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Executive summary
Lung cancer is currently not only the most common type of cancer but also the most deadly (Bray et al.,
2018; Horner, 2011). After a time span of five years, over three quarters of the patients is expected to pass
away. In order to provide the best fitting treatment possible, the lung cancer diagnosis should be as detailed
as possible. Multiple classifications exist for this exact reason. The first and most global classifications
are Small-Cell Lung Cancer and the significantly more frequent diagnosed Non-Small-Cell Lung Cancer
(Molina, Yang, Cassivi, Schild, & Adjei, 2008). Further analyses may reveal a more specific image of the
disease, classifying the tumorous growth subsequently in various subtypes of lung cancer and determining
a progression stage. Molecular analysis can even be performed to determine the exact mutation type if the
tumorous growth can provide adequate material. The golden standard for this molecular analysis currently
is the Next-Gen Sequencing procedure, a high-speed but expensive analysis. This may enable targeted
therapies to be performed instead of chemotherapy, which is known to have a high burden on the patient
(National Collaborating Centre for Cancer (UK)., 2011). That tumor material, however, can often only be
acquired using invasive and expensive biopsy procedures.
Researchers have been studying the potential of using liquid biopsies as a replacement strategy to
counter the negative effects of the current diagnostic process. During a liquid biopsy, blood is obtained
from the patient and analyzed to determine if certain biomarker levels are arousing suspicion. This liquid
biopsy process is faster, less invasive and more widely applicable than current procedures for both diagnosis
and monitoring (Bartlett, Cheng, Pasic, Yousef, & Di Meo, 2017). However, to date, only a hand-full of
trial-based studies have been performed which used actual blood sample results. One of those studies, the
research of Gancitano et al. (2018), stated that liquid biopsies may save up to 32% of the costs if it is used
as a complementary for cyto- and histology (Gancitano, Ravasio, Dionisi, & Cortinovis, 2018). Those kinds
of results do promise that there could be a lot to be gained by implementing these liquid biopsies.
These promises also reached Catharina Hospital, which inspired them to facilitate this study on the value
of liquid biopsies. Their request was to perform an economic analysis on the added value liquid biopsies
could have in the current diagnostic process. Using this request, the following main research goal research
was composed for this study:
The main research goal of this project is to analyze the economic effects of using the liquid biopsy method
as a complementary technique for the current diagnostic process of lung carcinoma patients.
This research goal cannot be achieved without some guidance of more tangible outcomes. Therefore,
this project was guided by a total of four research questions. The combined answers to these research
questions should provide sufficient knowledge in order to construct a report which achieves this main goal:
• “What are the methodologies for performing an economic
evaluation in health care environments and which one is most
relevant for this project?”
• “What are the actual costs and benefits of the current diagnostic
methods of lung carcinoma?”
• “What are the expected costs and benefits of the liquid biopsy as
a diagnostic method?”
• “What is the economic effect of using the liquid biopsy as a
complementary technique in various stages of the diagnostic
procedures?”
The methodology used to find the answers to these questions is
the Business Process Reengineering method, shown in figure 0.1. It
is a methodology consisting of six subsequent phases that will help
to analyze current processes, construct new ones and then analyze
the performance of those new processes. During this project, the
reconstruction phase was skipped. This step of the method is focused
on physically changing the process, which was not within the scope
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Figure 0.1:
The Business
Process Reengineering method.
(source: www.Consultus.hr)
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of this study. The process monitoring step after the reconstruction, however, was carried out. Furthermore,
the costs and benefits of treatment and monitoring were also not included in this study.
Besides the methodology for the overall project, there
is also a need for a methodology for performing the
economic analysis. Therefore, a systematic literature
review was performed to see which methodology would
fit this health care environment the best. During this
literature study, it became clear that a significant amount
of economic evaluation methods exist for this type of
environment. After critically analyzing a selection of
papers, however, it was observed that the implementation
of these methods was not always consistent across the
various studies. The cause of these inconsistencies was
believed to be that the chosen method was not always
in line with the study’s research goal and organizational
environment. Insufficient guidance during the decision
process of choosing the methods was considered to be
the root of this problem. For that reason, this study’s
first activity in performing the economic analysis was to
construct a guiding framework for this particular decision
process, which is shown in figure 0.2. Its aim is to enable
more reliable comparisons between research approaches,
without having to provide confidential information on the
(input) parameters. This is achieved by implementing a
top-down decision tree model which helps to visualize the
consequences of decisions made in the process(Yan-yan
Song & Ying Lu, 2015). The framework has been applied
to the case study in this project, its adequacy has been
evaluated and further adapted when necessary.
Figure 0.2: The constructed top-down
The case study started with validating the data set
guidance
framework
for
economic
which Catharina Hospital provided. The aim of this
evaluations in health care environments.
validation was to ensure a generalized patient population
within the data set. The method chosen and implemented
in the framework for this type of external validation is based on a so-called business mindset (Zio et al., 2016).
After running through the six levels of validation within this business mindset method, it was concluded
that the data set was in line with the literature and therefore sufficiently represents the intended population.
The following step was to evaluate the current diagnostic strategy of Catharina Hospital. After mapping
this entire diagnostic process, a distinction between three main procedure types could be made: imaging,
biopsy, and pathology. Afterwards the data set was utilized to determine the frequencies of the performed
diagnostic procedures per procedure type. These frequencies were then used to calculate the average costs
per patient. The costs for imaging turned out to be €854.46, those of biopsy are €361.01 and the costs of
pathology averaged at €486.84. However, biopsy is required for pathology, resulting in roughly equal costs
of €847.85. Subsequently, the liquid biopsy process was analyzed, which was only recently implemented in
the experimental form. This analysis also began with mapping the process shown in figure 0.3, but this
time in as much detail as possible. The more detailed it was mapped, the more accurate the process times
and consumables could be determined. Process times were multiplied by the wages of the corresponding
employees and the costs of consumables were requested from the finance department. These direct costs,
in combination with the overhead costs that were calculated with the Traditional Costing method, formed
the bases of the costs function for the liquid biopsy procedure. This cost function depended on the batch
size of the liquid biopsy samples processed at a time, which was established to be eight on average. The
costs that resulted from this choice of batch size was €241.47 per patient, with an additional €29.27 for the
confirmation of positive test results. These calculated costs were discussed and it was concluded that the
result matches the expectations. After the analysis of the current and liquid biopsy process, the first two
research questions were answered. Then the third research question needed to be answered, which required
v
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the analysis of liquid biopsies as a complementary technique. The first step was to construct a set of viable
strategies, resulting in a list of eight strategies. Strategy number one was used as a comparison strategy and
was focused on not performing molecular analysis at all, discarding both NGS and liquid biopsy. Obviously,
this strategy is recommended when knowing the mutation type turns out not to be of additional value. If
the identification of the mutation type is valuable, however, the most cost-effective strategy depends on the
degree of mutation identification. When identifying about 72% of the mutations is acceptable, the current
diagnostic strategy with an Incremental Cost-Effectiveness Ratio of €923 per identified mutation is most
cost-effective. However, if the goal is to identify as many mutations as possible, a strategy where liquid
biopsies are used when the NGS is not possible or results are negative turns out to be the most cost-effective,
with an Incremental Cost-Effectiveness Ratio of €1,519 per identified mutation. Finally, the results of this
study were verified by checking if the main goal was achieved and by evaluating the uncertainty of the results
using a Deterministic Sensitivity Analysis.
In conclusion, the currently applied form of the liquid biopsy at Catharina Hospital may identify 39.3%
more mutations than the current diagnostic process if liquid biopsies are performed on patients where the
tumor material for NGS can’t be acquired. The additional costs for this strategy is estimated to be about
€596 per patient in the diagnostic process. Using the Deterministic Sensitivity Analysis, it became clear
that this calculation is subject to uncertainties regarding the cost calculations. If process times increase by
20%, the ICER of strategy five will also increase with roughly 6%. Another key uncertainty is the batch size.
Halving the batch size may lead to a 12% increase in ICER. It is therefore crucial that, when implementing
liquid biopsies according to strategy five, a close eye is kept on these parameters.

Figure 0.3: A high-level representation of the entire liquid biopsy process at Catharina Hospital.
Unfortunately, some limitations to this project exist. The first limitation that only the diagnostic process
was included in this study, and not treatment and monitoring. It is, however, expected that the liquid biopsy
procedure can also be of added value in those parts of the patient’s care pathways. Additionally, by choosing
the institutional perspective a significant amount of probable health benefits are excluded. For that reason,
it is highly recommended to do more research on the added value of liquid biopsy in those parts of the
care process. Additionally, more research should be done on the value of liquid biopsies in the diagnostic
process. This study only focused on mutation identification, while liquid biopsies might also be used for
simply determining if a patient has lung cancer. If the potential of liquid biopsies is thoroughly analyzed in
both diagnosis, treatment, and monitoring, then the results can be combined and the complete added value
can be determined. Finally, there is also a likely chance that the liquid biopsy has more health benefits than
was determined in this study. The current known identification capabilities of the liquid biopsy is set to
identify three types of EGFR mutation, while it is expected that other mutations can be identified as well.
This may increase the cost-effectiveness, depending on the costs of those identification processes.
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Abbreviations
Table 0.1: The table of all abbreviations used in this thesis.
Abbreviation

Meaning

ABC

Activity-Based Costing

AKL

Algemeen Klinisch Lab (General clinical lab)

BPMN

Business Process Model and Notation

BPR

Business Process Reengineering

CBA

Cost-Benefit Analysis

CEA

Cost-Effectiveness Analysis

CT

Computed Tomography

ctDNA

circulating tumor DNA

CUA

Cost-Utility Analysis

DSA

Deterministic Sensitivity Analysis

EBUS

Endobronchial Ultrasound

EGFR

Epidermal Growth Factor Receptor

EPD

Elektronisch Patiënten Dossier (Electronic patient file)

EUS

Endoscopic Ultrasound

ICER

Incremental Cost-Effectiveness Ratio

LB

Liquid biopsy

MRI

Magnetic Resonance Imaging

NGS

Next-Gen Sequencing

NSCLC

Non-Small-Cell Lung Cancer

PET

Positron Emmission Tomography

PSA

Probabilistic Sensitivity Analysis

QALY

Quality-Adjusted Life-Year

SCLC

Small-Cell Lung Cancer

TC

Traditional Costing

TDABC

Time-Driven Activity-Based Costing

US

Ultrasound
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1

Introduction

The research performed during this thesis is aimed at determining the economic business impact of liquid
biopsies in the diagnostic procedures of lung cancer. This chapter will first provide background information
on the current statistics and diagnostic procedures of lung cancer in subsection 1.1, along with their
shortcomings. Subsequently, the liquid biopsy procedures will be explained in detail and how this relatively
new technique is expected to be of value. Then, the research goal and questions of the project will be
summed and scope will be defined in chapters 1.2 and 1.3. Information about the applied methodology that
ensures an organized approach for this project is given in subsection 1.4. Finally, in subsection 1.5, the thesis
structure will be discussed.

