2009). 
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From the literature available and the already existing simulations, the thesis group can 

conclude that optimization of processes, scheduling of patients, and healthcare 

professionals workflow is resulting in a reduction of the waiting and queuing time, an 

increase of the patient throughput, a minimized length of stays, a maximized staff and 

facility utilization (with minimum idle time), while being performable for a healthcare 

organization. Moreover, simulations also have as consequence to improve patient safety 

and satisfaction (Groves, 2018, Schmidt 2013). 

2.1.2 Patient pathways in the case of a prenatal diagnosis of congenital heart disease 

Congenital heart diseases are one of the main causes of structural fetal abnormalities. 

Cardiac heart diseases are defined as abnormalities in structure or cardiovascular 

function that is present at birth. 

As stated earlier in the thesis, the first diagnosis method used is a fetal echocardiography. 

It follows a routine obstetric scanning that overcomes the suspicion of a congenital heart 

disease. Obstetric screening only highlights 10% to 26% of congenital heart diseases. 

Fetal echocardiography highlights up to 90% of congenital heart diseases in low-risk 

populations (Stumpflen et al., 1996). This led healthcare organizations to support a 

compulsory routine, no matter the maternal, familial, or fetal factors, with fetal 

echocardiogram in pregnancy in order to avoid undetected cases and adjust the clinical 

pathway provided to the patients (Stumpflen et al., 1996). This willingness to change the 

the standard diagnosis procedure would impact healthcare organizations in their ability 

to provide a diagnosis to all of their patients in the same conditions as nowadays. Indeed, 

fetal echocardiogram takes more time and costs more in terms of financial resources 
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(Stumpflen et al., 1996). Thus, in order to guarantee an access to diagnosis to patients, it 

is necessary to rethink the way healthcare organizations allocate a specific method to 

patients, and to rethink the way diagnosis is scheduled, in order to limit waiting times, 

unseen patients, while reducing the amount of resources needed. 

At the neonatal stage and after, care needs to be organized around a network of different 

healthcare professionals and organizations. General practitioners are often considered as 

the keystone in the care of patients throughout his life. In the case of severe diseases, 

with lifelong repercussions, the coordination of the care delivered by specialists and the 

respect of the patient pathway must be organized, and some countries like France have 

built networks to ensure the continuity of care in such complex cases (Ministère de la 

Santé et des Solidarités, 2006). Developing innovative ways allowing for an increased 

collaboration and coordination in the follow-up is linked to better outcomes for patients 

(Ministère de la Santé et des Solidarités, 2006). Improving the way this follow-up is 

scheduled is then beneficial to patients, and solutions are to be found in order to 

guarantee them the best outcome possible. 

Moreover, improved rates of prenatal detection have been under the spotlight in the 

literature recently. The literature is replete with evidence on the benefits of 

developmental care in neonatal intensive care units. Positive results reported in 

premature infants include decreased length of hospital stay, improved weight gain, 

increased cognitive performance, and improved psychomotor functioning (Levy D. J. et 

al, 2013). Thus, guaranteeing patients to be diagnosed, by improving the diagnosis 

capacity of healthcare organizations is of significant importance. As demonstrating 

earlier, specific scheduling technics allowing for increased treatment capacity are 
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existing, and Levy et al.’s work demonstrate that these technics are relevant to be used 

for patients. 

In addition, the prenatal diagnosis of patients suffering of congenital heart disease allows 

the coordination of the care around the delivery and during the first hours postpartum. 

Early diagnosis of critical cardiac heart diseases is essential, as it can prevent shock, 

acidosis, cardiac arrest or neurological impairment before intervention for the treatment 

of heart disease. In most Neonatal Units, hospital discharge is performed between 36 and 

48 hours of life, when the clinical manifestation of critical heart diseases may not yet 

occur and cardiac auscultation may be apparently normal, leading to loss of the 

opportunity to intervene early and prevent complications (Corcoran, S. et al 2016). 

Ensuring coordination is potentially life-saving for patients. Since solutions are existing 

for an increased coordination of healthcare professionals, the use of technics ensuring 

this coordination must be considered by healthcare organizations. 

To summarize the information extracted from the existing literature, the timing and 

methods of assessment are crucial elements shaping the patient pathway. Moreover, 

according to the disease diagnosed and the stage of pregnancy, the needs and the care 

delivered to patients will be impacted, which leads for the development of specific 

patient pathways. Thus, providing a tool that optimizes the way care is delivered, to then 

allow more patients to go through detection procedures could improve outcomes for 

patients, and even save lives. 
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2.1.3 Lean Methodology 

Lean methodology was initially developed in the automotive and manufacturing sectors, 

but has recently expanded to the healthcare one. The Lean process starts on the period 

from the time a need is identified to the point at which it is met. In Lean, the need arose 

to create the concepts of value and waste. Value must be maximized, while waste must be 

minimized, or even reduced to zero. This new approach began with Toyota in the 1950s, 

and was designed to deliver quickly meet customers’ needs in an efficient way, and 

without wasting resources. 

For several decades, organizations have been governed by resource efficiency principles, 

that focus on the use of resources as much as possible over the specific period of time. In 

the area of resource efficiency, there will be a division of a specific job into smaller tasks 

that will be performed by different professionals and organizational functions. However, 

such resource allocation can have negative effects, such as creating new needs that may 

promote the use of additional resources, work, and efforts that would not be necessary in 

a flow-efficient organization and this will promote the decrease of quality in patient care 

(Modig & Ahlstrom, 2017). According to the authors Modig and Ahlstrom (2017), Lean is 

a new form of efficiency: it is defined as « flow efficiency » governed by the fundamental 

principles of time and visual management. Flow efficiency is a different philosophy with 

a different approach to resource efficiency because it focuses on the « unit » processed in 

an organization. From the point of view of the flow unit, the important factor is the time 

during which the flow unit receives value.  

According to the Kaizen Institute, (2017), Lean methodology  has five principles that are 

fundamental taking into consideration for its implementation: 
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1. Creating value for the customer or the patient: improving the customer (or patient) 

experience by identifying what is added value for themselves (activities for which the 

customer or patient is willing to pay) and subsequent elimination of non-value added 

activities. 

2. Eliminate waste: value not added or Muda (Japanese word for waste). Others two 

concepts that must be eliminated from the processes of an organization are Mura and 

Muri (variability and overhead, respectively). 

3. Visual management: making processes visible to all, so that any abnormality is quickly 

identified, that makes processes more error-proof. 

4. Go to the land: Gemba (Japanese word for the place where you add value, being 

therefore, the place where problems are identified and solved, and where improvements 

are made). 

5. Employee involvement: for improvement of processes, it is important to involve the 

top management, all levels of management, and especially the employees, as they are the 

members of the Gemba's closest organization, that is, the place where customer or 

patient value is created. 

It is easy to understand that the key concept of Lean thinking is «  value  ». Value is 

defined as the ability to deliver exactly the product (custom) or service that a customer  

or a patient wants, with the minimum of time between the request and the delivery of the 

the product or service, at an appropriate price (Womack 1996). By defining «  what 

customers want », the steps in the process can be divided into those that add value and 

those that do not add value. The one with no value will be those that need to be avoided, 
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diminished, or to who the priority will not be given. This also applies to healthcare with 

the definition of « value » as a degree of emergency or priority. Thus, in healthcare, Lean 

attempts to improve the current process by minimizing the proportion between activities 

that do not add value and those that add value for patients. 

Several studies have demonstrated improvements in primary patient care and the 

process of supporting health professionals (Modig & Ahlstrom, 2017). Lean in healthcare 

is the application of specific tools that emphasize the needs of the patient, with added 

value, from the perspective of himself and his family (Hopp et al., 2004). However, this 

practice depends on the involvement of the leaders, but mainly of the collaborators in 

search of continuous improvement. Lean promotes optimization of the management by 

improving existing organizational methods, preventing excess procedures, reducing 

unnecessary administrative activities, reducing costs and increasing the quality of clinical 

care provided (Radnor et al., 2012). 

Lean methodology can also mean achieving the best quality at the lowest price, achieved 

in a shorter period of time, with the maximum safety, commitment and motivation of the 

employees, shortening the flow of the productive process through the elimination of 

waste (Liker, J. K. & Lander, E. 2007). Lean is not a program, but rather a management 

strategy that applies to all organizations (Radnor et al., 2012). It mainly involves the 

improvement of work processes or sets of actions aimed at creating value for those who 

use or depend on services. In the case of healthcare, they are called patients, relatives, or 

sometimes customers. In order to enable better delivery of service operations, the 

authors Modig & Ahlstrom (2017) affirm the need for an effective combination and 

integration of people, processes, and technology at the organizational and system level. 
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To summarize, the use of Lean methodology has been an important element in 

transforming the way health management is thought and practiced. Lean offers a set of 

standard solutions to common organizational problems in order to gain in terms of 

efficiency and efficacy. Thus, providing a Lean-oriented innovation that optimizes the 

way care is delivered, to then allow more patients to go through detection procedures 

and treatments, could potentially improve outcomes for patients. 

  

2.1.3.1 Lean and patient-centered care 

Patient-centered care is a concept that emerged a few decades ago with an exponential 

interest given to it during the last decade. Patient-centered care aims for the redesign of 

healthcare processes and pathways around the patient’s needs and preferences. The goal 

is to provide individualized care instead of providing a generic and standardized 

approach of the patient’s conditions (Paparella, 2016). Providing patient-centered care is 

linked to better outcomes and higher satisfaction of the patients, linked to a closer 

relationship with caregivers and the predominant role of the patient, allowing them for 

more awareness (Ulin et al., 2016). But to do so, healthcare organizations and healthcare 

professionals must redesign processes and patient pathways (Paparella, 2016). 

Lean principles can help to achieve these goals. They aim to provide the best outcome, 

maximizing the value perceived by the patient while minimizing waste (extra procedures, 

unnecessary treatments, and so on) (Kros et al., 2012). This means that the care provided 

to patients that is not considered as adding value from a patient perspective is 

considered as a waste, and is then eliminated of the patient pathway, as long as the safety 

of the patient and the outcome provided by the care provided are ensured no to interfere 
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with deontological codes and laws. Lean philosophy has an immediate effect on the 

patient pathway by improving the patient flow, removing unnecessary work for 

healthcare professionals, reducing their workload, increasing their satisfaction, and 

allowing for higher outcome production. This creates an environment favorable for more 

coordination between patients and healthcare professionals (Kros et al., 2012). 

To implement Lean principles, it requires a change in the organization’s orientation to 

patient satisfaction, by redesigning processes and workflow in an optimal configuration, 

enabling for more flexibility. Organization silos in addition to technologies, policies and 

procedures need to be rethought. The examination of the impact of changes also needs 

to be conducted in order to assess the consequences for the whole organization. This 

highlights the need for major changes in healthcare systems and the way healthcare 

organizations are performing. It can consist a major constraint in a context of rising 

healthcare costs and disparity in care and access to care due to the individualization of 

pathways and care. Liability and safety concerns also arise from patient-centered care 

(Kros et al., 2012). 

In the case of congenital heart disease treatment, patient-centered care is linked to an 

increased quality of life in patients and relatives. The literature available shows that 

physical and mental health is improved (SF-12 and EQ-5D measures), that care costs are 

reduced (LoS, hospital readmission measures), and that awareness of patients and 

relatives in increased (G9-EHFScBS, care dependency measures), allowing for more 

informed opinion regarding the care provided, linked to increased patient dignity (Ulin 

et al., 2015; Brennan et al., 2010; Brännström and Boman, 2014; Ekman et al., 2012; 

Heisler et al., 2013) The Lean orientation of this thesis is aiming for a reconfiguration of 

processes, so that the different elements listed hereinabove are achieved. Moreover, this 
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thesis aims for a better flow of patients into the system and a better allocation of 

healthcare professionals and resources, to achieve more efficient processes. 

From the literature available and the already existing, the thesis group can conclude that 

Lean principles are applicable philosophies for the case of remodeling of the way clinical 

processes and patient pathways are elaborated. Lean can also contribute to achieve a 

more patient-centered care. Moreover, experimentations of patient-centered care for 

congenital heart disease treatment showed concrete positive results, encouraging for the 

redesign of clinical processes and patient pathways following these principles. 

  

2.1.3.2 Examples of application of the Lean philosophy in healthcare 

In the last decade, healthcare organizations have adopted the Lean philosophy, in order 

to improve their production rates while trying to improve the quality of their services. 

The example of Bolton Hospitals can be given, in which the english hospital applied the 

Lean methodology in 2005, in order to improve non-elective patient pathways. In 2006 

the hospital verify reductions in 50% of mortality for older patients with a fractured neck 

or femur, a 37% reduction in overall mortality for adult trauma patients and a 32% 

reduction on length of stay (Institute for Innovation and Improvement, 2006). 