1.1

Background information

Today, lung cancer is one of the most often diagnosed forms of cancer in the world. This specific type of
cancer accounts for roughly 13% of all new cancer diagnoses worldwide (Bray et al., 2018). A distinction is
made between two types of lung cancer: Small-Cell Lung Cancer (SCLC) and Non-Small-Cell Lung Cancer
(NSCLC). Of all these patients diagnosed with lung cancer, about 15% is expected to have SCLC and 85%
NSCLC (Molina et al., 2008). Besides globally being one of the most diagnosed carcinoma types, it is also
the most deadly form of cancer. This high mortality rate is mostly due to the low survival rates of lung
cancer, with a five-year survival rate of only 6.7% for SCLC patients and 24.2% for NSCLC patients (Horner,
2011). One of the main reasons for this high mortality rate is the fact that most patients get diagnosed at
a late stage of progression. That late diagnosis of lung carcinoma occurs due to the lack of symptoms in
earlier stages (Manser et al., 2013). In those later stages, metastases often start to form for which a surgical
removal is no longer an option. In 2017, lung cancer led to an estimated number of deaths of 275.000 people in
Europe alone (Malvezzi et al., 2017). Diagnosing and treating these patients result in a significant economic
burden for Europe, as a consequence of high costs of productivity loss due to the low survival rate (Brown,
Lipscomb, & Snyder, 2002). The health care costs for lung cancer count up to €4.23 billion, of which almost
two-thirds is spent on procedures within the hospital (Luengo-Fernandez, Leal, Gray, & Sullivan, 2013). It
accounts for roughly 8% of the total cancer-related health care cost, equivalent to €8 per citizen.
1.1.1

Current diagnostics

Two main methods are utilized for the diagnosis of these patients: imaging and pathology. These diagnostic
procedures are used to determine the exact location, type, and growth of the tumor (Collins, Haines, &
Perkel, 2007). Radiology is often the first performed method during imaging, where the chest x-ray is usually
the initial procedure. These x-ray procedures are used to detect anomalies and determine whether further
analysis is required. Tomography is generally the method applied for this deeper analysis. The most often
applied procedure for lung cancer diagnosis is a Computed Tomography (CT), possibly in combination with
a Positron Emission Tomography (PET) (Oken et al., 2011). These improved imaging procedures determine
both the magnitude and location of the tumor. Sometimes, an CT- or PET/CT-scan does not provide
sufficient information about the anomaly within a patient. In these specific cases, a Magnetic Resonance
Imaging (MRI) scan can also be applied, which uses magnetic fields and radio waves to generate an image.
All of these imaging methods provide an early diagnosis of the tumor size and location. Unfortunately,
benign tumors or infections are hard to distinguish from malignant growths, as most imaging techniques
suffer from low specificity. Therefore, overdiagnosis remains a problem among the imaging methods (Moyer,
2014; Ahmed et al., 2017).
Where chemotherapy is mainly applied for the treatment of SCLC, effective targeted therapies exist
for the treatment of specific types of NSCLC. These targeted therapies are considered to have a lower
burden than the standard chemotherapy (Sun et al., 2015). In order to apply the correct targeted therapies,
the exact histological subtype, mutation type or predictive markers of cancer must be known (National
Collaborating Centre for Cancer (UK)., 2011). Unfortunately, imaging procedures do not provide much
additional information on those aspects. For these type of analyses, further investigation is required based
on a sample of the tumor tissue of the patient. This molecular analysis of the tumor material is also defined
as pathology. It can either be on a cellular level (cytopathology) or on whole tissues (histopathology).
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During this analysis, a genetic profile will be composed and there will be determined if the tumor is benign,
premalignant or malignant. If the tumor is premalignant or malignant, it means the anomaly is indeed a
cancerous growth. Subsequently, it can be determined if the tumor type is SCLC or NSCLC. In the case
of NSCLC tumors, the tumor type can be classified further into the subtypes squamous cell carcinoma,
adenocarcinoma, large cell carcinoma and some remaining rare subtypes (Janssen-Heijnen, 2003). Finally,
these (sub)types are all subject to a specific mutation type which directly relates to the behaviour of the
carcinoma. Next-Gen Sequencing (NGS) is currently used to determine this type of mutation, which can be
performed if the tumor material is adequate for this molecular analysis. These mutation types are particularly
interesting among the NSCLCs because some targeted therapies are already proven to be effective. An
example is the Epidermal Growth Factor Receptor (EFGR) mutation within the adenocarcinoma subtype.
An average of 15% of the patients with adenocarcinoma has this EGFR mutation (Chan & Hughes, 2015).
An effective targeted therapy already exist for this type of mutation, called the Tyrosine Kinase Inhibitors.
These inhibitors use enzymes hinder disease progression by slowwing down tumor growth. This specially
targeted treatment is one of the targeted therapies that is proven to be both effective and improve the quality
of life of the patient (Zappa & Mousa, 2016).
In order to use pathology to determine the exact tumor type, a significant amount of tumor material is
required from the patient. This material can be obtained through sputum samples or biopsies, depending on
the type, location and size of the tumor (Latimer & Mott, 2015). Sputum cytology is a pathological analysis
based on coughed-up material from the lower airways. It is a non-invasive procedure, but its diagnostic
accuracy suffers due to low sensitivity of 71% for central tumors and less than 50% for peripheral tumors
(Rivera, Detterbeck, & Mehta, 2003). Further analysis is therefore required if the result is negative or simply
not detailed enough. This further analysis is generally based on tissue material, obtained directly from the
tumor tissue. That sample of the tumor material is obtained through a regular or needle biopsy. During
these types of procedures, the doctor either obtains this sample through an internal biopsy or external needle
biopsy through the surface of the skin. These types of diagnostic procedures, unfortunately, are increasingly
invasive for the patient and have a significant price tag. Additionally, both the quantity and quality of these
samples are limited by the available tumor tissue. This regularly leads to insufficient (quality of) tumor
material for molecular analysis, especially in lower stage tumors (Sun et al., 2015).
1.1.2

Liquid biopsies

Recently, the analysis of biomarkers in blood as an alternative diagnostic tool has become a field of interest
among clinicians. Obtaining and analyzing this blood, a procedure also known as liquid biopsy can be done
in a cheap and non-invasive manner. This allows for faster diagnosis and frequent monitoring of any patient’s
cancerous growth, which is especially useful for patients with small tumors or tumors located in hard-to-reach
places (Bartlett et al., 2017). Various types of biomarkers can be examined in blood for the diagnosis of lung
cancer. These biomarkers can be classified as genetic, epigenetic, proteomic, metabolic, circulating cell-free
nucleic acids (DNA and RNA), exosomal microRNAs, and immune, stromal, & endothelial cells (Zamay et
al., 2017). Multiple of these biomarkers have shown promising results in determining the presence of lung
cancer and its type. However, many of these biomarkers have not yet been sufficiently validated for clinical
use (Merker et al., 2018).
The liquid biopsy is also thought to be of economic value. Heitzer, Ulz, and Geigl (2015) mentioned
that, even though the liquid biopsy technique was too expensive and time-intensive at that time, a rapid
drop in costs was expected in the subsequent years (Heitzer, Ulz, & Geigl, 2015). They pointed out that
in all likelihood this new technique would become cost-effective in the near future of 2015, increasing the
value of updating the economic analysis in the present day. A recently published study agreed with this
hypothesis, focused on the first- and second-line diagnosis of locally advanced or metastatic NSCLC. This
research calculated a cost savings of using liquid biopsy as an additional diagnostic monitoring tool turned
out to be roughly 32% or in their case €321 per correctly identified patient (Gancitano et al., 2018). These
savings were mainly due to the higher amount of correctly identified patients against only a slight increase
in costs. Despite these promising results, more research is required to prove that liquid biopsies are indeed
cost-effective. Especially trial-based economic evaluations are crucial to confirm the cost-effectiveness of
liquid biopsies (IJzerman, Berghuis, de Bono, & Terstappen, 2018).
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1.2

Research goal and questions

As discussed in the previous subsections there might be opportunities for cost reduction for a health care
provider by implementing liquid biopsies into their current diagnostic process for lung cancer. However,
sufficient research is lacking about when to use this new technique, along with its effect on costs and benefits.
For that reason, the focus study was set on the expected added value of liquid biopsies for the diagnosis of
lung cancer. As a result, the following research goal was composed:
The main research goal of this project is to analyze the economic effects of using the liquid biopsy method
as a complementary technique for the current diagnostic process of lung carcinoma patients.
The results of this study can be used to compose a list of opportunities that this new diagnostic method
has to offer. However, the main goal cannot be achieved out of the blue and thus a set of relevant research
questions was constructed to help achieve this goal. Firstly, a structural methodology needs to be chosen for
the project by evaluating the available ones on relevancy. The research question constructed for this is:
[“What are the methodologies for performing an economic evaluation in health care environments and which
one is most relevant for this project?”]
Subsequently, the currently used diagnostic procedures in hospitals need to be quantified. Quantifying
these procedures can be done by determining the costs and benefits of the processes within those procedures.
Therefore, the answer to the following research question should provide the information required:
[“What are the actual costs and benefits of the current diagnostic methods of lung carcinoma?”]
Subsequent to the analysis of the current methods is the analysis of the liquid biopsy. This analysis
is similar to that of the current procedures since the new liquid biopsy process must also be quantified.
Again, this is achieved by determining the expected costs and benefits of the new method. This information
requirement results in a research question similar to the first one:
[“What are the expected costs and benefits of the liquid biopsy as a diagnostic method?”]
Additionally, the economic effects of using the new liquid biopsy as a complementary method to the
current procedures must be analyzed. In order to apply this analysis, the liquid biopsy procedure will be
added to various points in the current diagnostic process. The results of this analysis will determine the
most cost-effective moments in the diagnostic procedure to perform the liquid biopsy if there is actually is
any to be found. The following research question has been constructed for this purpose:
[“What is the economic effect of using the liquid biopsy as a complementary technique in various stages of
the diagnostic procedures?”]
Combining the answers to these research questions should provide the information needed to achieve the
main goal of this study. This will aid management in strategic decision making regarding the liquid biopsies
and its opportunities for adding value and reducing costs of the current diagnostic process.

1.3

Research scope

Our study is focused on providing substantiation for the added economic value of liquid biopsies for the
current diagnostic procedures of lung carcinoma. This diagnostic current process was based on the procedures
performed in Catharina Hospital in The Netherlands. Therefore, the results of this case study are merely
meant as an indicator of the added value of liquid biopsies and stimulate similar research at other health care
providers. It will never be guaranteed that similar results will be found in different health care environments.
Furthermore, this research is only aimed at the diagnostic process of lung cancer. Detection of other
forms of cancer is not included in the health benefits of the estimations. Neither will treatment of the
carcinoma or the monitoring of the disease regression or progression be included in the calculations in this
report. This means that the analyses only consist of costs and health benefits of the diagnosis phase and
not those of treatment or monitoring.
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The key analysis to determine the added value of liquid biopsies will mainly be performed on NSCLC
patients with adenocarcinoma. The reason for this decision is that the liquid biopsy procedure is still
performed in a study form in which only three specific mutation types of adenocarcinoma are examined.
Analyses on other findings from the liquid biopsy have not yet been sufficiently verified and are, therefore,
not expected to be valid in the short term. This means that the current liquid biopsy will only affect a
similar molecular analysis, which is the Next-Gen Sequencing (NGS) procedure. As a result, the process
changes during re process redesign phase will revolve around this NGS procedure.
Lastly, this project is purely meant for recommendations. No physical processes or procedures will be
changed. This means that the results of the proposed added value of the liquid biopsies are an estimation
and not actual value. Therefore, the results cannot be monitored and the estimated added value cannot be
guaranteed. Additionally, factors like change management and implementation costs are not included in this
study.

1.4

Research methodology

The research methodology that is applied in this study is based
on the Business Process Reengineering (BPR) method, which
is displayed in figure 1.1. This methodology consists of six
subsequent phases in which are constructed for the analysis of
current processes, design new alternatives for those processes and
evaluate the performance of newly constructed alternatives. This
study’s take on each of these phases will be briefly discussed in
the following bullet points.
• Envision new process
The first phase of the Business Process Reengineering
methodology shown in figure 1.1 is to determine what will
be the possible process change to focus on for the project
and, thus, during the other stages. This phase was already
performed by Catharina Hospital and resulted in the focus
on the added value of liquid biopsies for the diagnosis of lung
Figure 1.1: The underlying BPR
cancer patients. It is the inquiry of the involved organization,
methodology of this study.
in essence, the reasoning behind the execution of this project.
(source: www.Consultus.hr)
• Initiate change
The second phase is concentrated on discussing the purpose
of the project, which is done in this chapter. It uses the inquiry in order to determine what the purpose
of the project should be. Subsequently,the project goal is defined and translated into research questions.
When these are constructed a clear scope for the project is set. Finally, a research methodology is
chosen to manage the execution of the remainder of the project.
• Process diagnosis
This third stage contains the analyses of the relevant processes for this project. This means that it
evaluates both the current and the proposed processes. In this project, this means that the present
diagnostic procedures, as well as the liquid biopsy process, will be examined. The goal of these analyses
is to value those processes in the costs, which will be necessary to determine the effects of the process
redesign(s) in the following phase of the project.
• Process redesign
During the fourth phase of the BPR method, the possible redesigns of the process are discussed.
It mainly revolves around setting up a (set of) redesigns of the current processes that is realistic and
possibly beneficial. After a set of feasible redesigns are constructed, multiple analyses will be performed
to determine the actual performance of each individual redesign. For this project that means that for
all redesigns the added value of the liquid biopsy will be calculated.
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• Reconstruction
The fifth step of the BPR method shown in figure 1.1 is the reconstruction phase. It is aimed at
physically reconstructing the existing process according to the the chosen process design of the previous
phase. Since this project only provides recommendations based on estimations and does not physically
change current processes or procedures, this phase was skipped.
• Process monitoring
The sixth and final stage of the Business Process Reengineering method focuses on monitoring and
evaluating the performance of the newly constructed process design. Since this study no actual changes
will be made and, thus, no actual process redesign can be monitored. Therefore, during this project,
this stage will focus on a set of possible outcomes for each of the constructed redesigns.

1.5

Report structure

The structure of this report follows that of the Business Process Reengineering research methodology. As
earlier mentioned the first two phases of this methodology were discussed in this chapter, describing the
reason for conducting this research and its goal. The next step is the process diagnosis, which will be
discussed in the following chapters. Firstly, a systematic literature study was conducted in order to check
how to evaluate the current diagnostic process and new liquid biopsy process. The results of this study
will be treated in chapter 2. That literature study concluded that a generic method is still missing for
economic evaluations in health care environments. Therefore, chapter 3 revolves around the construction of
such a framework. In order to evaluate the performance of this newly constructed method a case study was
performed in chapter 4. In this section that new framework has been applied at Catharina Hospital to check
for missing or incorrect parts of the framework. The results of that case study and the construction of the
framework will be discussed in section 5. Within that section a critical reflection has been performed on this
study and the results and shortcomings will be discussed. Subsequently, the overall conclusion of this thesis
will be given in chapter 6. Finally, following this conclusion, bibliography and appendices are provided.
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2

Theory

Before any process analyses can take place in the process diagnosis phase of the BPR method, it is crucial to
answer research question one and determine which economic evaluation methodologies there are and which
is most relevant to this project. In this chapter the underlying theory of executing an economic evaluation
in health care environments will be discussed. A systematic literature review has been performed in order
to see which methods exist and which are applied most often. The findings of this literature review are
summarized in subsection 2.1, which discusses the existing methods and their advantages/disadvantages.
Then, in subsection 2.2, the conclusion of the literature review is given that treats the gaps that remain in
the literature.

2.1

Existing methodologies

The systematic literature review was split up into five key factors: Cost analysis method, perspective, costing
and cost source, time preference, and uncertainty. These factors are based on the six recommended factors of
Weinstein, Siegel, Gold, Kamlet, and Russell (1996) and contain the same information, but are categorized
slightly different to better match the information that the current theories contain (Weinstein, Siegel, Gold,
Kamlet, & Russell, 1996). The findings of each of the five factors of the literature review will be discussed
in the following sub-subsections.
2.1.1

Factor 1: Cost analysis methods

Factor one was focused on evaluating the existing cost analysis methods. A total of three different methods
were found, differentiated by the manner of expressing the health effects (Folland, Goodman, & Stano, 2013).
All of their advantages and disadvantages are summarized in table 2.1. Firstly, there is the Cost-Benefit
Analysis (CBA). For this method, all input and output variables must be monetized. This is also the case
for all health benefits which are included in the analysis, which is often a difficult task. However, expressing
all of these costs and benefits in a single monetary value does make it easier to compare the results of various
health care programs. Secondly, there is the Cost-Effectiveness Analysis (CEA). This method is applied
most often due to the fact that it is less restricted. With the CEA, health effects can be expressed in various
degrees of detail, like the number of identified patients or life-years saved. Unfortunately, not expressing
these health effects in costs disables the ability to calculating the opportunity costs. The downside to this
variety in health effects, therefore, is that CEA’s with different expressions of effects are not comparable. The
final method is Cost-Utility Analysis (CUA). The CUA combines all health effects into a single measurement,
for which the Quality-Adjusted Life-Years (QALY) is often used. This is the broadest type of cost analysis
since it also takes into accounts the morbidity of a strategy. Examples of such morbidity factors are suffering
and quality of life. Sadly, these factors are often hard and time intensive to measure accurately, resulting
in estimated effects based on assumptions. In the end, CEA and CUA often express the results using the
Incremental Cost-Effectiveness Ratio (ICER). This ICER expresses the change in effect per monetary value,
such as euro per identified patient or per QALY gained.
2.1.2

Factor 2: Perspective.

Choosing the perspective of the study proved to be one of the most crucial decisions in a cost analysis. It
determined the quantity and type of input parameters used in the analyses, which directly influences the
result. Therefore, studies with varying perspectives can be difficult to compare (Sanders et al., 2016). Many
different perspectives exist in the literature, but in the review, these were brought down to three general
perspectives. In table 2.2 a summary of the key advantages and disadvantages of those perspectives is given.
The first perspective is the often recommended societal perspective. This viewpoint takes all involved parties
into account, resulting in both the most time-intensive perspective and the one with the most complete data
input of all three perspectives. Examples of such costs could be traveling expenses and home care. But, just
like with the CUA, the problem exists that many of the input data will be difficult to measure and therefore
estimated. Next, there is an institutional perspective. This perspective primarily focuses on the costs and
benefits of the health care provider and the costs and benefits of the patient will not be extensively studied.
6
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Table 2.1: The advantages and disadvantages per cost analysis method, as found in the literature review.
Method

Key advantage(s)

Key disadvantage(s)

CBA

Provides absolute cost differences.

Difficult to express
monetary values.

Easy to interpret because of familiar result.

Does not include opportunity costs.

Easier process due to a limited amount of data
required for costs and benefits.

Only strategies with common effects can be
compared.

Broadest type of cost analysis.

Health impacts
assumptions.

Easy to compare strategies across different
programs.

The most labor intensive method since it
requires most data.

CEA

CUA

are

health

mostly

impacts

based

in

on

It is mainly applied for exploratory projects where the goal of the analysis is to determine if a strategy should
be examined in more detail or internal projects where the goal is to gain insight about their own processes.
Finally, the third party payer’s (or individual) perspective can be applied. It is similar to the institutional
perspective but includes different costs. Instead of using the costs of the health care provider, it uses costs
from other parties, like insurance companies. In other words, it often revolves around charged costs, instead
of actual production/service costs.
Table 2.2: The advantages and disadvantages per perspective, as found in the literature review.
Perspective
Societal
Institutional

Third party

2.1.3

Key advantage(s)

Key disadvantage(s)

Represents all stakeholders.

Susceptible to measurement errors.

Reduces the risk of sub-optimization.

Time intensive.

Limited amount of complicated costs and
benefits.

Requires cooperation with a health care
provider.

Provides actual cost differences.

Often contains confidential information.

Easy access to the required costs.

Costs in the analysis are not actual costs.

Can be done on own initiative.

Factor 3: Costing and cost source.