Wickramasinghe et al. (2014) compile other international examples where Lean's 

adoption of some organizations has shown significant results in his book (cf. «  Lean 

Thinking for Healthcare: Healthcare Delivery in the Information Age »): 

• University of Pittsburgh Medical Center, was able to improve quality and medication 

delivery time that led to savings of over $ 200,000. The medical center increased the 

percentage of patients receiving the medication on time as prescribed. They 
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eliminated all the work that did not add value in the search and dispensing of 

narcotics which led to a saving of around 2900 hours of nursing work, obtaining a 

faster intervention in the relief of the pain of the patients. Ultimately, they reduced 

antibiotic preparation time by 4 minutes per dose, leading to estimated savings of 

about 5000 nursing hours per year. 

• The Flinders Medical Center emergency department in South Australia was 

constantly overcrowded, and patients were often observed outside the departmental 

space. Through value stream mappings and process improvement work groups, they 

were able to segregate patients into separate patient cases based on screening 

categories, reducing the total patient stay time in the department as well as 

overcrowding. 

The studies mentioned above are all pledging in favor of the implementation of Lean 

oriented policies in healthcare organizations. The results are demonstrating beneficial 

effects for patients, healthcare professionals, and healthcare organizations. Thus, the 

implementation of Lean oriented innovative solutions is a relevant maneuver for 

healthcare organizations and contributes to help them achieving their goals. 

2.2 Methodology 

2.2.1 An innovative model 

The project is developed using a problem-solving, inductive, and innovation-based 

approach. The thesis group have developed a custom-made model that focuses on 
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patients and healthcare professionals’ needs regarding the scheduling and the 

organization of care. 

Hereinafter is a table explaining the custom-made innovation model developed by the 

thesis group for this project: 

Table 4 

Needs help to determine what are the goals and the objectives of the model developed 

later in this thesis (initiation phase). Determining the goals is allowing for the selection 

and the definition of the key variables and the key constraints building the model. 
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Then, according to the extracted needs and goals, a dataset is created by the thesis group, 

incorporating patient pathways’ points of data, healthcare professional's schedules and 

other elements considered as relevant to produce a functional and relevant model and to 

feed the different variables building it (calibration phase). 

If the model is considered as realistic enough, the next step consists in a simulation of 

the model and on an optimization of it, based on an algorithm. According to the outcome 

produced, the full process is reiterated until obtaining satisfying results. If needed, the  

variables and the data incorporated into the model are adjusted, aiming for an improved 

model (model building and validation phase). 

Then, the algorithm and the analysis performed by the thesis group highlights the 

existing improvements in the schedule. If satisfying and showing improvements and 

coherence, the model is then assessed and confronted with the reality, mainly thanks to 

interviews, and the confrontation of the model to technical, technological and legal 

elements (model verification and improvement phase). 

2.2.2 A problem solving approach 

To develop the innovation model proposed in the paper, it was used the conceptual 

framework provided by Aken et al. (2007). The methodology developed by these authors 

provides the necessary framework and the necessary elements in order to achieve 

problem solving in organizations. It aims to give students a way to develop competence 

within the field of problem solving, adopting a business point of view. Moreover, even 

though this methodology have been developed for students, it aims to solve real life 

problems, taking into consideration the organizational settings of problems and other 
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contextual elements (Aken et al., 2012). This methodology focuses on providing tools to 

design potential solutions aiming to improve the performance of a business system, 

including hospitals and the healthcare system in general. 

 

Table 5 

2.2.3 An inductive approach 

In order to solve the problem exposed earlier, the it was applied an inductive research 

approach. An inductive approach starts with a problem formulated and a research 

question, driven by observation and testing stages (Saunder et al, 2012). This means that 

the need for a solution to a problem has to be observed. Using an inductive approach 
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means that data collected is used in order to explore a known problem, but aims to find 

patterns and models answering to the problem and a specific phenomenon. The last step 

of an inductive approach consists in providing a conceptual framework and a theory-

based meta-analysis of the problem solved. The nature of the inductive approach is 

defined as exploratory, meaning that the procedure aims to clarify a specific problem and 

to delineate the determinants of this problem, to then propose the most adequate 

solution (Saunders et al., 2012). 

 

Table 6 

Ultimately, and as explained in a more extensive way later on, the thesis group developed 

an analytical and experimental study, based on the unmet demand of a solution to the 

problems expressed during the induction process. 

2.2.4 Data collection methods 

In order to solve the problems of patient flow and healthcare professional's workflow 

coordination and optimization, data collection and analysis is needed (Aken, 2012). 

According to Wellisch (1996), data is defined as « the representation of concepts or other 

entities, fixed in or on a medium in a form suitable for communication, interpretation, or 

processing by human beings or by automated systems ». 
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Data was collected from primary and secondary sources. Primary data are defined as the 

source of data originated the researcher for the first time, thanks to direct efforts in order 

to be addressed in its research questions (Wellish, 1996). In this thesis, sources of 

primary data are interviews, observations, case studies, healthcare professionals’ 

schedules, research papers, journal articles, books and legal and government 

documentation. 

This paper also includes secondary sources in order to refine the understanding of the 

primary data sources. Secondary data are defined as information already collected and by 

any person external to a research project and its research problem. The main 

characteristic is the availability of the data from which multiple informations is already 

gathered from, collected from various sources (Wellish, 1996). In this paper, secondary 

data are coming from research papers, journal articles, books or legal and government 

documentation. 

To evaluate these data sources, this paper takes into consideration the reliability, 

objectivity, generalizability, utility, completeness, relevance, integrity and validity of the 

information (Cai and Zhu, 2015). 

2.2.5 The use of qualitative and quantitative data 

Both qualitative and quantitative data research have been conducted and gathered in this 

work. A mixed method between qualitative and quantitative only based methods is 

applied throughout this paper. The choice of a mixed-method leads to a better 

understanding of the quantitative data by refining it, thanks to the qualitative one 

(Creswell & Clark, 2007). Moreover,  it was conducted an iterative approach that requires 
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a mixed methodology, since each of the approaches continuously improve the other 

(Aken, 2012). Indeed, the qualitative method is considered as « exploratory », when the 

quantitative method is considered as « confirmatory » (Lobe, 2008). 

Qualitative data is defined as data that cannot be expressed using numbers. It consists in 

data that represent nominal elements, such as socio-economic status, religion, ethnicity, 

or ethnologic and anthropologic elements. Qualitative data has been mainly collected 

through interviews, observations, case studies, research papers, journal articles, books 

and legal and government documentation. In this paper, qualitative analysis has been 

carried out in order to observe, describe, analyze and understand the determinant 

variables interacting in the elaboration of patient pathways especially (Aken et al., 2012). 

Quantitative data consists of elements that can be expressed as numbers or that are 

quantifiable . Quantitative data can be represented by ordinal, interval or ratio scales 

(Aken et al., 2012). In this project, quantitative data has been represented in terms of 

length of stay (LoS), waiting times, utilization rates or healthcare professional’s idle time.  

The quantitative and qualitative data research aim to analyze a fixed and a measurable 

reality, using fixed and measurable variables coming from structured data and validated 

data collection instruments or methods (Aken et al., 2012). Some elements of data can be 

considered as both quantitative and qualitative, since they can express measurable 

elements based on non-quantitative elements. For example QALY (quality-adjusted life 

year), SF-12 and EQ-5D measures (physical and mental health measurement units) can 

be considered as both quantitative and qualitative. 

Qualitative and quantitative data collection are performed during throughout this paper 

and are analyzed around specific tools and concepts highlighted later in this project. 
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The thesis group's thesis also consists in a comparative study, spotting similarities and 

differences between different established systems in terms of processes, seeking for 

potential room for improvement. 

Interviews are one of the main methods used in order to gather primary data in this 

thesis. The thesis group conducted 6 interviews, all following a pre-established interview  

guide (see appendices). These interview guides are designed to understand and highlight 

the needs expressed by the interviewees in terms of care preferences and coordination of 

schedule of care. These interviews are conversational interviews, comporting a mix of 

open-ended and fixed response questions. 

The process of collecting data for the project is conducted in accordance with ethical 

standards and partial anonymity. Part of the project consists in the conduct of  interviews 

of healthcare professionals and hospital staff involved in the specific case of congenital 

heart diseases. In order to be interviewed, candidates are ideally knowledgeable about 

congenital heart diseases. The goal of the interviews is to collect information about 

behaviors, opinions, values, feelings, knowledge, experiences and backgrounds about the 

specific topic (Edwards and Holland, 2013). Interviewers also must fulfill the following 

criteria: the interviewer must be knowledgeable about the topic, must follow the pre-

designed structure of the interview, must be clear and simple when asking questions, 

while asking short questions which are spoken distinctly and understandably (Edwards 

and Holland, 2013). The method for conducting the interviews is through face-to-face or 

convenient telecommunication software or device. Two group members were 

systematically present to conduct these interviews in order to limit bias and ensure the 

accuracy of the information extracted from the interview. The interviews were conducted 

in English, Portuguese and French. 
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The thesis group elaborated on the results of the interviews conducted in chapter 3. The 

characteristics of the 6 individuals and organizations interviewed by the thesis group are 

available in the appendices. 

The individuals and organizations interviewed were selected for their knowledge of 

processes for the treatment of congenital heart diseases, for their knowledge of needs in 

the diagnosis and treatment of congenital heart diseases at the macro-level and for their 

knowledge of needs in terms of innovation in clinical processes. Interviews aimed to 

gather critical thoughts and potential improvements regarding the proposed innovation. 

The thesis group also used these interviews for the validation or the refutation of the 

needs and hypothesis. 

2.2.6 Data analysis methods and tools 

After the data collection stage, the thesis group proceeds to an analysis of this data using 

specific methods and tools. 

From a qualitative and a quantitative point of view, Lean principles constitute 

fundamental methods of analysis. The thesis group’s analysis and optimization of 

processes are not based on arbitrary numbers only and qualitative elements are mixed to 

quantitative ones. The thesis group aims to create a sense and provide a solution 

implementable for a hospital. The Lean philosophy constitute reliable, useful and 

relevant ways of doing so. They constitute great tools in order to capture the best 

practices for processes, and both aim to find improvements. As stated earlier, these tools 

have been recently expanded to the healthcare sector aim to minimize or eliminate 

errors, repeat encounters, delays and inappropriate procedures (Radnor et al., 2012). 
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Nonetheless, these principles have to be seen as tools to extract knowledge leading to 

innovation, and not as the innovation themselves in this thesis. 

To pursue the goals listed above, the thesis group makes the use of the different tools 

and methods highlighted hereinafter. 

2.2.7 From data to valuable information and concrete changes: methods for 

optimization of clinical processes and patient pathways 

Regarding the qualitative data collected by the thesis group, they are mainly extracted 

from the interviews conducted. Then main elements of these interviews have been 

categorized, analyzed and organized in order to find insights. The thesis group conducted 

an analysis of stakeholders’ needs using the inductive method described earlier in this 

thesis. The thesis group have split the different elements of the interviews into different 

categories in order to extract information from the data collected. This method helped 

the thesis group to confirm or refute the need for an optimization tool for the scheduling 

of clinical processes and patient pathways. 

2.2.8 Optimization under constraints and the Lagrangian relaxation method 

The way hospital resources (beds, operating rooms, doctors, nurses and so on) are 

allocated is of critical importance. There is a need for methods and tools in order to 

allocate these resources in an efficient way, that maximizes the utilization of resources 

and patient outcomes, and mathematical operational models could serve this purpose 

(Harper, 2002). The modeling of the dynamics leading hospital services, the interactions 

!47



and coordination between these services, the patient flow and many other variables are 

suitable for incorporation into operational mathematical models for optimization 

purposes. The level of complexity, and thus, realism also depends on the consideration of 

uncertainty, variability and the consideration of resources as finite and limited. 

Developing optimized patient pathways with optimized healthcare professional's 

schedules is not an easy computational task. It requires the use of specific methods. 

Different steps are to be followed according to Crown et al. (2017) in order to optimize a 

specific healthcare process or a specific patient pathway. 

First of all, the problem needs to be structured. This means that the goal and the purpose 

of the modeling and optimization procedure must be identified (not necessarily using 

technical terms), in order to then determine what variables, parameters and constraints 

are relevant to be used in the model. The goal is to provide a clear and understandable 

problem to solve for both internal stakeholders, involved in the optimization problem, 

and external ones. The goal is to ensure that the main sides of the problem are seized 

and captured. 

After the problem has been structured, it needs to be converted in standard technical 

terms and standard mathematical notations. Optimization problems require the 

specification of the objective function (maximization, minimization) and the specification 

of the constraints (equality, inferiority, superiority constraints, and so on). 

To give an example, if the problem consists in the maximization of the utilization rate of a CT-

scan, we face the following problem to solve: 
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The function U, the function modeling the utilization rate of a CT-scan in term of x and y (with x 

the average patient processing time, and y the minimum amount of staff needed to utilize the CT-

scan for example), is to be maximized and is subject to the constraints of g that can be of different 

nature (average patient processing time, minimum amount of staff needed to utilize the CT-scan, 

and many others). In this case, the system must be inferior or equaling the constraints. In this 

specific example, it means that the average patient processing time is not allowed to exceed a 

certain amount of time, and that amount of staff needed to utilize the CT-scan cannot exceed a 

certain number. 