The costing and cost source factor describes how costs are calculated and where those costs come from.
Firstly, the cost source can be determined. In the literature review, there is differentiated between two types
of cost sources. One is an open-source accessible for anyone, which is referred to as a public cost source. This
source is often used when a study is not commissioned by a specific health care provider. If this is indeed
not the case, it is difficult for the researchers to obtain actual costs and thus costs published by health care
providers are used. A downside to this cost source is that the origin of the costs is unknown, decreasing the
comparability with other health care providers. The other source type is a private cost source, which means
that the costs were obtained from health care providers themselves. By using this cost source the origin of
the costs is known, enabling the classification of the costs. Those costs can be separated into two categories,
namely direct and indirect costs. The direct costs can be determined by observation or estimation. The
indirect (or overhead) costs, however, should be calculated according to the method applied at the health
care provider. There are three different overhead allocation methods treated in the review: Traditional
Costing (TC), Activity-Based Costing (ABC) and Time-Driven Activity-Based Costing (TDABC) (Kaplan
& Anderson, 2007). The key advantages and disadvantages that were found, are summarized in table 2.3.
The TC method is a simple method that calculates a ratio by dividing the total overhead by the total direct
7
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labor hours. Overhead is then allocated to products or services using that same ratio. The ABC method
allocates the overhead using activity cost driver rates, which increases the correctness of the allocations.
This rate is calculated by dividing time over all the performed activities and multiplied with the costs per
unit of time. However, obtaining these time distributions is a time-intensive process, since the ABC method
states that this should be done separately for all employees. Lastly, there is the TDABC method, meant as
an improvement of the ABC method. This method does not require all employees to allocate their own time
to activities, but an educated estimation by a department manager is stated to be sufficient. The creators
of the method do recognize that relying on estimations will cause deviations with reality, but according to
them, it does not significantly change the outcome (Kaplan & Anderson, 2003, 2007).
Table 2.3: The advantages and disadvantages per costing method, as found in the literature review.
Method
TC

ABC

Key advantage(s)

Key disadvantage(s)

Quick and easy to implement.

Build upon an often unrealistic relation
between overhead and direct costs.

Easy to understand.

Can create nervousness of product and
service pricing.

Accurate allocation of overhead.

Becomes increasingly difficult to perform
and costly to maintain.
Prone to cognitive and recall bias.

TDABC

2.1.4

Can capture more variation and complexity.

Largely based on estimates of process times.

Does not require to speak to all involved
employees.

Factor 4: Time preference.

The fourth factor is the time preference of the decision-makers, which deals with fluctuations in value over
time. The value that a strategy is expected to have in the future is often different from the value it would
have in the present day because the value of currency also changes over time. The discounting method is
often used to deal with this time-dependent differences across different compared aspects. With discounting,
the present value is determined by dividing the future value by a specific discount rate. The height of the
rate is often set to be the same rate as that of similar projects, or as the interest rate charged by banks.
Most of the time this rate will be somewhere between 3-5% (Smith & Gravelle, 2001).
2.1.5

Factor 5: Analyzing uncertainty.

Factor number five is the last factor and is aimed at analyzing the uncertainty of the results. Two types
of analyses are generally applied to evaluate this uncertainty, namely the Deterministic Sensitivity Analysis
(DSA) and Probabilistic Sensitivity Analysis (PSA) (World Health Organization (WHO), 2003). The DSA
method is usually the first sensitivity analysis that is performed. During this analysis, the impact of individual
parameters on the model’s result is determined by varying these parameters. This will reveal the most
influential input parameters and, combined with the accuracy of those input parameters, can be used to
estimate the reliability of the results. The higher the variation in high impact input variables, the less
reliable the result will be. In addition to this DSA, a study can also include an PSA. This is a form of
complex sensitivity analysis but can be a valuable addition to the DSA when there is a high number of input
variables. After determining the probability distributions of each input variable a large sum of simulations
can be run to determine an overall probability distribution of the result.
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2.2

The review’s conclusion

The systematic literature review was performed in order to gain a clear view of the methods and methodologies
used in similar economic evaluation projects in health care environments. Its main goal was to see if there
was a standard way of doing such an analysis, so that this study could follow the same methodology. At
first glance, it became clear that there wasn’t a lack of methods for these types of projects. A great variety
of methods and methodologies exist for most situations. Sources like the book of Drummond, Claxton,
Stoddart, O’Brien and Torrance (2015), the handbook of Lau and Kuziemsky (2017) or the Economic
Evaluation Types Diagram constructed by the University of Victoria offer plenty of knowledge on the various
of methods which can be applied in economic evaluations in health care environments (Drummond, Sculpher,
Torrance, O’Brien, & Stoddart, 2015; Lau & Kuziemsky, 2017; Victoria, 2019). Unfortunately, further
analysis in the review did reveal that there is a crucial gap when it comes to the practical implementation of
those methods. Even though plenty of methods exist and each method and methodology is clearly defined, it
seems that researchers are not always choosing a method that corresponds with their situation. As a result,
theories might be wrongfully chosen or described, which reduces the reliability of comparisons between
various studies. Renown studies like those of Faria et al. (2018) and Black et al. (2014) seem to define
the methods differently, while others like Bolondi et al. (2001) might not clearly specify the perspective
or calculation on the input parameters (Faria et al., 2018; Black et al., 2014; Bolondi et al., 2001). The
review estimated that the reason behind this struggle is that there is insufficient guidance in choosing the
correct methods. This guidance is crucial when it comes to the comparability of this and future economic
evaluations.
Apparently, no clear method or framework exists to guide researchers through the decision process of
choosing the right methods that correspond to their research goal and organizational environment. Since
it is likely that more studies on the liquid biopsy and others like it will follow at health care providers like
Catharina Hospital, it is crucial that the constraints of the methods chosen during those studies will be
respected and the methodological structure of the studies can be compared in a reliable manner. Therefore,
before moving on to the actual economic evaluation itself, this study aimed to construct a guidance framework
first that will aid in these aspects. During the development of this model, it is crucial that it will be a generic
design that can immediately be applied in this research and other similar studies. Only then the appropriate
methodologies can be chosen and research question number one is answered. This will not only ensure
that this framework will help to achieve the main goal of this study, but also similar studies in different
environments. The basis of the knowledge used to build the framework, has been discussed in this summary
of the systematic literature review. After the construction of this framework in chapter 3, it will be applied
to the case study of this research about the diagnostic process of lung cancer in Catharina hospital. This
implementation will immediately serve as a validation step for our proposed framework.
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3

Constructing the framework

In the previous chapter, the literature review was summarized and the main findings were that the existing
methods do not provide sufficient guidance for the comparison of similar research to be completely reliable.
This means that the first step of achieving the main research goal is to construct a generic method or
framework so that future studies on liquid biopsies can easily be compared to this study. In order to be
able to design a method or framework, the design methodology must be chosen. One of the most discussed
methodologies at the moment is the Design Science Research Cycle (Alan R. Hevner, 2007). As figure 3.1
shows, it is a framework consisting of three different cycles. This framework is chosen because it supports
the creation of new concepts, models and guidelines.

Figure 3.1: The Design Science Research Cycle. (source: Alan R. Hevner, 2007)
Now that the designing methodology is chosen, it can be applied to construct a method to fill the gaps
found in the literature study in chapter 2. As can be seen in figure 3.1 there are three principal parts of the
Design Science Research Cycle. This methodology starts with defining the stakeholders and their needs in
the (organizational) environment in subsection 3.1. Subsequently, the theoretical base of the model must be
constructed. This will be treated in subsection 3.2. The final result of the method construction and how to
evaluate this design is discussed in the last section of this chapter, subsection 3.3.

3.1

Environment

First off, the environment of the project must be described. It is the initial phase of the framework in
which the project is defined by determining the key stakeholders and the conceptual problem and its causes.
The environment forms the basis for the model’s construction and ensure that the model will serve the
intended purpose. In essence, it summarizes the business needs of the stakeholders which the model should
satisfy. Firstly, the application domain is constructed. Within this domain a distinction is made between
four different factors, starting with people. This factor includes all involved stakeholders and which roles
these stakeholders play in the use of the designed model. The second factor is the organization, which
describes in what type of organization the model is meant to be used. Besides the application domain,
there is the technology aspect, which is factor number three. In this aspect, the technological boundaries
of the intended environment are described. Finally, a brief description of the problems and opportunities
within this environment is given. The current problems should be stated, together with how these problems
obstruct the goal of the project. After listing these hurdles the project members can start brainstorming
over the opportunities that a new model should respond to.
3.1.1

Stakeholders

The first step of the Design Science Research Cycle is to determine the (organizational) environment the
model is supposed to be used, starting with the goal of this project. The goal of the project is to determine
the added value of liquid biopsies in the diagnostic process of lung cancer. Since this project takes place
in a health care environment, the stakeholders can easily be determined. The primary stakeholders are the
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employees and researchers that are focused on process redesign or improvement. These are the types of
stakeholders that will actually use the model for similar research. Requirements for these stakeholders are
that the model is user-friendly and easy to understand. It should be applicable in all similar situations so
that no personal additions are required. The various steps of the framework should be ordered and their
constraints should be listed. The better the model satisfies these stakeholder demands, the more effective
the model will be. Besides their demands, it should also be clear what their capabilities are. Since the
stakeholders are primarily (internal) researchers, it can be assumed that basic model understanding and
process analyzing capabilities are generally present. It does, however, often involve health care researchers
that might have limited knowledge about economic evaluations. Therefore, those parts of the framework
should be properly defined in order to avoid misconceptions.
3.1.2

Organization

Next, the type of organization in which the model will be used should be determined. Just like the
stakeholders, this aspect is also easy to determine. The framework will serve as a guide for economic
evaluations in health care environments, which automatically describes the target organization. These are
generally government non-profit organizations where one of the main goals is to limit the costs and ensure
that these costs stay within the given budgets. Additionally, health care organizations have strict privacy
rules. This high level of privacy protection may limit certain access to information or simply prohibits
sharing results. It should, therefore, be acknowledged that not all analyses can fully be shared, which can
be a significant hurdle to the goal of comparability of various studies. Finally, health care providers may
be obligated to perform certain procedures and analyses due to laws and regulations. This means that even
though results from the model show that a specific strategy is best, it could be that actually enforcing it is
not allowed.
3.1.3

Technical systems

In this subsection, the technical systems are discussed which could have an influence on the newly constructed
method or its use. It is estimated that two main technical systems will be used for economic evaluations in
health care environments. Even though these systems will differ in each environment, it is likely that they
contain the same type of information in most organizations.
Firstly, there is the system containing the electronic patient files. This is a system that contains
information about the procedures offered by the organization, the results of those procedures and the patients
and their (diagnostic) treatment paths. It is a system that will be used to provide the initial data set on
which the main analyses will be performed. These analyses will help map the procedures and frequencies of
the (diagnostic) treatment paths on which a project is focused.
The second system that will be used is the one containing the economic data. This data is often
kept on a separate system, governed by a separate finance department. It is a system in which the costs
of procedures are kept, the costs of overhead, actual procedure or package prices charged at the patients
or insurance companies. Just like the electronic patient system this system often contains confidential
information. Charged prices are usually open-source, but the actual underlying costs are most likely not
disclosed.
3.1.4

Problems and opportunities

One of the main problems for the purpose of this new framework is patient confidentiality restriction within
these health care environments. This confidentiality restricts sharing patient details with external parties.
Even though these patient details are not required for the economic evaluation of health care processes, it
is likely to cause the organizational environment to be cautious with information. On one hand, this may
lead to longer waiting times for obtaining the required data. This waiting time may cause delays or even
cutbacks on the completeness of projects due to time restrictions. Additionally, this confidentiality may lead
to data that is difficult to validate data, since the data source is not always obtainable. This may lead to
low trueness, which means that a data set is not representing the entire population (Menditto, Patriarca, &
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Magnusson, 2007). The overall accuracy of the results can suffer due to that low trueness, which may result
in incorrect conclusions.
The biggest opportunity, or advantage, is the fact there already exists a significant amount of knowledge
on how to perform an economic evaluation in health care environments. Many theories and methods have
already been applied in practice and proven to work. Additionally, since the systematic literature review
was performed on this exact topic, this theoretical knowledge is largely already gathered. Not only are
these methods and methodologies already collected, but they have also been examined. The advantages and
disadvantages of these different theories are already known. This enables quick application into a framework
of these methods and methodologies found in that literature study and removes the need for another. A
second, smaller opportunity, is the fact that in this study the new framework could directly be applied. This
enables some direct feedback after practical implementation and improvements regarding its use.