After the problem structure part comes the model development. This step consists in the 

solving of the mathematical problem structured earlier and requires different steps, often 

using an iterative approach. The complexity of this step varies with the level of precision 

of the model and the incorporation of uncertainty or variability parameters. Variables can 

be of a linear or nonlinear nature, can be stochastic or deterministic, static or dynamic. 

The complexity also varies regarding the outcomes expected to be produced by the 

model. Due to the high variability of model development methods, this part is detailed in 

a deeper way later in this thesis for the solving of the model developed. 

After the model is developed and solved, it needs to be validated. The model must 

represent a certain reality with, and an acceptable degree of confidence must be ensured. 

The validation of the model is part of an iterative process together with the problem 

modeling and solving parts, especially when models have simulation purposes (Crown et 

al., 2017). Appropriate resources must be deployed to ensure the validity of the model. In 

the case of patient pathway and clinical process optimization, it often requires the 

involvement of healthcare professionals and hospital management staff. As explained in a 
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more extensive way earlier, the validation part of the model developed in this thesis is 

made through interviews of healthcare professionals and hospital management staff. 

Once the model is valid, the optimization method is to be selected. It consists in using 

the method fitting the problem definition and structure (linear or nonlinear, stochastic or 

deterministic, static or dynamic, continuous or discrete, or single or multi-objective 

constraints, and so on). The thesis group focused on linear functions, mostly discrete 

ones, in order to limit the complexity of the problem. 

Since the thesis group’s problem consists in optimizing patient pathways with healthcare 

professionals’ schedules, it is considered as a multi-objective optimization. The thesis 

group mainly makes the use of meta-heuristic methods, especially the Lagrangian 

relaxation method. This means that the model provides near-optimum solutions to the 

problem, since exact approaches are not suitable due to the complexity of the model 

(Ahuja et al., 1993). 

The Lagrangian relaxation is a method aiming to find the optimum or near-optimum of a 

difficult optimization problem by individually maximizing the variables used to build the 

model. In the case of healthcare, the Lagrangian relaxation method can be used for the 

development of cyclic schedules for nurses and doctors, taking into consideration 

patients’ cyclic care demand and individual preferences, while being performable thanks 

to the consideration of other parameters such as minimal demand-satisfaction 

requirement or even legal aspects. Existing models and algorithms based on the 

Lagrangian relaxation can optimize healthcare professionals’ schedules, taking these 

elements into considerations for hospital services with up to a hundred individuals and 

twenty preferences profiles (Bard and Purnomo, 2007). Existing papers also show the 

superiority of Lagrangian-based methods compared to other heuristic and meta-heuristic 
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methods (Sadki, 2012). The thesis group decided to use this method prior to the 

validation of the model because of technical constraints and limitations of the thesis 

group in terms of knowledge and skills of other methods. 

Once the model and the results are considered as valid, a sensitivity analysis must be 

conducted. This sensitivity analysis consists in a systematic evaluation of the results of 

the optimization, by ensuring that all variables and constraints building the model are 

either optimized or satisfied. Different technical methods are existing, such as Karush-

Kuhn-Tucker conditions verification method can be used. But the thesis group bases its 

analysis on the evaluation of the results based on observations. Different elements such 

as the congruence, the feasibility and the practical implementability are assessed. 

If the results of the optimization are satisfying and brought consistent improvements, 

then they must be reported. As the problem structure, the report of results must be done 

in a clear and understandable way, in order to ensure that the main sides of the results 

are understood by the different stakeholders. The result reporting logically results in 

concrete recommendations. The purpose of the optimization of patient pathways and 

clinical processes is to help decision-makers by providing them implementable and 

workable recommendations. The final and optimal solutions of the problem can be 

handed-in in different forms such as guidelines or policy recommendations. 

The table below based on the methodology proposed by Crown et al. (2017) summarizes 

the process explained hereinbefore. 
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Table 7 

2.2.9 Mathematical formulation of the problem using the Lagrangian relaxation 

method based on an example 

As an appendix, the thesis group provides a simple example of the formulation of a 

problem using a Lagrangian relaxation method. As stated earlier, this method will be 

used later in this thesis to develop a prototype solving the problem of optimization of 

patient flow and healthcare professional workflow. Since the prototype of solution is of a 

high level of complexity, it is then necessary to use a simple example illustrate the 

technic. 

2.2.10 From a mathematical model to a functional algorithm 

To perform its Lagrangian relaxation method in order to optimize clinical processes and 

patient pathways, the thesis group makes the use of the programming language Python. 
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It is described as an « object-oriented, with dynamic semantics » programming language 

and softwares (Dubrau and Hendren, 2012). This language is broadly used in order to 

solve complex quantitative problems, including optimization under constraints using the 

Lagrangian relaxation method. 

In the table hereinafter is a concrete use of Python as an encoding tool for the 

maximization of the multi-variable function U(x,y) with regards to the constraints g(x,y) 

and c, using the Lagrangian relaxation method exposed earlier on the thesis. 

2.2.11 Process mapping and patient pathway representation 

In order to display and analyze complex processes and pathways with multiple 

interactions, the thesis group developed a representation of these pathways. Processes 

and pathway mapping aims to assess the efficiency and the efficacy, to then improve 

them (Slack et al., 2015). A model of a specific process and of a specific pathway was built 

by the thesis group in order to reflect a reality and to potentially improve it. Gaining 

understanding and insight in existing processes aims to understand what the critical 

elements of this process are, to then determine if there is room for improvement (Slack 

et al., 2015). Process and pathway mapping requires data inputs called datasets. These 

datasets are built from existing processes (Kros et al., 2013). In this project, they have 
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been built using primary and secondary data sources. The use of these datasets will be 

explained and justified later in this thesis. 

Hereinafter is an example of process mapping for births of children with a potential 

pulmonary atresia, including examinations and treatments, mainly based on Donofrio et 

al.’s work (2014).  

Table 8 
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After the process mapping stage, the thesis group focuses on the process simulation, to 

then find some potential improvements in patient pathways, especially in the schedule of 

care. The goal is to simulate a set of patients having to go through different procedures 

following a specific protocol of care, to then improve the way their care is scheduled. The 

aim is to provide a better schedule of care (according to goals set in the sub-chapter 

regarding KPIs, such as Length of Stay, mortality rate, quality of life indicators, and so 

on). 

Since real experimentation is too expensive or technically impossible to be set in motion, 

simulation can be considered as a cost-effective way to develop and test unlimited 

processes and pathways alternatives (Harder, 2018). 

Also, real-life experimentation can be risky for patient’s life, specifically with patients 

showing multiple and severe conditions. Moreover, hospitals have to make sure that 

innovative measures have the desired effect without room for the unintended ones 

(Harder, 2018).  Simulation can be considered as a safe way to assess innovations in terms 

of process and pathway innovation. Simulations also allows for the assessment of 

innovations, ensuring whether certain process and pathway innovations have the desired 

effect in advance in terms of performance. Nonetheless, simulation is not considered as a 

sufficient proof. Indeed, a simulation outcome implemented in real life may show 

unintended problems (Groves et al., 2018). 

Simulation models can be a good complement to optimization models (as the Lagrangian 

relaxation method). Simulation models give a deeper understanding of the models 

optimized though a quantitative perspective (Siemens Healthcare, 2018). As highlighted 

above in the methodology part, mixed methods involving qualitative and quantitative 

elements are performing for the design of iterative models such as the thesis group’s one. 
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Since simulation is a flexible tool, it can be operational no matter the complexity of the 

problem and the source of information (Sadki, 2012). The use of different and complex 

algorithmic optimization methods fits process and pathway modeling, since a same 

model can serve a multitude of purposes, and can take into consideration a multitude of 

constraints. Also, the reason the thesis group wants to mix algorithmic optimization to 

simulation is to provide an easier understanding of the processes and pathways 

optimization. Simulation is a tool that aims to represent complex interactions in an 

intelligible way. It contrasts from algorithmic optimization tools that represents reality in 

a more abstract way (Siemens Healthcare, 2018). The mixed use of simulation and 

algorithmic optimization allows for a clearer and easier representation of processes and 

pathways, and is technically possible since both technics are fully interoperable (Sadki, 

2012). 

The Lagrangian relaxation method, and optimization quantitative tools in general, have 

already shown concrete evidence of their efficiency when used for purposes of 

simulation of processes and pathways. To provide an example, Siemens Healthcare 

realized an optimization of workflow and schedules using similar methods for the Mater 

Private Hospital in 2018. This optimization resulted in a shorter waiting time of 13 

minutes for CT scans and 25 mins for MRI, shorter patient turnaround (reduction of 28 

mins for CT and 34 mins for MRI), an increased equipment utilization of 32% for the 

MRI and 26% for the CT scans, that resulted in saving 50 minutes per employee per day 

for the MRI only (Siemens Healthcare, 2018). 

Thus, it is possible to conclude that the optimization of processes and patient pathways 

using the Lagrangian relaxation method and simulation based on process and pathway 

mapping tools is a relevant technic. 
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2.3 Stakeholder analysis 

Stakeholder analysis was developed as a tool or toolkit, with different purposes in its 

application in the areas of policy, project management and implementation of 

innovations (Brugha et al., 2000). Several authors refer to the definition of stakeholders 

as «  individuals or groups that can influence or be influenced by the actions, decisions, 

policies, practices or objectives of the organization ». The involvement of the actors has 

become a topic of great attention, both in the literature and in organizational practice 

(Achterkamp et al., 2007). Thus, insofar as organizations influence the various agents that 

make up the environment in which they are inserted, managers have increasingly felt the 

need to understand what these forces of influence are, and how they can interact with 

the different agents known in the literature as stakeholders. The importance of 

identifying stakeholders is that they can help to understand the hidden layers of project 

development and their implementation. In addition, stakeholders analysis allows for a 

better evaluation of the risks. Clarkson (1995) categorized stakeholders as key elements 

without which the organization does not survive and essentially encompasses 

shareholders, employees and customers, while the secondary stakeholders incorporate all 

the elements with whom the organization is in contact but are not essential for their 

survival. 

Hereinafter is a list of the main stakeholders involved in the treatment of congenital 

heart diseases and their characterization: 
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Table 9 

The description of the role of each stakeholder in the scheduling and the treatment 

process, and the interactions they present is also interesting to study. The following part 

focuses on describing this role, and the interactions between the main stakeholders. The 
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information given below is coming from information extracted from literature, but also 

from interviews conducted by the thesis group. 

2.3.1 Patients 

Patients can be considered as one of the main stakeholders, since they constitute the 

individuals seeking for a treatment in the case of the presence of a particular health 

problem. Patients are considered the most «  interested  » stakeholder, but not the most 

influential (see the table power-interest table below) (Schmeer, 2000). The goal of this 

thesis is to develop an innovative tool in order to optimize the scheduling of their 

diagnosis and care, allowing for the maximization of the chances of survival and an 

improvement of their quality of life. Thus, patients can be considered as the stakeholder 

having the highest interest in this process of finding an innovative solution in this field. 

Nonetheless, patients do not have the ability to influence the way their care is scheduled 

in a major way, since this competence is only given to healthcare organization they get 

treated in. 

Moreover, patients are not able to influence the strategic decisions of healthcare 

organizations, such as investments and innovation. Thus, they cannot be then considered 

as influential regarding the development and the adoption of innovative solutions for 

scheduling of care. 

Nonetheless, patients are not to be considered as passive stakeholders. It is also believed 

that patients must have the right and responsibility to have an active role in their care, 

and that they must be meaningfully involved in health policy and decision-making at all 

levels.The plan is to achieve a higher patient satisfaction and involvement, but the work 
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provided in this thesis does not directly affect the medical act, but rather the 

improvement of support activities that condition service levels. 

2.3.2 Hospitals 

Hospitals are a key player and a major stakeholder in the diagnosis and care of 

congenital heart diseases since they are the physical entity in which patients, healthcare 

professionals and relative gather around the treatment. One patient suffering from a 

congenital heart disease can pass through several hospital services, requiring the 

attention of numerous specialists and equipment, sometimes all in just one day 

(Donofrio, 2014). Moreover, hospitals have the ability to manage their investments and 

their innovation, making them the main influential stakeholder regarding the possible 

implementation of innovative scheduling technics. Efficient operations of hospitals are 

one of the major concern areas for the management team of any organization as it 

involves multiple departments, numerous activities and efficient use of scarce resources. 

Furthermore, hospitals face problems such as the shortage of qualified medical 

resources, increased operating costs, limited physical spaces and very complicated and 

time-consuming processes, allied to growing demand, resulting in poor service (Sadki, 

2012). Thus, they have an interest in the optimization of patient pathways and healthcare 

professional's workflow. The final value assigned to each hospital is determined by 

governmental institutions. 

Hospitals are often defined as highly interested and highly powerful stakeholders in 

finding innovations, since they own most of the decisions power.. 
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2.3.3 Healthcare professionals 

Regarding the perspective of healthcare professionals, this work intends to promote 

strong optimization of cross-functional teamwork. In order to achieve this outcome, there 

is a need for an interrelation between the different professionals who should see the 

patient as a whole, in a humanized attitude. Moreover, healthcare professionals should 

not work in an isolated manner in their clinical specialty, and should understand patients 

and relatives’ real needs, and ingrate them in the care the deliver. 