3.2

Knowledge base

On the other side of the model building-method is the knowledge base, which helps to ensure accurate and
rigid design. This part of the framework will be the theoretical foundation of the designed method. It
focused on existing theories and frameworks and analyzes if there are existing methods that can be used
as input for the design of the new method. This existing knowledge can be obtained in various ways, both
theory and practice (e.g. literature studies or expertise). Additionally, an analysis of the methodologies will
be performed to determine which types to use in the design of the new method. Important examples are
methods for performing data analysis, literature studies and validation of the constructed method.
3.2.1

Literature study

The first principal part of the knowledge that will be used in constructing the model can be obtained from
the systematic literature study that was performed and summarized in chapter 2. This literature study
provides the existing methods and theories which are mainly used in these types of economic evaluation
projects. These methods deal with various approaches to measure and evaluate processes, dealing with time
and analyzing the uncertainty of the results. Additionally, some extra sources were consulted to investigate
existing frameworks or methodologies which discusses a majority of those methods. In particular the book of
Drummond et al. (2015) and the handbook of Lau and Kuziemsky (2017) proved to be a significant source
of information (Drummond et al., 2015; Lau & Kuziemsky, 2017). In the handbook of Lau and Kuziemsky, a
framework was discussed which was constructed by the University of Victoria (Victoria, 2019). Even though
this framework still lacks the guidance of the decision process for the correct methods, it does provide a
good basic framework to which the decision guide can be added. Complemented by the report of the World
Health Organization a great foundation of knowledge has been laid on how to perform economic evaluations
(World Health Organization (WHO), 2003). These provide detailed descriptions of the economic evaluation
methods and their (dis)advantages, along which all other aspects which play a key role in these evaluations.
3.2.2

Data validation

The literature study only included a method for analyzing the uncertainty of the input (internal validity) but
did not include theories for the validation of this input data (external validity). In subsection 3.1.4 it became
clear that the validation of the input data can be crucial. Therefore, in addition to the theories and methods
from the review, a methodology was chosen for this validation. This validation decreases the risk of analyzing
an outlying data set that does not represent the usual environment. It is used to safeguard the quality of the
content of the data set as well as increasing the reliability of the analyses. However, data validation does not
guarantee a certain level of quality, but rather ensures the minimal threshold for acceptable data is reached.
Data validation can be performed through three different aspects of the data: accuracy, comparability and
clarity (Zio et al., 2016). The accuracy is determined by non-sampling errors, like measurement or human
errors. The comparability or coherence of the data set checks whether all the data was gathered using the
same rules and constraints. This important part of the validation enables analysts to compare all data within
the data set over time and across different sources. Since the validation process can consist of many different
procedures, it is useful to determine the comprehensiveness of the validation. The report of Zio et al. (2016)
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recommend validating the data set trough six levels with a growing degree of complexity, ranging from 0 to
5:
• Validation level 0: Consistency with the expected IT structural requirements.
This level of validation ensures that the provider and the structure of the data set have been validated.
A check is performed whether the data set has indeed been prepared by the authorized authority, or
expected data provider. Subsequently, the structure itself is analyzed and checked whether the data
set contains the expected number of columns and if these columns have the expected format.
• Validation level 1: Consistency within the data set.
There is consistency between the data set and the expected IT structural requirements if this level is
reached. Data constraints have been applied as expected. Examples of such constraints could be that
the variable age is always non-negative, a date cannot exceed the current date or a variable that should
represent the sum of certain variables is indeed equal to that sum.
• Validation level 2: Consistency with other data sets within the same domain and with the same source.
This level of validity focuses on consistency among various points in time. If this level is reached, it
means that every (new) version of the data set has been checked and validated. If the used data set
consists of multiple documents, like multiple yearly reports, then all of these documents have been
validated as well.
• Validation level 3: Consistency within the same domain between different data sources.
During this validation level, the same validation procedures as in validation level two have been
performed. However, now these are performed on the same data set obtained from another source.
This check can be done by comparing the inconsistencies between these data sets.
• Validation level 4: Consistency between separate domains in the same data provider.
Validation level four focuses on the consistency of the methodology used by the data provider to set
up a data set. Checks on whether the data provider uses the same data labels for the same variables
across different data sets and if this same data is also equal. Another validation is to see if the already
known values or relations are similar to those in the data set.
• Validation level 5: Consistency with data of other data providers.
The final validation level aims to check if the data set is consistent with the data found in other
sources. During these checks specific values or relations can be compared with other sources, like
scientific papers, to conclude if there is consistency between the data set and expected reality.

3.3

Method design

What remains is building the actual model or framework to help guide future economic evaluations in
health care to be carried out in a systematic manner. This model should be designed for the organizational
environment stated in the environment part of the process. A continuous check will take place using the
relevance cycle so that there will not be a mismatch of these two parts of the process. Additionally, it
should be built upon the theories and experience stated in the knowledge base part of the project. Again, a
continuous cycle will help to preserve this knowledge foundation for the model, called the rigor cycle. Finally,
there is a cycle that will help to make sure that the process progresses smoothly. This part of the design
science is the continuous loop of designing and refining the method. After the concept design of the method
is complete it should be evaluated. Examples of such evaluation methods are case studies, simulation or
analytical analysis. This will reveal certain weaknesses of the method, which then can be refined before the
method design is finished.
3.3.1

Development result

The result of the method design is a framework that guides researchers in performing economic evaluations
in health care environments. Figure 3.2 displays this constructed framework. It consists of various decisions
that have to be made in these types of studies and what the constraints are for certain choices. The
underlying model is based upon a decision tree, which simplifies complex relationships between the decisions
to be made in the process and the consequences of those decisions (Yan-yan Song & Ying Lu, 2015). Such a
tree enables certain constraints to be implemented, which can be used to make sure that researchers following
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this framework will not choose the wrong methods in their analyses. Hopefully, the content of their studies
will contain the same types of information. In this way, the framework desires to contribute to more reliable
comparisons between these studies, without the need of discussing confidential data.

Figure 3.2: The constructed guidance framework for economic evaluations in health care environments.
The framework in figure 3.2 shows a top-down approach to choosing the right methods. This starts with
defining the research purpose and environment. These two factors will form the basis of a project’s research
goal. Subsequently, the scope of the project should be determined. During that phase, the first key decision
must be made, namely the perspective of the study. As stated in subsection 2.1.2, the chosen perspective
will dictate which inputs are used and which outputs will be measured. Therefore, certain constraints exist
for the institutional and third party payer’s perspective. When the institutional perspective is chosen, the
researchers should use a private source for their inputs (e.g. costs). A third party payer’s perspective is more
or less the same as the institutional perspective, but with a cost source available to anyone. Thus, a study
with that perspective should use a public source. The societal perspective is not restricted and could use
either a private source, a public source, or even both. Data from a private cost source, however, should always
be validated first. Subsequent to that validation, the direct and indirect costs can be determined, referred
to as data preparation. For the latter, three different costing methods have been recommended: Traditional
Costing, Activity-Based Costing, and Time-Driven Activity-Based Costing. Which one to chose depends on
the circumstances and is therefore at the researcher’s own insight. For studies using a public input source
only, data is usually already prepared and thus this can be skipped. Following the preparation or processing
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of the data, or in the case of the public source after selecting the appropriate sources, the analyses can take
place. It should be determined what the expression of the results will be, which ultimately determines what
type of analysis has been performed. A distinction between three cost analyses is made, which were discussed
in more detail in subsection 2.1.1. Each separate method should express the results in its own unique way.
This identification of method type serves as a label for other researchers to quickly inform themselves about
the content of the study. Finally, the study should always do some form of uncertainty analysis. This helps
other researchers gain a better understanding of the results and how to judge them.
3.3.2

Method evaluation

Finally, the constructed method needs to be evaluated. This evaluation can be done in various ways, all with
their own advantages. A distinction is made between five different method evaluation strategies (Adikari,
McDonald, & Campbell, 2009).
• Analytical
The first method is the analytical method. This evaluation method is mostly based on expert opinion
since actual user observations are generally not included. It uses data to analyze the performance
of the method in comparison with some predetermined benchmark. The intention of the analytical
evaluation of a method is to search for relationships between the actual data and the benchmark data
and determine if and why gaps between those two exist.
• Case study
The second discussed method is the case study method. Within a case study, the focus is on a particular
project or problem at a specific time and place. In order to perform that analysis, both qualitative
and quantitative evidence are included. Its main intention is to examine how the method behaves in a
real-life environment and see if there are any unexpected variables that decrease the usefulness of the
model. In this way, the theories behind the method get linked with practical implications.
• Experimental
Evaluation method number three is the experimental method. In an experimental design, the newly
constructed method will be tested using other, known and validated methods. Control groups are
randomly assigned to one of those methods and in the end, the results are compared. This comparison
will determine if the method has achieved the desired effect and, because of the random allocation, the
differences will not arise due to sampling bias.
• Field study
The fourth method for the evaluation of the constructed framework is a field study. It is a method
very similar to the case study, with the exception being that a case study also relies on quantitative
data. Field studies are commonly used to observe a particular environment for a long period of time.
Its primary goal is to analyze the environment, without altering it.
• Simulation
The fifth and last evaluation method is a simulation. Simulation evaluation uses an approximation of
an environment, instead of the actual one. This enables the evaluation to be done by programming,
which both goes faster and can process more users. The main goal of a simulation is to provide an
approximation of the performance of a method, usually given within a confidence interval. It is often
used when the real environments cannot be used due to factors like complexity, unavailability, etc.
As mentioned there are five different methods for the evaluation of the newly constructed guidance
framework. The main research goal of this project is to analyze the added value of liquid biopsies for one
specific organization. Therefore, a case study is the most convenient way of method evaluation, since the main
goal of this project already requires a case study to be performed. During this case study, the performance
of this newly constructed framework will be evaluated. The target organization is Catharina Hospital, which
is located in Eindhoven, the Netherlands. It is a top-clinical and educational hospital specialized in cancer
treatment, heart diseases and obesity. This project will be executed in close collaboration with the Algemeen
Klinisch Laboratorium (AKL) department of this hospital, which refers to the general clinical lab. They
provided the data which was used for the analyses, including both the data for the current diagnostics as
well as the new liquid biopsy process. The results of this entire case study are discussed in chapter 4.
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4

Case study results

This chapter will give detailed information about the analyses performed during the case study at Catharina
Hospital. Firstly, the process diagnosis phase of the BPR method will be discussed in detail, starting with an
overview of the results from the analyses of the data set in subsection 4.1. These analyses will be followed by
the evaluation of the current diagnostic strategy in subsection 4.2. Subsequently, the liquid biopsy process
will be examined in subsection 1.1.2. Then a set of viable strategies are discussed in subsection 4.4, treating
the process redesign phase. Since the reconstruction phase of the BPR methodology is skipped, subsection
4.4.1 of the report goes straight to the process monitoring. That part of this chapter will discuss the results
found in the scenario analyses and the recommendations regarding the liquid biopsy procedure. Descriptions
of the algorithms used for transforming and analyzing the data can be found in appendix B. The framework
constructed in chapter 3 served as a guide throughout this process. The initial three steps of this framework
are already discussed, namely the research goal, project scope, and the private input source. Therefore, the
upcoming subsections will continue with the input processing phase.

4.1

Data preparation

As the framework states, the provided data has to be prepared first for the analyses that will take place.
After describing the provided data set in the first subsection, the preparation started with selecting the data
from the data set which is relevant for the project. Then the selected data was transformed so that it could
be analyzed using various algorithms. Finally, a verification analysis has been executed in order to see if the
information in the data set is similar to what would be expected in other health care providers.
4.1.1

Data set description

The data set provided for the case study was received on the 16th of June 2019 and has 284 entries. Each
of these entries represents a patient which had a suspicion of lung cancer and may have had consultation
or any form of lung visualization or procedure, whom all agreed to participate in the liquid biopsy study.
Therefore, of every patient in the database, there are results available of the diagnostic procedures performed
on that specific patient. This also includes the results of the liquid biopsies. These 284 patients came from
four different health care providers, all located in the Netherlands. The data was gathered in a time span
of roughly two years up to the receiving date. The data is stored in a secured online database called My
Research Manager, a database manager that every researcher in Catharina Hospital is obligated to use.
Within this database, every patient visit is recorded in their personal file.
In order to analyze this data, it is exported to Microsoft Excel. In this document, all data of each visit
of the patient is stored subsequently in a separate column of a single entry row that is linked to a single
patient. Since a lot of varying information is gathered, it resulted in a large number of columns of 1016.
Each column represents an answer to a single question, which could be anything from yes or no, a quantity or
number, a date, a word to a description. This data was gathered over three different phases of the diagnostic
and treatment process of lung cancer, namely early diagnosis, restaging, and monitoring.
• Early diagnosis
The first stage is early diagnosis, which must be finalized after three days. During this stage, the patient
receives a temporary diagnosis. The information stored during this stage are patient characteristics,
such as age and gender, various factors which could influence the diagnosis, such as smoking history,
patient disease history, various enzyme and protein quantities, the received diagnostic procedures and
information about these procedures, complications during these procedures, results of the procedures,
information about the received treatment and the resulting diagnosis. However, it is possible that
not enough information is gathered or analyzed after the three-day deadline of the temporary early
diagnosis. Therefore, more diagnostic procedures might be required. After analyzing these additional
procedures the doctors can either confirm or adjust the conclusion made in early diagnosis.
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• Restaging
Adjusting the early diagnosis is done with the help of restaging, which can be done an unlimited
amount of times. However, restaging more than three times doesn’t occur in our data set and is thus
used as a limit. Each restaging cycle contains the same data as the early diagnosis stage, minus the
static data already present in the system. Such data includes patient details, like personal details and
treatment history. If early diagnosis is correct and restaging is necessary, the early diagnosis will not
be adjusted. After the definitive diagnosis set by the early diagnosis or possible restaging, the patient
will receive treatment. The effects of these treatments need to be monitored. However, due to the
fact that this treatment and monitoring are outside of the project’s scope, no further analyses will be
performed on those data inputs.
• Monitoring
After the definitive diagnosis set by the early diagnosis or possible restaging, the patient will receive
treatment. The effects of these treatments need to be monitored. Data of six monitoring moments
are kept. The first three monitoring moments are before, halfway through, and at the end of their
treatment. Therefore, these moments heavily dependent on the type of treatment the patient receives.
The last three monitoring moments, are after a fixed interval of 3 months, thus the final monitoring
moment is 9 months after treatment. During these monitoring moments the same data will be collected
as in the restaging cycles. Since not all data will be collected at the end of this project, it is possible
that patients have not yet completed a total of 6 monitoring stages.
The data is gathered by the employees of Catharina Hospital. Persons with a major part in this role are
the doctors treating the patients and a full-time Ph.D. student at Catharina Hospital. These doctors enter
all the results of patient procedures into the Elektronisch Patiënten Dossier (EPD) system of Catharina
Hospital, which is their electronic patient system. The Ph.D. student is responsible for the transition of
the data into My Research Manager. Patient characteristics must be copied manually, while the measured
lab values can directly be copied into the data manager. The Ph.D. student is also responsible for all data
collection regarding the liquid biopsy. He supervises the processing of the blood samples and personally
analyzes the results. The quality of this data is ensured by the limited options and safety measures of the
Research Manager program. Then, using a simple data description analysis, missing and impossible values
can be tracked down and corrected using the EPD system. Since the results of diagnostic measurements are
imported directly from the system, human errors do not occur for that type of data. The data collected
by the doctors are required to update the patient file and will therefore always be collected. Data for the
liquid biopsies, however, is additional info that will only be available for patients who signed an agreement
on being part of the studies on ctDNA and protein tumor markers. Otherwise, a non-anonymous version of
this data will not leave the internal network of Catharina Hospital.
4.1.2

Data selection

Only a portion of the data is required in order to evaluate the economic effects of liquid biopsies and achieve
the main goal of this project. Therefore, a selection of relevant data can be made and the remaining data
can be omitted from the data set. It is crucial that this selection of data does not cause a selection bias
and compromises the integrity of the data or validity of the analyses. This selection was made based on the
reliability and availability of that data and its relevance to the project goal.
The first selection was made based on the source of the data. Four different health care providers are
included in the complete data set. However, the decision has been made to only take the entries of Catharina
Hospital into account. The reasoning behind this selection is the limitations regarding the technical systems
of the other three health care providers. This project has been executed at Catharina Hospital, supported
by the earlier mentioned Ph.D. student. That student has sufficient access to the EDP system to enable the
validation of the data set. At the other health care providers, this is not the case. Due to this limitation of
not being able to validate the completeness and correctness, the entries of those three data sources have been
dropped. The result is that the total amount of entries of 284 from four sources has been reduced to 180
entries from a single source, Catharina Hospital. The effect this selection might have on the results is that
the diagnostic pathways at Catharina Hospital are not similar to usual pathways. This may influence the
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cost-effectiveness of the calculations done in the upcoming sections. In order to help decision-makers in other
health care environments judge the results of this study, the performed procedures and their frequencies were
provided.
The other data selection was based on the relevance of the data regarding the project goal. Firstly,
all monitoring and treatment data were dropped. As stated in the research scope in subsection 1.3, this
study only focuses on the diagnostic process of lung cancer patients. Monitoring and treatment data were
not included in any of the calculations and was therefore abundant. Secondly, detailed measurement data of
both the protein and ctDNA analyses were removed from the data set. Since the Ph.D. student also included
a conclusion to those measurements, no relevant data was lost. The reason behind this removal is to limit
the amount of data and increase the comprehensibility of the data set. This selection process of the relevant
data reduced the amount of data per entry from 1016 data points to only 266 data points. In table 4.1 the
remaining types of information of those 266 data points are listed.
Table 4.1: The types of information found in each visit type of a single patient record in the data set.
Type of information

4.1.3

1)

Patient details.

2)

Patient diagnosis and diagnostic pathway.

3)

Type and quantity of each imaging procedure.

4)

Type and quantity of each biopsy procedure.

5)

Type and quantity of each pathology procedure.

6)

Types of mutations found during molecular analysis.

7)

Cancer classification and staging.

8)

Other types of diseases diagnosed.

9)

ctDNA biomarker results.

10)

Protein biomarker results.

Data transformation

Preparing the data set starts by transforming the data in generic categories or values and making sure
the data set is correct by looking for missing or incorrect data. Firstly, the data were transformed into
numeric values if possible. Which numeric values where chosen was depended on the type of data. These
numeric values enable the use of algorithms for the analysis of missing or incorrect data and, after data
transformation, quick analysis of the data itself.
Missing or incorrect values can lead to faulty results and therefore should be corrected. Primarily, this
analysis was done by using an algorithm in Python 3.7. Examples of this could be to check whether
certain constraints were not exceeded, like deadlines, non-negativity, discrete values, summations, etc.
Unfortunately, particular types of data were difficult to analyze in this manner, like strings of text. These
types of data were checked by hand and sometimes translated to a new categorized variable. Those newly
constructed variables were in most cases face (subjectively) validated in collaboration with the Ph.D. student
responsible for the data set, in exception of obvious cases. If missing or incorrect data was found in the data
set, a comparison was made between the data in the data set and the original data from the EPD system.
This resulted in some adjustments in either the data set or the algorithm. After these adjustments were
made, the algorithm was run again to see if all discrepancies were revised. Subsequently, if hand-checked
data was adjusted, it was again checked by hand to see if this adjustment was correct.
However, not all data which seemed to be missing at first glance was actually missing data. Administering
all patient data was a time-intensive task and some handlings without added value were dropped. The main
entries that were affected by this, were those with an answer to a ’yes’ or ’no’ question (e.g. if a procedure
was performed). In these entries, the ’no’ option became irrelevant, since it was replaced by not selecting
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the ’yes’ option. This resulted in the fact that entries often had a missing value that in reality represented
a ’no’. Therefore, for these type of entries, the assumption was made that missing values all represented a
’no’ in reality.
4.1.4