Contrary to the principles of Lean, philosophy in which one of the main pillars is the 

culture of teamwork, collaboration and communication, which is traditionally not a 

strong point regarding healthcare professionals (Poksinska, 2010). But it is proven that 

optimizing the way care is delivered to patients results in a better satisfaction of 

healthcare professionals and a better work experience. For example, optimizing the flow 

of patients is indirectly linked to an increased satisfaction of health professionals since 

their workload is carried out more efficiently and with no second necessary needs. Thus, 

they have an active role to play, and a particular interest to have in innovations allowing 

for optimized processes and optimized patient pathways, mainly by pushing for the use 

of new technics and technologies as the one presented in this thesis, and by adopting 

them. 

2.3.4 Governmental and political institutions 

Governmental and political institutions are the stakeholders with the highest power of 

decision since they are the highest in the hierarchy of decision-making, especially 

towards the orientation of strategic investments and innovations. Governmental and 
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political institutions cover different institutional organs, ranging from local health 

authorities to Ministries of Health and supranational institutions, such as the European 

Parliament in the European Union. Their power is mainly legislative. Governmental and 

political institutions are aware that proactive measures have to be taken to improve the 

healthcare sector. By observing that the modeling, the simulation and the optimization of 

processes in congenital heart diseases shows a certain interest, Governmental and 

political institutions might allow the use of similar technologies and technics at a larger 

scale, by increasing the financial efforts and allowing for a generalization of the use of 

such innovations (Barjis, 2010). In addition, this will lead to strategic reflection and the 

use of regulatory, legislative, and professional management tools that allow better use of 

innovations (Barjis, 2010). Thus, Governmental and political institutions are considered as 

the most powerful stakeholder in the decision-making-process of impulsing innovations 

in the healthcare sector. Nonetheless, Governmental and political institutions’ interest is 

considered as medium since major evidence of the relevance of an innovation must be 

proven before they even start reflexion about it. 

2.3.5 Patient associations and organizations 

The World Health Organization, one of the biggest stakeholders involved in healthcare 

promotion recently stated that «  patients and patient organizations are important 

stakeholders in healthcare dialogue, but are however not able to play effective roles in 

decision-making » (WHO, 2013). 

This statement induces that non-governmental organizations, especially patient 

organizations play a vital role in national health systems, forging a pathway for both 
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patients and clinicians to access new and innovative treatments, as well as provide 

government departments with the necessary research and background information to 

enable them to make informed decisions and share patients’ experiences. Through this 

work, it can serve as an example for other states and organizations, so that can contribute 

not only to this specific project but also to contribute in a general way to the health 

improvement of these patients with congenital heart disease. Nonetheless, the power of 

these patient organizations is considered as limited in the adoption of innovations in the 

way care is delivered for patients suffering of congenital heart disease. They do not have 

the ability to orient investments towards the adoption of innovations that could 

potentially improve patient pathways. 

Hereinafter is a table synthesizing the levels of power and interest of each of the 

categories of stakeholders mentioned earlier: 

Table 10 
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The thesis group now has listed and characterized the main stakeholders involved in the 

diagnosis and treatment of congenital heart disease. Their level of involvement and their 

interest in innovations in this field have also been mapped. As a conclusion of this sub-

chapter, and according to the findings coming from different interviews conducted, the 

thesis group built the table below that aims to highlight the different interactions 

between these stakeholders: 

Interactions analysis of stakeholders involved in the optimization of patients care 
and healthcare professional's workflow 

Table 11 

As expressed above, each stakeholder has a different level of involvement, a different 

interest and different needs regarding the diagnosis and the treatment of congenital 

heart disease. In order to quantify the interest and the needs of each of the stakeholder 
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group, it is important to associate the right key indicators of performance to then be able 

to extract the right needs, which the thesis group will elaborate in the next part. 

2.4 Relevant key indicators of performance and needs determination 

This part of the thesis aims to determine the Key Performance Indicators (KPIs) 

considered as relevant while innovating in the field of scheduling in healthcare, in the 

specific case of congenital heart diseases diagnosis and treatment. 

This part aims to highlight the main indicators characterizing the relevance of the use of 

a specific innovation from different perspectives which are the healthcare organization, 

the healthcare professionals and the patients and relatives’ points of view. 

To establish the list of these KPIs, leading to the establishment of needs, the thesis group 

interviewed different healthcare professionals involved in congenital heart disease or 

other disease groups. 

KPIs listed above aim to assess the prototype provided by the thesis group, and validate 

or to refute the hypotheses developed later in this chapter. 

It is also important to note that the thesis group focused on KPIs which are in 

compliance with Lean principles, focusing in a more patient-oriented care while 

assessing the value of the proposed innovative processes and pathways in terms of 

quality, waste or flow. 

Based on the KPIs given below, the thesis group proceeded to a comparative analysis 

aiming to spot the effects of the innovation proposed by the thesis group on the different 
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elements constitutive of the care, from different points of view, and using different 

approaches (mainly resource or human related approaches). 

2.4.1 Healthcare organizations’ relevant KPIs (especially for hospitals) 

The KPIs related to healthcare organizations can be resource-related or patient related. 

The first aims to find the relevant KPIs regarding the way a healthcare organization is 

using its resources, while the second one is mainly focusing on the outcomes provided to 

patients using health-related KPIs. 

The thesis group selected a set of resource-related KPIs relevant in the assessment of the 

model proposed it proposed in this thesis, which are: 

• The staff utilization index (% of utilization of staff at a total presence time),  

• The staff idle time index (% of staff wasted time on total presence time),  

• The staff presence index, the budget consumption (% of the budget allocated to a 

specific procedure),  

• The equipment and supplies availability (% of time where equipment and supply are 

available on total time they are needed),  

• The equipment and supply utilization index (% of equipment and supply used on 

total equipment and supply needs),  

• The average number of patients seen per day, 

• The healthcare professional’s satisfaction,  
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• The staff experience (changes of personal experience of the staff in the activities 

studied in terms of role, activities, workflow and practices),  

• The experienced benefits index (from implementing innovation) , 

• The cost allocation index (additional costs allocated to the project in terms of 

investment and running costs). 

2.4.2 Patients and relatives’ oriented KPIs 

Other KPIs can be relevant to study from the patient or the relatives’ perspective. The 

thesis group selected a set of patients-related KPIs relevant in the assessment of the 

model proposed it proposed in this thesis. These KPIs are the one listed hereinafter: 

• The re-hospitalization rate 

• The length of stay index 

• The time to service, 

• The hospital incident rate,  

• The patient mortality rate, 

• The patient satisfaction rate, 

• The patient follow-up rate, 

• The health outcomes, 

• The patient safety,  
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• Patient empowerment and awareness, 

• The adherence and compliance of patients to treatment. 

• Relatives clinical experience 

• Relatives satisfaction rate 

2.5 Clustering KPIs into groups of needs 

The needs of the patients, relatives, healthcare professionals and healthcare 

organizations naturally vary, not allowing for the choice of « one-size fits all » KPIs. But 

through the available data, the most valuable elements can be clustered. 

The choice of these clusters was confirmed through further research that were 

conducted by the thesis group, mainly thanks to interviews. As previously highlighted, 

the thesis group considers patients and healthcare professionals needs as the key 

elements of innovation. 

Moreover, the KPIs listed above are of different nature, and quantify these KPIs is not 

always possible. It can be easy to measure the staff idle time index, and to compare these 

indexes between two different scheduling options. But comparing the patient 

empowerment and awareness rates between two scheduling technics is not as easy to 

determine. 

Based on these elements and the data made available to the thesis group, the KPIs 

considered as relevant to study in the assessment of the innovative scheduling method 

can be clustered as follows: 
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• Quality of care provided to patients and clinical outcomes 

• Clarity, transparency and justification of decisions and care provided in order to 

comply with patients’ and relatives’ preferences and to avoid waste 

• Healthcare professional's satisfaction and work experience 

• Healthcare professionals, equipment and supply utilization and other resource-

related and financial considerations 

Hereinafter, the thesis group provided a short description of these clusters of needs from 

the  perspective of the main stakeholders: 

2.5.1 Quality of care provided to patients and clinical outcomes 

Improving the quality of the care delivered to patients has become one of the main 

priorities for healthcare organizations (Slack et al., 2015). The goal is to pursue better 

care for better outcomes, and achieving a high degree of patient and relatives’ satisfaction 

(Pols, 2013). Quality of patient care and outcomes is a determinant of the quality of 

infrastructures, of training and skills of healthcare professionals and the efficiency of 

pathways and processes, taking into consideration patients and relatives decisions (Slack 

et al., 2015). Thus, achieving quality regarding patient care and outcomes requires the 

adoption of patient-centered care taking into consideration both medical and non-

medical factors (Rao, 2002). Looking at quality of care and outcomes-related Key 

Performance Indicators can be considered as a relevant indicator for the assessment of 

innovations in clinical processes and patient pathways. 
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2.5.3 Healthcare professional's satisfaction and work experience 

Work experience and job satisfaction are important determinants of productivity and 

quality (Soni, 2016). Experience and satisfaction also have a direct impact on patients’ 

outcomes and healthcare organizations’ performance. The schedule of healthcare 

professional's work and their working conditions should be considered as elements 

forming a fully integrated part of how patient pathways are designed and how care is 

delivered (Gupta, 2017). Looking at the healthcare professional's satisfaction and work 

experience Key Performance Indicators can be considered as a relevant indicator for the 

assessment of innovations in clinical processes and patient pathways. 

2.5.4 Healthcare professionals, equipment and supply utilization, other resource-

related and financial considerations 

Healthcare professionals, equipment and supply utilization efficiency are linked to better 

care for patients, better outcomes and higher satisfaction (Slack et al., 2015). It also has a 

positive impact on healthcare professional's satisfaction and work experience and saves 

costs for healthcare organizations (Gupta, 2017). Looking at the healthcare professionals, 

equipment and supply utilization rates and other resource-related and financial Key 

Performance Indicators can be considered as a relevant indicator for the assessment of 

innovations in clinical processes and patient pathways. 
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2.6 Use of data for model building and KPIs measurements 

Hereinafter is the data needed to build the model for simulation and optimization for the 

scheduling of patient procedures taking into consideration patients’ and healthcare 

professionals’ preferences. This data is also the one used by the thesis group in order to 

measure the different KPIs listed above, that aim to assess the efficiency and efficacy of 

the model developed. 

The data elements listed all help to determine elements regarding the patient scheduling 

of procedures and healthcare professionals workflow scheduling, while contributing to 

the measuring and the assessment of the effects of the proposed innovation. 

2..6.1 Relevant patient data 

Most of patients’ data are considered as important, since data helps in the scheduling 

process, in order to determine the characteristics and the level of priority of the 

procedure provided to each of the patients. For simplification purposes, all of the 

elements of data listed below are not used in the model developed later in this thesis. 

Nonetheless, they are still considered as important elements, and could be useable in a 

more detailed and complex model. 

• The main patient data are regarding the patient profile and characteristics, including: 

gender, sex, ethnic group, age, measurements (height, weight), medical investigation, 

background (condition diagnosed, systolic and diastolic blood pressure, oxygen 

saturation, heart rate and rhythm, jugular venous pulse, cardiac auscultation 

examination and records, chest auscultation examination and records, medication 
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records), lifestyle risk factors (if relevant, alcohol drinking, smoking, dietary and 

physical activity status), family history if relevant, associated person (in the case of 

congenital heart diseases, the mother, used mainly for newborns), associated 

professional(s) and organization(s) (healthcare professionals and any organizations 

involved in the care of the patient in a recurrent way) and discharge and outcomes 

information (average LoS, average complication and re-hospitalization rates, with 

consequences on pathways) 

• Data regarding the description of the disease can also be considered as relevant . 

These elements include: the disease(s) diagnosed, the stage of the disease(s), the 

historic of interventions, co-morbidities, symptoms and characterization (presence or 

absence of symptoms, duration, severity, anatomical position) and referral 

characterization (if relevant, date, source, reason, level of urgency) and previous 

interventions and outcomes. 

As stated earlier in this thesis, the sources of the data listed above is coming from 

primary and secondary sources, mainly public datasets, interviews. 

2.6.2 Relevant healthcare organizations and healthcare professionals data 

As stated earlier, the data relevant to the analysis of the scheduling process is resources 

and patients oriented data for healthcare organizations. For simplification purposes, all of 

the elements of data listed below are not used in the model proposed by the thesis group 

later in this thesis. Nonetheless, they are still considered as important elements, and 

could be useable in a more detailed and complex model. 
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• The most important resources related data in the planning and scheduling of patient 

procedures is regarding the hospital service, the specialities of healthcare 

professionals required and the nature of the interventions performed. 

• General informations regarding needs to perform interventions is also needed, 

especially workforce, equipment and supply required to perform the procedures, the 

hospital service capacity and healthcare professional’s preferences in terms of work 

flow. 

• Regarding patients-related data, the main information important to gather is 

regarding the average patient costs, the health outcomes, the time to service, the 

hospital incidents rate, patient satisfaction rate and the patient follow-up rate. 