Data set validation

It is implied that the provided data set should be a representation of all patients with a suspicion of lung
cancer. This means that the probabilities and frequencies of the diagnostic procedures can be scaled up to the
hospital’s actual numbers, without changing the relative cost or benefit differences. Since this is the desired
effect, it is crucial that the data set indeed represents all of the patients with a suspicion of lung cancer.
Additionally, it is desired to know that the diagnostic process in this particular health care environment is
similar to other health care providers in order to eliminate the risk of the data in the data set being outliers.
This limits the risk that the data set is an outlier to a standard situation. Having a data set that is an
outlier to the standard situation which might mean that the disease profile of patients in this data set will
significantly change in the foreseeable future, rendering the results of this study useless.
Therefore, the data in the data set has been validated in order to ensure that the quality of this data.
The methodology used for this validation of the data set is the business-based typology by Zio et al. (2016), a
method sanctioned by the Collaboration in Research and Methodology for Official Statistics of the European
Commission (Zio et al., 2016). As mentioned in chapter 3.3, this typology characterizes six different levels
of validation. These levels should be completed in order, but researchers are not obligated to complete all
levels. The higher the level a study reaches, the better their data has been validated. Below, the conclusion
from each level will be briefly discussed.
• Validation level 0: Consistency with the expected IT structural requirements. This first validation
level has been completed by discussing the origin and quality of the data with the Ph.D. student
which provided the data set. A check was performed to see if the characteristics of the data set were
valid. This check included comparing the actual and expected number and type of entries. Finally, an
evaluation regarding the origin, quality, and responsibilities of the data was performed. During this
phase of validation, no discrepancies were found between expected and actual results.
• Validation level 1: Consistency with the data set. In this level of validation, a check was performed
on the constraints within the data set. Each of the relevant data types was analyzed to see if data
constraints were correctly applied. Examples of such constraints could be non-negativity constraints
on the age of the patient or number of procedures performed, or simply checking if yes/no questions
were actually answered with yes or no. During this validation level, some small adjustments have been
made in the source of the data set which was found using a Python script. These adjustments were
needed to improve some minor human errors which were made transferring the data by hand from the
EPD-system to Research Manager. This had no further consequences for the results of the data since
all errors were fixed.
• Validation level 2: Consistency with other data sets within the same domain and with the same source.
The goal of level two is to make sure that every new version of the data set only has the adjustments
that were meant to be there, like fixed errors. This was also done by running the data set through
the same script and roughly checking the data set by hand. In total, six revised versions of the data
set were provided. No discrepancies regarding this data consistency were found in any of the revised
versions.
• Validation level 3: Consistency within the same domain between different data sources. During
validation level three a comparison should be made between the same data from different sources.
In this study, these sources were Research manager and the EPD-system. Sample patients were used
for this evaluation, which were mostly the patients were errors were made in Research Manager. No
additional errors were found in any of these samples. Still, not each individual patient was validated
due to the time-intensive nature of this check. Therefore, there could be some minor human errors
that have not surfaced during this study. These are not expected to have a high impact on the results,
however.
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• Validation level 4: Consistency between separate domains in the same data provider. The fourth level of
validation analyzes if the data is consistent across different data sets in the same business environment.
During this validation level, the general characteristics of the data set are checked and analyzed if these
values are as expected. The characteristics that have been tested in this study are the same as those
discussed in validation level 5. Results of the analysis performed in level 5 have been discussed and
face validated.
• Validation level 5: Consistency with data of other data providers. The final level of validating this data
set is to compare the data with the same type of data from other providers. Therefore, the observed
disease characteristics in the data set with what the literature claims should be analyzed. The paper
used as the main guideline is the renown paper of Horner of the SEER National Cancer Institute
(Horner, 2011). This paper is often used in cancer research as a source of statistical data.
The comparisons start with the distribution of the type of lung carcinoma, which is shown in figure 4.1.
This pie chart displays the occurrences of the various types of lung carcinoma of all patients in the data set.
In figure 4.2 the patients without lung carcinoma and the metastatic (or non-primary) lung carcinomas are
dropped. This leaves a disease distribution of 85.9% NSCLC, 7.7% SCLC and 6.3% other types.

Figure 4.1: The distribution of the types of lung
cancer of all the 180 patients in the data set.

Figure 4.2: The distribution of the types of lung
cancer of all 142 primary lung cancer patients in
the data set.

The statistics review by Horner on the lung cancer occurrences found that 84.4% of patients with lung
cancer had NSCLC, another 12.7% of the diagnosed lung cancer patients had SCLC and the remaining 2.9%
had other types of lung cancer (Horner, 2011). The paper of Sher, Dy and Adjei came to a similar conclusion
but was able to categorize all patients in NSCLC (85%) and SCLC (15%) (Sher, Dy, & Adjei, 2008). These
numbers are only slightly different from the data set, with the percentage of SCLC patients differing the
most. In the case study data set, only 7.7% of the lung carcinomas were SCLC, while literature says it
should be between 10-15%.
Additionally, the lung cancer stage of patients with lung cancer was checked. This analysis was performed
on all patients with detected lung cancer, both primary and non-primary. Therefore, by subtracting the
26.7% without lung carcinoma, a population size of 153 patients was left. Only for 127 out of 153 patients
a stage could be defined, mainly due to missing data for metastatic patients. However, this missing data
is not likely to have caused any problems, since a rough estimation is enough to validate the data set and
besides the stage, no other data is missing. Figure 4.3 displays the result of the staging in the data set.
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Figure 4.3: The distribution of the lung cancer staging of 127 lung cancer patients in the data set.
The SEER program of the National Health Institute used a different type of staging consisting of
localized, regional, distant and unstaged. Unfortunately, the translation of this type of staging to the type
of staging used in the case study is not completely reliable. Therefore, different sources were used to do the
main comparison and these were backed up with the SEER statistical analysis. Table 4.2 shows the used
papers, their disease distribution and the averages used for the comparison.
Table 4.2: The distribution observed in various studies of the stage of cancer.
Stage

(National Collaborating
Centre for Cancer (UK).,
2011)

(Morgensztern, Ng, Gao,
& Govindan, 2010)

(Canadian Partnership
Against
Cancer
Corporation, 2013)

Average

Stage I

14.2%

25.4%

22.5%

20.7%

Stage II

6.2%

7.6%

9.1%

7.6%

Stage III

31.7%

26.6%

19.2%

25.8%

Stage IV

48.9%

39.4%

49.2%

45.8%

As can be seen in table 4.2, the averages for stages I, II, III, and IV cancer are 20.7%, 7.6%, 25.8%,
and 45.8%, respectively. By comparing these percentages with the results from the case study, there can be
concluded that the staging profile of the case study is pretty much in line with the literature. The biggest
deviation from the literature is stage II, with a difference of 5%.
The histological subtype of the patients with NSCLC were examined. Only the NSCLC patients was
analyzed further since these patients are the focus group of this study. Figure 4.4 displays the distribution
of all 121 NSCLC patients which can be found in the database of the case study. As the figure shows, the
adenocarcinoma is the most occurring subtype with 55.4%, followed by the squamous cell carcinoma with
29.8%, not otherwise specified (5.0%) and large cell carcinoma (0.8%). Finally, there is the unknown subtype
category, in which 9.1% of the NSCLC patients were classified. The unknown subtype in the case study was
the result of missing data. This missing data most likely occurs when the patient could not be further typed,
but the information was not explicitly stated in their patient file. Since this is not an official subtype, these
patients have been discarded in figure 4.5 to provide a more specific overview of the distribution.
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Figure 4.4: The distribution of the subtypes of lung Figure 4.5: The distribution of the valid subtypes of
cancer of all 121 NSCLC patients in the data set.
lung cancer of the remaining 110 NSCLC patients in
the data set.
Again, the observations from the case study data set have been compared to the SEER statistical
database (Horner, 2011). The NSCLC subtype distribution from that database starts with 56.9% adenocarcinoma,
which is the most crucial subtype is the adenocarcinoma. This is due to the fact that liquid biopsies will most
likely only be of added value for these types of carcinoma. The other subtypes found were 28.1% squamous
cell carcinoma, 1.7% large cell carcinoma, 7.1% not otherwise specified and a remainder of 6.2% for other
subtypes. Another renown study by Chan and Hughes (2015) validated these percentages by observing a
similar disease profile (Chan & Hughes, 2015). As figure 4.5 displayed are the percentages found in the case
study similar to those of the SEER study, with the exception of the other subtypes. These other subtypes
were not found in the case study. An explanation could be that a part of the unknown was, in fact, these
other subtypes, but was not explicitly mentioned in the patient records.
Finally, the diagnosed mutation types are checked, which are obtained by Next-Generation Sequencing
(NGS). Determining the mutation type might enable the patient unfriendly chemotherapy to be replaced by
targeted therapy, a mutation-specific treatment. For the case study organization, however, these targeted
therapies are only applied for specific adenocarcinoma mutation types. This is why NGS was only applied
to patients with adenocarcinoma or when uncertainty exists regarding the subtype. That uncertainty can be
the case for the not otherwise specified subtype or the unofficial unknown subtype. The NSCLC subtypes
found in the patients in the data set are shown in figure 4.6. An interesting find, however, is that only 43
patients received NGS. Usually, all patients with stage III and IV cancer of the adenocarcinoma type would
qualify for this NGS procedure, which should be 66 patients in this case. Additionally, patients classified
as unknown or NOS can also be eligible for the NGS procedure, which may increases this number up to 76
eligible patients. The reason for this is not entirely known since it is a decision made by the specialist at that
specific time. Therefore, in the various strategies that were created for the scenario analysis in subsection
4.4, a distinction was made between these two cases.

Figure 4.6: The distribution of the lung cancer mutation types of all 43 lung cancer patients in the data set
that received Next-Gen Sequencing.
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The SEER statistical analysis did not further classify their data set into these mutation types. Thus,
three renown papers have been selected to represent the literature. Table 4.3 summarizes the found
percentages of mutations and the average over those three papers.
Table 4.3: The mutation type distribution observed in various studies.
Stage

(Chan & Hughes, 2015)

(Collisson et al., 2014)

(Rosell & Karachaliou,
2016)

Average

KRAS

30%

33%

25.5%

29.5%

EGFR

15%

14%

16.1%

14.7%

ALK

5%

1.3%

3.9%

3.4%

BRAF

2%

10%

7.5%

6.5%

NRAS

-%

0.4%

-%

0.1%

Other

8%

16.9%

26.2%

17.0%

Unknown

40%

24.4%

20.8%

28.4%

The comparison between the averages calculated in table 4.3 and the case study findings in figure 4.6
reveals that most of the mutation distribution is in line with the literature. The two biggest deviations are
at the other mutation types and the patients where no mutation is found. It is important to notice that
only a low number (43) of NGS procedures was performed, resulting in the perception of large deviations
while the absolute difference is minimal. A cause of the higher percentage of ’no mutation found’ category
could be that in the case study, nine patients with subtype not otherwise specified or unknown subtype
also received NGS. The patients categorized as ’unknown subtype’ are likely to have a rare subtype of lung
cancer for which no tests were performed. For these rare subtypes, there may not be sufficient knowledge to
identify mutations. Patients from the ’Unknown’ category could simply not have lung cancer and, therefore,
no mutation could be found. Another reason could be that the NGS performed in the case study doesn’t
analyze all known mutations types, since not all types are of added value when identified. This could also
explain the lower number of patients in the other category.
In conclusion, there can be stated that the disease profile of the data set is similar to other data sets
found in the literature. This means that the received patient data is probably not an outlier and similar
data will be obtained from different health care providers. The key comparison was the NSCLC patients
with adenocarcinoma because these will eventually determine the estimated cost-efficiency savings of liquid
biopsies. Since these percentages of NSCLC and adenocarcinoma patients were similar to the literature, it is
realistic to say that the data set of the case study is valid for further analyses. Still, some small differences
exist in other categories, but these are not likely to pose a problem due to the similar variation between the
literature sources themselves.