• Ultimately, other constraints building the scheduling of healthcare professionals 

workflow are required, including legal and regulatory aspects. For simplification 

purposes, only opening-hours are taken into consideration in the model provided 

later on. 

As stated earlier in this thesis, the sources of the data listed above is coming from 

primary and secondary sources, mainly public datasets, interviews. 

2.7 Hypothesis formulation 

Given these KPIs turned into clusters of needs from the patients, relatives, healthcare 

professionals and healthcare organizations, different hypotheses can be emitted 

regarding the use of optimization methods and tools for and the for coordination of 

patient flow with the healthcare professional's workflow. 
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These hypotheses aim to be validated or refuted later in this thesis, in the conclusions 

following the results of the model provided by the thesis group. 

These hypotheses are the following: 

Hypothesis 1. The better coordination of patient flow with the healthcare professional's 

workflow is improving the quality of care provided to patients and clinical outcomes. 

Hypothesis 2. The better coordination of patient flow with the healthcare professional's 

workflow is improving healthcare professional's satisfaction and work experience. 

Hypothesis 3. The better coordination of patient flow with the healthcare professional's 

workflow is improving healthcare professional's equipment and supply utilization rates 

and other resource-related and financial considerations. 

2.8 Conclusions of the chapter 

The second chapter of this thesis consisted in a literature review, a description and a 

contextualization of the different tools and methods used in this thesis. The state of the 

art was also provided in order to have an overview of the current best innovations and 

practices in terms of innovation in scheduling of healthcare procedures. A background 

has been provided in order to better analyze and assess the innovation proposed in the 

next chapter mainly based on the establishment of KPIs and hypotheses that will lead 

the remaining parts of the thesis. 

The third chapter will go in depth into the modeling of patient flow and healthcare 

professional's workflow. 
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Chapter 3: Modeling, simulation and 

optimization for care scheduling 

This chapter provides more insight into the different elements and constraints forming 

patient flow and workflow for healthcare professionals, in addition to a conceptual 

framework for optimization of processes and pathways. Then, the chapter elaborates on 

the development of a functional prototype of a model, aiming to simulate patient flow 

and healthcare professionals’ workflow. The second part of this chapter will focus on the 

results and on the assessment and the criticism of the model built throughout this 

chapter. 

3.1 Review of existing work and state of the art

The literature on the optimization of patient pathways with healthcare professional's 

workflow in the diagnosis and treatment of congenital heart diseases is non-existent. 

Nonetheless, some work exists for other disease groups, mainly in oncology, where 

existing optimization methods can be translated to congenital heart diseases. 

Mazier and Xie (2009) proposed a method for optimizing scheduling of physician work 

periods in an oncology outpatient clinic in two phases. The optimization model is a 

mathematical model taking into consideration relevant constraints, such as patient 

protocols for treatment, outpatient clinic capacity and physician planning preferences. 

The purpose of this work is to balance the workload with protocols and healthcare 

professional's preferences. 
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Turkcan et al. (2010) developed methods for scheduling and planning of operations for 

chemotherapy with the aim of optimizing the protocol of treatment for patients with the 

availability of hospital resources. The authors concluded with a functional and 

implementable prototype of a model, working as a decision support tool in order to build 

teams and assign patients to them. 

Both of papers are proposing solutions for a disease group and a clinical area different 

from the one the thesis group focuses on. Moreover, the solutions proposed are not 

addressing the same purposes as the thesis group’s project. Indeed, they focus more on 

the operational management’s point of view, considering patients or healthcare 

professionals as simple variables in a model, without considering elements such as 

patient-centeredness of care or without considering patients and healthcare 

professionals’ preferences. The approach of these models can be considered as not 

humanistic enough to meet the requirements set by the thesis group, and the needs 

expressed by the different stakeholders interviewed by the thesis group. Ultimately, the 

literature available is addressing optimization methods that the thesis group will not use 

in this thesis because of the thesis group’s limitations in terms of knowledge in this field. 

3.2 Technical background and constraints building the schedule of 

care 

Before going into details in the modeling, simulation and optimization for the scheduling 

of patient procedures, a technical background must be given. 
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Again, the thesis group focused its efforts towards the scheduling of care for patients 

suffering of congenital heart disease. More specifically, the thesis group decided to work 

on the finding an innovative method allowing for an optimized scheduling of procedures 

for operating rooms in a pediatric cardiology hospital service. 

For this kind of conditions, the diagnosis and the care provided to patients is made 

under either hospitalization or ambulatory. In the heavy majority of cases, the diagnosis 

and the care provided are scheduled prior. This is due to the fact that most congenital 

heart diseases are detected prior to the birth (Richmond, 2001). This statement excludes 

unscheduled care caused by undetected congenital heart diseases. For simplification 

reasons, the model developed later on will consider the scheduled diagnosis and care 

only. 

Diagnosis and care provided to patients are scheduled taking into consideration different 

parameters, including healthcare professional's availability or the respect of patients’ 

protocols (such as the primary cardiac testing that must be conducted between the 15th 

and the 22nd weeks of pregnancy). The way diagnosis and care are scheduled have 

important consequences in healthcare professional's plannings and workflow, that are 

important determinants in the management of a hospital (Richmond, 2001). 

Other resources are affected by the way patient's diagnosis and care are planned. Indeed, 

the choice of adoption of a specific planning method impacts the availability of resources 

(Sadki, 2012). Many elements, including beds and operating room availability for the 

patients, availability of a pharmacist who prepares the pharmacotherapy or other 

caregivers must be taken into consideration. Since these resources are for limited 

numbers and are available on a limited time, the maximum capacity of the hospital is also 

an element to be taken into consideration. To summarize this statement, the question of 
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resource management is of major importance, and is also a well known topic in 

healthcare and hospital management (Barjis, 2008). 

Human beings also have to be seen as a factor to be taken into consideration. Human 

beings are addressing uncertainty in the different processes. Whether seen as as a 

resource participating in the diagnosis or in treatments of congenital heart diseases (as a 

cardiologist, an anesthetist, a radiologist...) or as a patient, the human being must be seen 

as vectors of uncertainty that potentially lead to gaps between what was initially 

scheduled in a model and the reality (Barjis, 2008). A robust and realistic way of planning 

has to be implemented in order to take into consideration the variability induced by the 

human factor. A scheduling way that that minimizes this factor as much as possible is of 

major interest for patients, healthcare professionals and hospitals (Sadki, 2012). 

Moreover, the scheduling of the patient’s diagnosis and care is usually based on two 

categories of planning: the first one aims to manage the workload on a medium to long 

term horizon (a month, a couple of semesters, a year) and the other one aims to manage 

the patient’s scheduling of diagnosis and care on a short term horizon (a morning, an 

afternoon, a day or a week). The second category aims to optimize the operational aspects 

of scheduling (waiting times, unseen patients rate, and so on), where the first one aims to 

manage the care at the hospital level (amount of staff needed, occupation rates, and so 

on) (Xie et al., 2010). 

In order to illustrate these statements, the table hereinafter provides an example of 

planning of patients in a fictive pediatric cardiology operating room, developed based on 

observations from interviews and literature (Levine and Dunn, 2015): 
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Table 13 

Ultimately, to maximize patients’ outcomes, while reducing the risks for patient safety, 

hospitals must stick to protocols and should fit their diagnosis and treatment schedules 

on this basis. Research shows that for other disease areas, not respecting diagnosis and 

treatment protocols lead to degradation of results of treatments, reducing the quality of 

life of the patient and a shortening of life expectancy (Bonadonna et al., 1995). 

In this sub-chapter the thesis group provided an overview of theoretical and technical 

background behind modeling, simulation and optimization of healthcare professionals’ 

schedules. 

The major constraints that are making managing and planning of diagnosis and care of 

congenital heart disease complex have been identified, and the need for better ways of 

doing so is stated. 
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3.2.1 Elements of context and formulation of the constraints 

As mentioned in the interviews carried out by the thesis group, the essential elements of 

context and constraints forming the problem are formulated hereinabove: 

• The problem the thesis group aims to solve is the optimization of the schedule of care 

for patients with the healthcare professional's workflow. Thus, in this model,  patients 

and healthcare professionals have the possibility to emit preferences regarding the 

organization of their care, in order to satisfy their preferences. 

• This the way patients and healthcare professionals’ preferences are taken into 

consideration is modeled through their willingness to be working at specific time 

slots or not. This means that patients and healthcare professionals will emit 

preferences in their schedules by eliminating the possibility to schedule them at 

specific time slots. Interviews motivated the thesis group to model healthcare 

professionals’ preferences by incorporating their preferences in terms of worked 

hours. 

• Prior to the treatment or the diagnosis method provided to a patient, an examination 

is held in order to make sure that the patient is able to receive the treatment or to be 

diagnosed. If not able, the treatment is postponed to a later date. The uncertainty 

remains until the treatment starts, and the examination has to be taken into 

consideration while scheduling and planning. 

• The diagnosis and the treatment capacity of patients is the full process made of the 

sum of diagnosis and treatment sessions, interspaced following a specific protocol, 

even though a consensus is not established for specific diseases. 
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• The main elements taken into consideration to build this model are specific teams of 

healthcare professionals, a specific set of patients and a specific surgery box. Time 

slots and the amount of patient are the time variables. In order to simplify the model, 

other elements such as the nature of the diagnosis and the treatment, the 

qualification of healthcare professionals (pediatric cardiologist, nurse, and so on) are 

not taken into consideration. Spacial variables are also omitted for simplification 

purposes. 

• A typical hospital is usually running from Monday morning until the end of the 

morning on Saturday, that is to say 33 time slots (see table above with a fictive 

schedule for a pediatric cardiology operating room). 

• For simplification purposes, the weekly planning horizon term is the only one to be 

optimized, since the diagnosis and the care for each patient is not cyclic in the case of 

congenital heart diseases. 

• In order to simplify the problem again, healthcare professionals are represented as 

teams, instead of individuals. By representing teams instead of individuals, the 

amount of individuals computed in the model is reduced. 

• The problem is optimized at the operating room level. Optimizing the scheduling of 

care for a full hospital service, or for a full hospital would require calculation power 

that is not available to the thesis group. 
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3.2.2 The current way of scheduling care 

The way of scheduling care for healthcare organizations can almost be considered a 

standardized procedure (Heath, 2017). The process starts by a patient in need of future 

care. If the care follows a specific protocol, then its scheduling must fit within this 

protocol. Otherwise, more freedom can be taken regarding the exact time in which care 

is held. According to interviews, mainly the one with the Head Nurse of the 

Rigshospitalet, the patient, its relatives or a healthcare professional, requests an 

appointment, which a receptionist, or a healthcare professional, will take into 

consideration. The receptionist gathers the relevant data, such as the kind of care 

needed, the protocol to follow or the level of emergency to then determine the moment 

of the appointment, according to the free time slots available. Usually, once care is 

scheduled, it is not possible for the healthcare organization to reschedule it, except in the 

case of force majeure or exceptional circumstances. This reduces the flexibility of 

schedules, and reduces the possibilities for new patients to find an optimal time slot 

which maximizes the outcome of their procedure (Heath, 2017). 

3.3 Formulation of the problem and of the constraints 

As a reminder, the research question leading this Master’s Thesis is the following: 

How far can patient pathways be coordinated with healthcare professional’s schedules while 

being performable ? 

In order to answer this question, the thesis group developed an innovative approach and 

a prototype of a solution aiming for a better coordination between patient flow and 

healthcare professional's workflow. 
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As explained earlier, it was developed a mathematical model and the prototype of an 

algorithm resulting from it. These are developed under the structure of a Mixed-Integer 

Linear Programming (MILP) problem, which is a sub-field of algorithmic optimization 

and theoretical computer sciences (Savage, 1997). The purpose of the use of such models 

is the optimization (maximization or minimization) of a problem, given a set of variables 

and constraints to be respected (Savage, 1997). 

Mixed-Integer Linear Programming allows to take into consideration constraints such as 

healthcare professional's capacity or facility capacity, in the case of diagnosis and 

treatment of congenital heart diseases, and treatment protocols for patients (Xie et al., 

2010). The thesis group also has also chosen to take into consideration patients and 

healthcare professionals’ preferences as constraints building our model, in order to 

adopt a more patient-centered and healthcare professionals-centered approach in the 

way care is scheduled. 

3.3.1 Formulation of the problem 

This problem of planning and scheduling of care is solved in this paper on a day-by-day 

basis (days are divided in mornings and afternoons). It was decided on modeling and 

optimizing plannings on a day-by-day basis instead of full weeks in order to limit the 

complexity of the optimization process. To simplify the problem even more, the thesis 

group decided to split each day in two periods of time: the morning and the afternoon. 

By splitting days in two, the time required to optimize the schedule of care is also 

reduced. Then, once each morning and each afternoon of a day are optimized, each day is 
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then optimized locally, using an iterative approach and trying different scheduling 

options. 

This gives the following problem solving approach process: 

Table 14 

3.4 Mathematical modeling of an optimized planning for a pediatric 

cardiology operating room 

Above, the thesis group formulated the problem and the main constraints and elements 

of context forming it. In order to solve this optimization problem in an effective way, it 

needs to be formulated in a mathematical way. This part of the thesis is focusing on the 

elaboration and the description of a mathematical model aiming to provide an optimized 

scheduling of procedures for operating rooms in a pediatric cardiology hospital service, 

taking into consideration the preferences emitted by healthcare professionals and 

patients. 

This planning problem is mainly defined by the availability of healthcare professionals, 

on a day-to-day basis, with a weeklong planning horizon, a set of patients with a protocol 

of care for each patient to be respected, and the consideration of patients and healthcare 
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professionals’ preferences in terms of scheduling. Other relevant elements are 

consultation capacity and patient treatment processing time. 

One of the ways to mathematically represent this problem of optimization of the 

schedule of care and to obtain suggestions of solutions can be represented by the 

following Mixed-Integer Linear Programming problem: 

!  

Subject to 

 

 

 

 

 

3.4.1 Definition of the variables 

The model displayed above seems to be really abstract. Hereinafter in an explanation of 

its variables: 

• A specific team of healthcare professionals is represented as the variable j. 

• The sum of all teams is represented as J. 

MIN ∑
w∈W

(Cw − ( Cw) + M A X∑
j∈J

∑
w∈W

∑
t∈T

ejwt
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• The variable Y denotes for each team of healthcare professionals the periods of 

availability. 

This variable is designated by a binary matrix Yjt, taking 1 as value if a team of 

healthcare professionals is available, 0 if not. A binary matrix is built, as shown in the 

following example: 

Table 15 

• The variable associated to an operating room is B. 

• The variable associated to the availability of an operating room is l. 

• The variable C, expressed twice in the minimization problem, respectively represent 

the minimum and maximum daily needs of healthcare professionals and operating 

room during a specific day of a week. 

• A specific week is denoted as the variable W. 

• A specific day is denoted as the variable w. 
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• A specific time slot is denoted as the variable t. 

• The total of patients to be treated in the period to be optimized is denoted as the 

variable P. 

• A specific patient within the set of patients is denoted as the variable i. 

• The variable x denotes if a patient is to be treated during a specific day. 

This variable is designated by a binary matrix xjt, taking 1 as value if a patient is 

available to be treated according to its preferences or if care is needed, 0 if not. A 

binary matrix is built, as shown in the following example: 

Table 16 

But prior to determine when the care is needed on a specific day, it is necessary to 

determine whether care is needed or not during the week. 

• The variable a denotes if care is needed for a patient during a week. 
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This variable is designated by a binary matrix ajt, taking 1 as value if a patient is to be 

treated, 0 if not. The binary matrix is similar to the one given hereinabove as an 

example. 

• The variable d designates the amount of time slots needed to operate a specific 

patient. 

• The variable e denotes the treatment capacity of a specific week. 

As explained in a deeper way later in this thesis, the problem is optimized in a three-step 

method, splitting days in mornings and afternoons. Thus in this model: 

• The variable AM denotes the time slots available in the morning and the variable PM 

denotes the time slots available in the afternoon. 

• The variable Qt denotes the maximum capacity of a specific afternoon. 

• The variable L denotes available time slots in an afternoon. 

The reason these variable focuses on afternoons only is coming from the fact that the 

afternoon optimization process starts after the morning one, which induces that some 

time slots of afternoons might not be available, mainly if the planning is overrun. 

Indeed, hospitals often schedule heavy procedures on mornings since operations can 

last until the afternoon, mainly in the case of operations that need longer than 

scheduled to be performed. This leaves time for these operations to be completed no 

matter how much extra time they require, and to postpone lighter and less urgent 

operations to an ulterior date, without compromising the protocols and without 

importantly impacting pathways for these patients. One of the factors leading to 

variable times for operations is the human-induced uncertainty, that leads to gaps 
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between what was forecasted in a model and scheduled, and the reality. By scheduling 

procedures that might lead to a higher gap than others in the morning, hospitals 

minimize the violations on the initial schedule. 

3.4.2 Explanations of the problem 

As a reminder, the problem is the following: 

!  

This problem aims to minimize the working time of healthcare professionals and to 

minimize the use of time slots for the treatment of patients, while maximizing the 

treatment capacity. Technically speaking, this problem aims to find the minimal 

difference between the minimum need of healthcare professionals and the maximum 

need of healthcare professionals that both satisfy the needs of care for patients. The 

second part of this model is focusing on maximizing the use of healthcare professionals 

and operating rooms in a way that maximizes the treatment capacity of the hospital 

service during a specific week. 

3.4.3 Definition of constraints 

The optimization problem and all the variables composing the model are now defined. 

The thesis group will now explain the constraints shaping the model. As a reminder, the 

constraints constituting this model are elements of different nature (functional, temporal, 

MIN ∑
w∈W

(Cw − ( Cw) + MA X∑
j∈J

∑
w∈W

∑
t∈T

ejwt
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spacial, resource-related) and aim to narrow the research of a solution in order to solve a 

model by being as close as possible to reality. 

• The first constraint shaping the problem is the following: 

The first constraint is here in order to optimize the patient pathway, the care is going to 

be scheduled in a way that allows them to be treated in a single visit. The motivation 

behind this variable is coming from patients, relatives and patient organizations that are 

calling for, as interviews suggested. 

• The second constraint is the following: 

This constraint focuses on the fact that the number of teams of healthcare professionals 

that are scheduled for an operation should not exceed the number of available operating 

room. 

• Then after, the next constraint shapes the model in order not to allow the allocation 

of more time slots to patients than the maximum capacity of a day or a week: 

• The next constraint calls for ensuring that patients are seen by a team of healthcare 

professionals when they visit the hospital. To do so, each patient must be assigned to a 

time slot of the day in which a team of healthcare professional is available: 
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• The constraint hereinabove is not allowing the results of the problem in which the 

result of Yjt equals to 0. This leads to the next constraint. As mentioned earlier, the 

variable Yjt is designated by a binary matrix, taking 1 as value if a team of healthcare 

professionals is available, 0 if not; Yjt follows the same principle: 

• Moreover, the next constraint is designed to ensure the fact that patients are not going 

to be scheduled if they are not part of the patient group to receive care in a specific 

day, if they have already been treated or if the care they require is not fitting in an 

available time slot because they require too much time: 

• The next constraint is here to ensure that the number of teams of healthcare 

professionals that are scheduled for a time slot do not exceed the number of 

operating rooms available: 

• The following constraint ensures that the availability of operating rooms for 

operations starting in the afternoons is limited to what is made available regarding 

the care scheduled in the morning: 

Indeed, operations starting in the morning can start in the morning and finish in the 

afternoon, but operations starting in the afternoon can't finish in another day-half. Thus, 

ensuring that operating rooms are available only needs to be done for afternoon periods. 

• Ultimately, we have the last constraints which are the following: 
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In these constraints, we observe that the morning period is going to be optimized, with 

the note (xit + xit+1) that indicates if a patient treated during a specific time slot is still 

being treated at the time slot t+1. It helps to determine the time slot in which the 

operation stops to then know when the next operation can be scheduled. These last 

constraints help to assign patients to specific time slots, taking into consideration the 

length of their operation and whether it is possible to fit the operation within the 

remaining availabilities on a specific day (Cw). 

The problem now being exposed, the thesis group will now solve it using a specific 

method, explained hereinafter. 

3.4.4 Optimization method 

Before solving the problem by optimizing it, the thesis group will explain in a deeper way 

the  selected optimization method. As explained earlier, the model will be optimized 

using a three-step method. 

The model proposed is based on the fact that a MILP model can be solved in a better 

and a faster way if part of the operating room planning is already given for some specific 

time slots, especially mornings. As explained earlier, hospitals tend to schedule heavy 

procedures on mornings to leave time for these operations to be completed no matter 

how much extra time they require, and to postpone lighter and less urgent operations to 

an ulterior date, without compromising the protocols and without importantly impacting 
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pathways for these patients. Thus, the first phase of the process to solve the problem is to 

maximize the allocation of time slots for morning periods of a week. 

The second phase aims to determine the planning for the afternoon periods, taking into 

consideration the first elements added to the schedule in a manual way. 

The first two steps described hereinabove are only allowing for a partial optimization of 

the problem. Indeed, it only optimizes the problem on a half-day basis, without taking 

the full day or the full week into consideration. This reduces the quality of the 

optimization. The third phase improves the medical planning obtained on the second 

stage by locally optimizing each time slot, each period of the day and each day in a week, 

to then optimize a full week. Thus, by changing the allocation of some of the procedures 

only instead of optimizing mornings, afternoons or a day as a whole, the results of the 

model are incrementally improved, using an iterative approach. 

This iterative approach for the local research of an optimized planning is based on the 

testing of different alternatives by permitting the results given by the optimization 

provided after the two first steps. This iteration is based on an optimization algorithm of 

local research. To validate or refute the proposed planning created using this iterative 

approach, the planning is confronted with the following problem: 

! s 

This means that if the planning suggested after the iteration is better (according to KPIs) 

than the one provided by the model after the two first steps, it is validated. If the 

planning suggested after the iteration is worst than the one provided by the model after 

the two first steps, it is refuted, and the iterative process starts again. 

MIN ∑
w∈W

(Cw − ( Cw) + M A X∑
j∈J

∑
w∈W

∑
t∈T

ejwt ≤ i tera t ion
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The table above is illustrating the process of iterative optimization: 

Table 17 

This problem means that the planning proposed after the iteration process searching for 

local optimums has to be more efficient than the one proposed at the second stage of the 

optimization process. The determinants for the qualification of the superiority of a model 

to another is determined using the KPIs provided earlier in this thesis (such as staff 

utilization index, length of stay for patients, and so on). 

To conclude this sub-chapter, the table above is explaining in a simplified way the 

optimization process for operation scheduling. 
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Table 18 

3.5. The building of a functional algorithm using a pseudo-code 

Using the basis provided in the previous sub-chapters, the thesis group will now develop 

a pseudo-code that aims to set in motion the mathematical model developed earlier. 
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In programming, pseudo-coding is an informal way to write the code of an algorithm, 

using a natural or near-natural language, without referring to a specific programmatic 

language. It aims to facilitate the understanding of an algorithm and its purpose without 

using exclusive or highly technical programming languages, to address it to a maximum 

of individuals (Zobel, 2013). A pseudo-code is often used for complex problem solving 

prior to the formal coding, in order to have a simple and understandable approach of 

this problem. 

Hereinafter is the pseudo-code of an algorithmic formulation for optimization of 

healthcare professionals schedules based on the mathematical model developed earlier: 

Step 1: Select a week, patients and healthcare professionals to be assigned in an operating room; 

Step 2: Build a schedule that solves the MILP problem for morning time slots (MILP AM’) for a 

specific morning of the week, preferably the morning with heavy care and/or care with high level 

of priority, which scheduling is not flexible; 

Step 3: Solve the MILP problem for afternoon time slots (MILP PM’) for for a specific afternoon 

of the week, then display a first version of the schedule for this day; 

Step 4: Solve the MILP problem by local research of optimums by adjusting the morning and 

afternoon periods; 

Step 5: 

 5.1: If " , then go to step 4; 

 5.2: if " , then display the   

 solution of the MILP problem and stop. 

MIN ∑
w∈W

(Cw − ( Cw) + MA X∑
j∈J

∑
w∈W

∑
t∈T

ejwt ≥ iterat ion

MIN ∑
w∈W

(Cw − ( Cw) + MA X∑
j∈J

∑
w∈W

∑
t∈T

ejwt ≤ iterat ion
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Step 6: Select the remaining days of the week; 

Step 7: Solve the MILP problem for morning time slots (MILP AM’’) for all of the mornings of 

the week; 

Step 8: Solve the MILP problem for afternoon time slots (MILP PM’’) for all of the afternoons of 

the week, then display a first version of the schedule for the week; 

Step 9: Solve the MILP problem by local research of optimums, building a new planning by 

exchanging time slots given to each patients when possible; 

Step 10: 

 10.1: If "  for the week, then go to  

 step 4; 

 10.2 if "  for the week, then display  

 the solution of the MILP problem and stop. 

This pseudo-code highlights the complexity of the process to optimize the schedule of 

care. Even though the pseudo-code is already complex, it is nonetheless possible to 

formally code it, as explained in a deeper way in the next part of the chapter. 

∑
w∈W

(Cw − Cw) + MA X M∑
j∈J

∑
w∈W

∑
t∈T

ejwt ≥ iterat ion

∑
w∈W
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∑
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∑
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3.6 Formal code of an algorithmic formulation for optimization of 

healthcare professionals schedules 

In computer sciences, the formal coding of an algorithm is defined as the standardized 

and conventional use of a language used in order to formulate algorithms to then apply 

them (Zobel, 2013). Formal coding requires the use of a specific alphabet, a specific 

vocabulary, and to a specific grammar in order to obtain the desired results. Formal 

coding allows for various data to be manipulated, and allows for the use of multiple 

models. 

The thesis group decided using the programming language Python. It is described as an 

«  object-oriented, with dynamic semantics  » programming language and softwares 

(Dubrau and Hendren, 2012). This language is broadly used in order to solve complex 

quantitative problems, including optimization under constraints using the Lagrangian 

relaxation method, that will be used throughout this thesis. 

As an appendix, the thesis group provided the formal code of a simplified version of the 

problem exposed earlier in this thesis. The thesis group provided this code as an 

appendix since this code constitutes a prototype and is based on a simple version of the 

problem displayed earlier. Moreover, due to the length of the code, it was not possible to 

include it in the main document. 

In the next part of this chapter, the thesis group will elaborate on the solving of the 

problem using the algorithm mentioned hereinabove, and using a specific dataset to 

then, obtain concrete results. 
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3.7 Problem solving using a fictive dataset 

Once the mathematical model and the algorithm are built, it is necessary to test it in 

order to assess the feasibility, the efficiency and the efficacy of the model developed. 

As mentioned earlier in the methodology part, the thesis group developed and 

configured a fictive dataset, made of fictive healthcare professionals, patients and 

procedures allowing to do so. The thesis group built this fictive, but realistic dataset, 

mainly using open-source databases, but also from the interviews conducted in order to 

confirm the realism of the scenario of the experience. The description of this fictive 

dataset and the description of the fictive hospital service are provided in appendices. The 

thesis group ran the algorithm (provided in appendix) using this specific dataset and the 

context it provides. 

As explained earlier, the thesis group made the use of the software IBM ILOG CPLEX 

Optimization Studio 12 in order to run the algorithm and to determine an optimized 

version of the schedule of the planning the care in an operating room, and under a 

simplified version. 

More elements are available as an appendix regarding the solving of the problem solving 

using a fictive dataset. This is due to the length of the solving procedure and on the fact 

that only a simplified model could be used. 

In the next part of this chapter, the thesis group will now expose the results of this 

experiment. 
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3.8 Results of the experimentation 

The experiments conducted by the thesis group using a simplified version of the 

algorithm show an improvement in the way the planning of the care is made. This is 

proven by the evolution of different KPIs, such as the staff and equipment utilization and 

idle time indexes, the average number of patients seen per day, the staff satisfaction rate, 

the patients hospitalization rate or the Length of stay index. 

Moreover, the experiments show that the optimization of the schedule allows for the 

allocation of new patients in time slots that are made free by the optimization model, 

increasing the treatment capacity for each operating room. 

3.8.1 Analysis of the initial situation 

As a reminder, the table below shows the initial schedule the thesis group based its 

analysis on: 

Table 19 
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In this scenario, the amount of time slots worked by healthcare professionals in the 

initial configuration is 61 (out of 66). The amount of short and long shifts (respectively 1 

time slot or 4 time slots or more) equals to 7. The amount of patients seen equals to 9, 

and the amount of patients who must stay overnight for a second procedure is equal to 2. 

This gives a staff and equipment utilization index of 92,4%, with 7,6% of idle time. On 

average, 1,64 patients are going through an operation each day and they stay 1,22 days on 

average (Length of Stay Index). The staff satisfaction rate, given by the sum of short and 

long shifts minus the sum of medium shifts (between 2 and 4 time slots) equals to -2, 

meaning that the staff is not optimally satisfied with the way their work is scheduled. 

3.8.2 Example of an optimized planning suggested by the algorithm 

The experiments conducted by the thesis group suggested the following improvements 

in the planning given earlier: 

Table 20 
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The changes suggested by the algorithm helped the thesis group to build the following 

optimized schedule provided: 

 

Table 21 

These changes have a direct impact on the different KPIs listed and calculated for the 

initial planning, as explained in a deeper way in the next part of this chapter. 

3.8.3 Analysis of the optimized planning suggested by the algorithm 

The table hereinafter compares the results provided by the optimized planning with the  

original schedule: 

Indeed, the optimized planning suggested by the algorithm, the amount of time slots 

worked by healthcare professionals is of 61 (out of 66), but the optimization allowed for 2 

extra patients to be seen. This means that the capacity is increased, since there are 2 

periods with 3 successive free time slots in the same operating room. 
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Table 22 

The amount of short and long shifts equals to 5 (7 in the previous schedule). The amount 

of patients seen or potentially seen equals to 11 (increase of 2 patients), and the amount 

of patients who must stay overnight for a second procedure is equal to 1 (2 in the 

previous model). 

This gives a potential staff and equipment utilization index of 96,7%, with 3,3% of idle 

time. On average, 2 patients are going through an operation each day and they stay 1,18 

days on average (Length of Stay Index). The staff satisfaction rate equals to +2, meaning 

that the staff is satisfied with the way their work is scheduled under the new schedule. 

All of the KPIs relevant for the analysis and the assessment of the quality of a planning 

are improved. The potential staff and equipment utilization index is increased by 4,65%, 

the idle time index is reduced by -56,58%, the average number or patients seen is 

increased by 21,95% and the Length of Stay is reduced by -3,28%. Ultimately, the staff 
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satisfaction rate has improved by 4 points and the staff moves from being unsatisfied to 

satisfied with the way their work is scheduled. 

3.9 Conclusions of the experiment 

The obtained results demonstrate that this three-step Mixed Integer Linear 

Programming model allows for the generation of optimized scheduled of the planning of 

a pediatric cardiology operating room. 

Preliminary results tend to conclude that the model developed by the thesis group shows 

an improvement in the way the planning of the care is made, proven by the evolution of 

different KPI and allowing for an increased treatment capacity for each operating room. 

The thesis group hypothesized earlier in this thesis that care scheduling is allowing for a 

better coordination of patient flow with the healthcare professional's workflow is 

improving the quality of care provided to patients and clinical outcomes, leading to an 

improved healthcare professional's satisfaction and work experience. Another hypothesis 

stated that improved patient schedules aims of having better healthcare professionals, 

equipment and supply utilization rates, leading to a better use of resource-related and 

financial elements. The preliminary results tend to demonstrate that these hypotheses 

are validated. 

Nonetheless, the preliminary results cannot prove the first hypothesis, stating that better 

coordination of patient flow with the healthcare professional's workflow is improving the 

quality of care provided to patients and clinical outcomes. Indeed, this must be 

confirmed through the effective implementation of our model and using specific 

!104



qualitative technics in order to assess the changes in quality of care and outcomes in the 

patient’s care. The results regarding these hypotheses will be explained in a deeper way 

in the next chapter. 

In the next chapter, the thesis group will also open its level of analysis by evaluating the 

managerial elements of innovating in terms of processes and pathways. The model 

proposed by the thesis group will be assessed and criticized for potential improvements, 

mainly using feedbacks from the interviewed healthcare professionals. The 

implementation and the organizational implications of an effective implementation of 

such innovations will also be studied, and different related concepts will be highlighted 

and discussed. 
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Chapter 4: discussion, conclusions and 

further work  

The fourth and final chapter of this thesis consists in a discussion of the findings, a 

meta-analysis, and some elements regarding potential further work. 

4.1 Discussion 

Amongst others, the optimization of the schedule of healthcare professionals aims for 

institutions to reach satisfactory levels of performance and results, making them 

competitive in their excellence and quality. Moreover, it aims for better patient pathways 

and better patient outcomes. Scheduling is a complex task for healthcare organizations. 

This statement is coming from the multiplicity and the heterogeneity of variables that 

will condition the desired outcome, coming from the difficulty to define, select and 

measure these variables. The planning process begins with a diagnosis of the problematic 

situation that motivates for changes in the way plannings are established. In the current 

situation, in order to improve the schedule of procedures in a hospital, planners 

diagnose the reality to then try to identify the problems, for later action (Du et al., 2018). 

But this method (current method) often results in an unoptimized planning the elements 

of information and the variables to be taken into consideration is too important to be 

treated by a human being without committing any mistakes, which is not the case for a 

mathematical model and an algorithm (Berkeley et al., 2014). To give an example, a 
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planner can provide a suggestion of planning of procedures which is optimum for 

patients, but not for healthcare professionals, which in some cases can cause overstaffing 

or over-workloads for healthcare professionals. This will lead to have higher costs for 

healthcare organizations and the community in general, or poorer working conditions for 

healthcare professionals, which, amongst others, impacts the quality of care and patient 

satisfaction. 

For these reasons, the thesis group developed a mathematical model and the prototype of 

an algorithm aiming to optimize the patient flow and planning of procedures of the 

patients while optimizing the workflow of the healthcare professionals. 

The model developed aims to take different elements into consideration such as the 

interactions and coordination between individuals and groups of healthcare 

professionals, the patient flow, individuals’ preferences, use of medical resources and so 

on. In this paper was demonstrated that its innovation proposed has positive and 

concrete results, even though the results are coming from the partial model, taking into 

consideration some constraints only. The thesis group was able to provide schedules with 

better outcomes than schedules generated using random draws. Thus, it is possible to 

conclude that the optimization of processes and pathways of patients using the thesis 

group’s prototype of innovation is relevant. 

In the next sub-chapter, the thesis group will discuss the technical and technological 

elements regarding the proposed innovation. 
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4.1.1 Justification of the use of a Mixed-Integer Linear Programming model for 

scheduling of care 

« Simulation tools, whether they are physical or digital, are incredibly efficient to improve the 

way healthcare organizations are operating » 

Arnau Valls, San Joan Déu Barcelona Children's Hospital. 

Mixed-Integer Linear Programming models in the healthcare sector, amongst other 

algorithmic methods, is a recently studied field by researchers. Algorithmic methods 

allow the use of technologies for improvement of population’s health. Mixed-Integer 

Linear Programming models allow to simulate patient flow and healthcare professional's 

workflow based on real-life datasets, but fictive scenarios in order to reflect a reality and 

to potentially improve it. The reason that this work based its efforts on simulation 

technologies for solving the problem of optimization of scheduling of care is on the fact 

that simulation is a safe technic that reproduces real system situations without 

interfering with its operation, which makes it suitable for use in hospitals. For instance, if 

a hospital would try different scheduling technics, and if these trials resulted in poorer 

outcomes in terms of efficiency and efficacy of the scheduling, the hospital could lose in 

terms of quality in its services, which would be translated into a risk for patients and 

healthcare professionals, as detailed in a deeper way earlier in this thesis. Moreover, real 

experimentation is considered as too expensive to be set in motion, so a simulation can 

be considered as an economical way to develop and test unlimited alternatives to 

processes and paths (Harder, 2018). 

Moreover, it was decided to base its Mixed-Integer Linear Programming model on a 

Lagrangian relaxation method. This choice is motivated from the fact that the Lagrangian 

relaxation method have already shown concrete evidence of its efficiency when used for 
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purposes of simulation of processes and pathways. The Lagrangian relaxation method 

can be used for the development of cyclic schedules for nurses and doctors, taking into 

consideration patients’ cyclic care demand and individual preferences, while being 

performable thanks to the consideration of other parameters such as minimal demand-

satisfaction requirement or even legal aspects. 

Moreover, the Lagrangian relaxation method is a method easy to adapt from a 

mathematical formulation to a quasi-algorithm, and then, to an algorithm. It also fits 

most of the available optimization softwares since this method is used for many purposes 

and for many fields of activity. 

Ultimately, the Lagrangian relaxation method is a method which is studied in the 

curriculum of the Master’s Degree in Business Administration and Innovation in Health 

Care, which makes it even more relevant to study in the case of a Master’s Thesis. 

4.1.2 Technical and technological constraints 

« Scheduling in hospitals is not a difficult task by itself. Bringing extra technologies is not always 

relevant, since it can bring a lot of complexity for poor extra outcomes » 

Iris Roussel, Oz'Iris. 

The size of the model used by the thesis group is determined largely by its constraints. 

While some constraints grow linearly with the number of patients, healthcare 

professionals or operating rooms, some constraints grow at a higher rate (such as the 

consideration of protocols and healthcare professional’s preferences). For that reason, 

the level of complexity at an exponential rate will increase (Impagliazzo, 

2001). Furthermore, this problem of optimization is considered as highly « symmetric ». 
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This means that, since patients have a high level of similarities in their procedures (in 

terms of protocol or time), and since it is indifferent which team of healthcare 

professionals is treating a patient, patients are highly interchangeable. This creates near-

infinite planning options, which are highly increases the computing time (Sadki, 2012).  

The only way to access constructive results is to take into consideration the entirety of 

the constraints building the model. By taking only a fraction of the constraints listed, the 

algorithm would take several hours to perform and to produce an outcome under the 

software IMB ILOG CPLEX Optimization Studio 12 and using a MacBook Pro (8Go of 

RAM, quad-core Intel Core i5 processor powered at 2,3GHz). Since calculation time is 

increasing exponentially with the complexity of the model, it is not even conceivable to 

think about performing the full model on any regular commercial computer. Nonetheless, 

the thesis group decided to perform a prototype of an algorithm, which is a partial 

version of the final algorithm. This prototype is provided in appendices 

Because of the high technicality of programming languages, the code was partially 

extracted from the Gurobi Optimizer in order to provide a constructive outcome. This 

tool an optimization software that provides open-source coding elements. Some elements 

of the coding are taken from the « worforce1.py » package provided by the Gurobi 

Optimizer, modified to fit the problem exposed. Nonetheless, these technical constraints 

don’t compromise the ability for the thesis group to provide a prototype with concrete 

results and a framework aiming to solve the problem of optimization of plannings of 

operation rooms for a pediatric cardiology hospital service. 

To synthesize, the scheduling of unique procedures, in a short period of time and by 

simplifying the interactions between individuals are resources is a known exercise, which 

is technically and technologically relatively easy for today’s commercial technologies. But 
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optimizing a set of patients with different protocols to follow, at a larger scale and for a 

bigger scheduling horizon is of another level of complexity, which requires much more 

sophisticated technologies. To corroborate the fact that, in the near future, the solving of 

bigger optimization problems will be made easier from a technological perspective, it is 

important to remember that problem solving using algorithmic optimization, especially 

using Mixed-Integer Linear Programming, moved from the invention stage to the 

innovation stage since a few decades only (Åsgård, 2017). The biggest challenge is 

associated to the problem of the interoperability of the data, and the absence of 

structures to exchange them. Nonetheless, it is accepted that this problem will be solved 

in the near future (Nicholson, 2017), which will allow for more data to be computed, and 

more complex problems to be better solved. 

4.2 Organizational implications and implementation of innovations 

In this part, it will be discussed the organizational implications following the 

implementation of technical and technological innovations such as the one presented in 

this thesis, mainly based on concepts and theories highlighted throughout the 

curriculum of the Master’s Degree in Business Administration and Innovation in Health 

Care provided by the Copenhagen Business School and the Copenhagen University. 

4.2.1 Organizational change 

« To success, an implementation must fit the innovation-system used by an organization, while 

being in accordance to values, norms, strategies, goals, and ways of working used by this 

organization»(Greenhalgh et al. 2004). 
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For an organization, the use of new technologies can be a source of solutions and, at the 

same time, can bring ineffective systems because, despite all technological advancements 

in computer science, there may be flaws resulting from both techniques, hardware and 

environmental aspects , which include the human factor. In this part of the chapter, the 

thesis group explores the determinants of an effective implementation of the innovation 

presented in this thesis.  

Innovating and implementing technologies are never to be examined in an isolated way, 

but must be seen as a part of a process in which multiple considerations must be studied. 

For example, innovating must explore the reciprocal relationship between medical 

innovation and clinical experience (Lehoux 2006). Considering the innovation presented 

in this thesis, the new model took into account multiple dimensions that compose the 

environment in which the innovation needs to be implemented. These dimensions can 

be split as external dimension (that represents the Environmental Dimensions) and the 

internal dimension (that represents the Operational Dimensions). Environmental 

Dimensions (ED) include complexity of innovation, organizational leadership, 

organizational culture, regulatory acceptance, acceptance by healthcare professionals. 

Likewise, Operational Dimensions (OD) include patient satisfaction, profitability, 

effectiveness, efficiency, patient safety, productivity, cost containment and quality. By 

taking these multi-dimensional elements into consideration, the goal is to maximize the 

likelihood of an effective implementation of its innovation. In this case, it was considered 

these environmental and operational dimensions to then determine what potential 

effects the implementation of a specific solution may have on an organization (Aanestad 

et al, 2017). 
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Organizational change is even characterized by the changes of behavior id its 

organizational members (Porras and Robertson, 1992). Moreover, innovations lead to an 

organizational change that will be reflected in the routines of health organizations, as 

well as in the life of health professionals (Pedersen, 2017). The innovation proposed in 

this paper,  can be considered as an organizational innovation, since it changes the 

organization of care scheduling and the process of determining schedules. It means that 

individuals must change their daily practice in order to fit the new organization set by 

the implementation of the innovation.  

The interviews conducted in this thesis highlighted that this change of individuals’ 

behavior and practice would constitute the biggest threat to an effective implementation 

of the presented innovation. It was highlighted that the thesis group’s innovation might 

lead to an organizational change that will be reflected in the routines of health 

organizations, as well as in the life of health professionals, and that the nature of these 

changes would potentially provoke an unwillingness to adopt this innovation. 

4.2.3 Resistance to change 

Resistance to change is one of the major limitations of this project. Over the years, 

people are building bonds with their own places and methods of work, and nurturing 

habits with which they are so entangled that any change faces a very strong psychological 

resistance. Change is often considered as a threat to the status quo of an organization, in 

the face of intricate rooting of people in the workplace, their belonging to spaces, 

materials and equipment. Individuals might be afraid that any change will go against 

their method of work, rooted over the years. Resistance to change is often seen as: « we 
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have always done so »; « This will never work »; « We do not need to change »; Is not a 

priority. This resistance may derive from organizational culture but may also have a 

rational provenance, ie, according to Liff (2011), employees can act according to their 

interests, their reason, their logic in order to obtain profits themselves or to avoid 

occupational risks or risks of professional and social status. 

According to the elements used to developed the innvation proposed,  these statement 

are not taking into consideration once the innovation proposed is developed following 

needs expressed by healthcare professionals. Indeed, with this new model for healthcare 

scheduling, optimizing workload, holidays, days-off, weekends and possibly rotations in a 

given planning horizon is one of the main considerations. In addition, the model 

presented does not compromise the coverage of hospital personnel demand. Thus, this 

innovation can be considered as beneficial to healthcare professionals since, according to 

interviews conducted, it partially meets one of their biggest needs. However, the thesis 

group is aware that organizational change will be needed in order to have an effective 

implementation will be successful. For that, health professionals needs to change their 

behavior and they need to believe the proposed innovation is a useful way to improve 

their working conditions and the new system will require less effort compared to manual 

scheduling. 

Regarding the willingness for a hospital to even think about implementing the innovative 

scheduling method proposed, interviews highlighted some barriers that would not make 

this innovation attractive or suitable for some of them. According to first observations, 

many hospitals would not be interested by such an innovation for the reason that they 

are not oriented towards automatized scheduling methods, since a humanistic approach 

of the scheduling process is favored in these organizations. Indeed, this innovative 
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technique is not always is accordance to values of organizations, even though it fits most 

of strategies and goals regarding organizational and financial aspects. 

4.2.4 The impact on individuals towards the suggested innovation 

«All innovation in the healthcare system affects humans, and are implemented through humans, 

therefore the human conditions of the institution are important as well » (Pedersen, 2017). 

Individuals constitute an important part of this system. Human beings, whether they are 

from a patient or a healthcare professional perspective, cannot be seen as a simple 

variable in a system, but must be studied with a much higher level of complexity. Some 

elements such as values and norms, ethical principles and behavioral intention must be 

taken into consideration. 

In this thesis, the qualitative and quantitative elements were linked to individuals that is 

possible to take into consideration in a mathematical model. This constituted a main 

challenge since characteristics building individuals can be hard to identify, to measure or 

to incorporate in a model. Moreover, the process of selection of the different variables 

constitutive of individuals in the model can be seen as a subjective and arbitrary. Most of 

individuals’ characteristics can be considered as important to take into consideration, 

since gathering data helps in the scheduling process. For simplification purposes, the list 

of characteristics used in the model is not exhaustive as explained in a deeper way earlier 

in this thesis. 

Nonetheless, adding more individuals-related characteristics to build a scheduling mode 

can be considered as an important improvement step for a more detailed and complex 

model. As proven earlier, patient flow and healthcare professionals’ workflow can be 
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improved if it is taking individuals’ preferences into consideration a variable. Individuals’ 

decision power is a variable - or a set of variables - that is often omitted in modeling and 

simulation for optimization. It consists on one of the main characteristic of Lean 

philosophy for healthcare, but also patient-centered care in general. For a potential 

further work to this thesis, the thesis group would focus on how to incorporate more 

characteristics regarding individuals, mainly about the establishment of preferences. 

An interview suggested to incorporate absenteeism in the developed model. A healthcare 

professional stated that one of the major consequences of un-optimized workflow is 

absenteeism. Developing schedules aiming to limit absenteeism by fighting against its 

determinants, such as heavy workloads on specific days, worked Saturdays, and so on, 

would be considered as a relevant improvement and feature of the proposed  prototype. 

Nonetheless, the question of the method to measure and to fight absenteeism requires 

deeper investigations. 

4.2/5  Financial and resource-related considerations 

«  Hospitals and the healthcare sector in general have a financial interest into using digital 

solutions for their basic tasks such as scheduling. If it makes them save money, they will take it » 

Christian Koerner, Rigshospitalet. 

Some of the challenges of health systems are to identify optimal allocation of available 

resources to maximize health (Di Maggio et al., 1983). However, financial and resource-

related constraints do not always allow healthcare systems to provide the necessary 

intervention level required to meet the demand of diagnosis, treatment and follow-up. By 

optimizing the way resources are allocated through its innovative model, the thesis group 
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aims to improve the way they are used in order to allow healthcare organizations facing 

the rising demand for care in a context of reduction of their resources.  

In this thesis, a cost-benefit analysis of the innovation proposed could not be conducted 

because of time constraints. In order to develop a complete economic evaluation, it is 

necessary to observe two conditions. First, a comparison between two or more possible 

alternatives must be conducted. The second condition is the simultaneous evaluation of 

costs and results of these alternatives (Drummond, 1997). But in order to do so, the 

innovation proposed must be effectively implemented, and an evaluation of the financial 

and other resource-related elements must be conducted. By demonstrating the impact 

on financial and other resources, this paper would irrefutably demonstrate the interest of 

its innovation. But since the innovation is at the prototype stage only, this cost-benefit 

analysis must be conducted as at a later stage, which is not to be envisaged at the current 

state of the project. 

4.3 Business and market considerations 

As stated earlier in this thesis, problem solving using algorithmic optimization only 

moved from the invention stage to the innovation stage recently (Åsgård, 2017). 

Algorithmic-based optimization technics show concrete results with real life applications, 

and the demand of such innovations is existing by organizations, including healthcare 

organizations. 

This statement is motivated by a benchmark of innovations using algorithmic-based 

optimization conducted by the thesis group. Indeed, companies such as the market 

leaders Momentum, Mesh.AI or vCita are flourishing in this market, and many new 
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entrants have been observed in the past few years. The demand for such solutions is even 

expected to grow, with the maturation of these technics and technologies and with the 

proven benefits of their use (Accenture, 2018). 

While some of these already existing solutions focus on specific contexts such as small 

teams of liberal healthcare professionals in remote areas, other focus on other aspects 

such as cross-functional coordination or the consideration of healthcare professionals’ 

preferences. 

These companies observe many important hospitals as part of their customers, including 

the Northumberland Hills Hospital, the Louisiana Women’s Healthcare network. 

Organizations also confirm the demand for such services, mainly the healthcare 

professionals interviewed the Mayo Clinic or the Rigshospitalet. Nonetheless, the thesis 

group found out that their demand is not satisfied by the proposed solutions. This is 

explained by the fact that none of the benchmarked companies can be considered as 

fully integrated to a healthcare organization. Moreover, most of the available solutions are 

patient portals that include scheduling functions, without including automatized 

scheduling options. 

« In the healthcare sector, many are complaining because of the lack of solutions. But no one is 

willing to solutions when they are in front of them. Most of solutions do not fulfill needs, they are 

too rigid » 

Pernille Preisler, Rigshospitalet. 

Indeed, interviews highlighted that the existing service providers propose solutions 

which are more considered as «  side services  » than full solutions implementable at a 

hospital level. Hospitals are not seeking for generic solutions developed by companies in 

a  « one size  fits all  » approach. Instead, the demand is more oriented towards fully 
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integrated and custom-made solutions, which would be co-developed with hospitals. It is 

with this custom-made and integrated approach that the thesis group attempted to 

develop a solution throughout this thesis. 
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4.4 Conclusion 

In this thesis, an innovative approach and a prototype of a solution were developed in 

order to solve the problem of lack of coordination between healthcare professional’s 

workflow. The main goal was to be able to take into consideration patients and healthcare 

professionals’ preferences in this solution. Experiments were conducted in the specific 

case of a pediatric service with patients diagnosed with congenital heart disease. 

Experiments were conducted by using a mathematical model and the prototype of an 

algorithm that optimizes the way planning of the care is operated. The obtained results 

demonstrate that this prototype allows for the generation of optimized schedules for a 

pediatric cardiology operating room. This is proven by the evolution of different KPIs, 

such as the staff and equipment utilization and idle time indexes, the average number of 

patients seen per day, the staff satisfaction rate, the patients hospitalization rate or the 

Length of stay index. Moreover, the prototype allows for the allocation of new patients in 

time slots that are made free by the optimization model, increasing the treatment 

capacity for each operating room. Another hypothesis stated that improved patient 

schedules aims of having better healthcare professionals, equipment and supply 

utilization rates, leading to a better use of resource-related and financial elements. 

Nonetheless, at this stage, it is not possible to prove that an increased coordination of 

patient flow with the healthcare professional's workflow is improving the quality of care 

provided to patients and clinical outcomes.  

It is also important to notice that the work provided does not directly affect the medical 

act, but rather the improvement of support activities that condition service levels. As a 

last statement of this conclusion, this thesis provides a framework and a prototype  in 
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order to solve a small proportion of the problem patients and healthcare professionals 

might, respectively in their process to receive care or in their working experience. The 

innovation proposed in this thesis can be seen as a potential partial solution to these 

problems, but a loads of efforts are needed to bring this solution to life. 
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