4.2

Current strategy

After the validation of the data, the current strategy can be evaluated using this data set. Since it is a
project with an institutional perspective, the current strategy should be mapped and measured in detail.
In order to do the mapping, the Business Process Model and Notation 2.0 (BPMN) is used. This is an
often-used process modeling technique that can capture complex processes in a single understandable chart.
A list of all the elements used in the BPMN 2.0 method and their description can be found in appendix A.
4.2.1

The diagnostic process

If during a consultation with a patient the doctor suspects there might be some anomalies present in the
chest area of the patient, he or she might recommend the patient undergoes further analysis. If this is the
case, the patient officially enters the diagnostic process for lung cancer, which is visually shown in figure
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4.7 and enlarged in the appendix C. As mentioned in the introduction in chapter 1, the current diagnostic
process can be divided into two key parts: imaging and pathology.

Figure 4.7: A high-level representation of the current process for of lung cancer diagnosis.
As can be seen in the process in figure 4.7, not all patients receive all procedures. However, all patients
that enter this process start with a visual examination through imaging. Therefore, differences in the
occurrence of these procedures was found, as figure 4.8 shows. If anomalies are found or suspicion exists
about the presence of an anomaly, then the patient is likely to receive further interventions. At earlier
stages, the surgeon might be able to remove entire tumors. Otherwise, a biopsy will be performed to acquire
a sample of the tumorous growth. Pathological analyses will be performed on both types of extracted tumor
material. With the help of these pathological analyses, the disease will be classified as detailed as possible.

Figure 4.8: The frequencies of the diagnostic procedures performed on the patients in the data set.
The results of figure 4.8 are in line with the expectations of the diagnostic process. The biopsies to gain
sufficient tumor material are often only required once or twice and therefore applied the least. The imaging
and pathology procedures are performed most often, as they can consist of multiple analyses per patient.
However, these numbers do not provide exact information on patient individual level. Therefore, further
analyses of these three procedure categorizations were performed and discussed in more detail in subsections
4.2.2 and 4.2.3.

24

Eindhoven University of Technology
4.2.2

Imaging

Every patient entering the diagnostic process of lung cancer receives at least one imaging procedure, which
is also the case in our data set. More imaging procedures will be performed if the used imaging technique
is not detailed enough. It is also possible that another imaging procedure is performed after pathology in
order to verify those results. Six unique imaging procedures could have been performed on patients in the
data set. Which those procedures are and in what quantities, can be seen in figure 4.9 and 4.10.

Figure 4.10: The number of imaging procedures
performed per patient in the data set.

Figure 4.9:
The frequencies of the imaging
procedures performed on the patients in the data set.

The first noteworthy conclusion is that three patients did not receive any imaging procedures. One of
the patients is explainable since this patient received a thoracentesis. During this procedure, fluid or air
from the pleural space is taken through a puncture in back. The exact placing of the puncture needle is
determined by using echolocation. It can be purely for diagnostics, but often it is performed if a patient
suffers from shortness of breath or other symptoms. Patients with (a known history of) lung cancer who have
received this procedure often already, might skip the imaging procedure and go straight to the thoracentesis.
Usually, pathology is still applied to the extracted fluid. The other two patients that did not receive imaging,
however, cannot be explained. No additional information could be found in the EDP about these missing
imaging procedures. Both of these patients received Next-Gen Sequencing, which was only performed for 43
patients in total. For this reason, these two patients will not be dropped from the data set. Luckily, due to
the fact the missing imaging data only account for two patients, it is not likely that this will significantly
change the outcomes of the cost analyses.
Another interesting observation is that a few patients received significantly more procedures than the
average patient. After a more detailed analysis it became clear that this increase was caused by two
circumstances. Most of the time these patients were restaged at least once, which increased the number
of procedures for the restaging cycle. The second circumstance was when it was hard to determine if the
patient had a tumorous growth. Reasons for this less frequently occurring phenomenon could be that the
growths were too small or if attempts to acquire tumor material have failed. However, these increases in the
number of received imaging procedures are part of the diagnostic process and therefore no additional actions
are required.
The costs of the imaging process were determined by determining the total imaging costs per patient
and taking the average of those costs. Firstly, the individual costs of each imaging procedure were received
from the finance department. These costs were given in detail, as direct and indirect costs were separately
listed. Unfortunately, these exact costs are confidential information and cannot be given in this report. The
results of the average calculation can be provided. This calculation resulted in an average cost of €854.46
per patient entering the diagnostic process for lung cancer. The frequencies of the imaging procedures, along
with the average costs, were used to face validate the results of this analysis. This face validation revealed no
discrepancies with what was expected and, thus, it was assumed that no (human) errors were made during
the data transformation of the imaging procedures.
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4.2.3

Pathology

Pathology procedures are used to determine which growth types are present when anomalies were found
during imaging. A sample of that tumorous growth is required to be able to perform these analyses. In
order to acquire this sample, various biopsy procedures can be performed. The types and frequency of these
biopsy procedures can be found in figure 4.11. Subsequently, the number of biopsy procedures per patient
is visualized in the graph in figure 4.12.

Figure 4.12: The number of biopsy procedures
performed per patient in the data set.
Figure 4.11: The frequencies of the biopsy procedures
performed on the patients in the data set.
The results of the analysis of the biopsy procedures are in line with the expectations. First of all, the most
frequently applied procedures are bronchoscopy and endobronchial ultrasound (EBUS). This observation
was discussed with a specialist and it was confirmed that these are realistic numbers. Furthermore, no
abnormalities were found in the number of biopsy procedures per patient. For 14 patients no anomalies were
found during imaging and thus no biopsy was required. Of the remaining 166 patients, tumor material was
acquired through biopsy, of which more than half received only one procedure and roughly a third underwent
two biopsies. The reason for performing two biopsy procedures was often that the initial bronchoscopy did
not result in adequate tumor material or that the tumor couldn’t be reached. Therefore, another biopsy
procedure was also performed, for which the EBUS was used most frequently.
Again, the costs of the biopsy procedures were determined by taking the average of the biopsy costs per
patient. In contrast with the imaging, the 14 patients that did not undergo any biopsy procedure were left
out and did not influence this average. This resulted in an average cost of €361.01 per biopsy procedure per
patient. The costs of the individual biopsy procedures were also included in the document received from the
finance department. The results of these analyses were also used to face validate the results, as was done for
the imaging procedures.
The acquired tumor material is then analyzed using pathology to specify the disease in as much detail as
possible. Cyto- and histopathology are initially used to determine the cancer subtype. Further investigation
of the disease can take place, depending on the result of those analyses. As stated earlier, Next-Gen
Sequencing (NGS) can then be used for patients with (suspected) adenocarcinoma in order to determine
the mutation type of the carcinoma. Figure 4.13 displays the total quantities of the performed pathology
procedures and in figure 4.14 this data is adjusted to represent the number of pathology procedures per
patient.
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Figure 4.13: The frequencies of the pathology
procedures performed on the patients in the data set.

Figure 4.14: The number of pathology procedures
performed per patient in the data set.

The results of the observations shown in figure 4.13 and 4.14 are generally as expected. Only one
peculiar conclusion can be drawn from these figures and that is the number of NGSs does not coincide with
the number of eligible patients for this procedure. It was concluded from expert knowledge that all patients
with stage III or IV adenocarcinoma should receive the NGS molecular analysis. In the data set a total of 66
patients with stage III or IV adenocarcinoma could be found. However, it is also observed that 10 stage III
or IV patients categorized as unknown or NOS subtypes also received the NGS procedure. Therefore, it was
assumed that these patients could also be suitable for NGS. This resulted in an eligible number of patients
ranging from 66 to 76. In the data set it is found that the NGS procedure is only performed for 43 patients,
which is somewhere between 23 and 33 less NGSs than expected. Specific reasons for this deviation could
not be given since it is a decision made by the health care professional treating that patient. That specific
reason could not be retrieved from the EDP, but it is likely that the high cost of an NGS play a key role in
that decision (Sorber et al., 2017).
Finally, the pathology costs were computed using the cytology, histology, and NGS costs also received
from the finance department. Determining the overall pathology costs was done in the same manner as
the imaging and biopsy costs, by simply calculating the average over all patients that received at least one
pathology procedure. However, a distinction was made between cyto- and histology and NGS, because of the
focus of the scenario analysis. Firstly, the pathology costs of the cyto- and histopathology were determined,
of which the result was an average cost of €486,84, the average over the 166 patients that underwent at least
one of these procedures. In the same manner, the costs for the NGS were determined at €601,29. Again, face
validation was performed on the results to ensure no abnormalities were observed due to (human) errors.

4.3

Liquid biopsy

Next, the liquid biopsy process was analyzed and its costs were determined. Since this is a new process of
which the costs are not known, it must be examined in detail. This process will be discussed in section 4.3.1.
The more specific the process maps are, the more accurate costs can be estimated. After the entire liquid
biopsy process has been mapped, its costs will be determined in section 4.3.2.
4.3.1

Liquid biopsy process

Just like with the current procedure strategy, the first step is to map the process in the BPMN 2.0 language.
Figure 4.15 provides an image of the simplified version of the process, which is expected to have a processing
time of two weeks at max. An enlarged version of this process can be seen in appendix D. Two biomarkers
have been analyzed in the case study: protein biomarkers and ctDNA from platelets or RNA. In this figure,
each step with a small plus sign centered in the bottom is a collapsed sub-process which has been mapped
in more detail in appendices E to K.
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Figure 4.15: A high-level representation of the liquid biopsy process.
Initially, a total of seven blood samples per patient are required to do both types of analyses. These
samples are collected at the same time but stored in different types of tubes. The protein blood samples
go into two separate serum tubes and the ctDNA samples in 5 separate EDTA-tubes. Both serum tubes go
through the same process in order to extract the serum from the blood, in which the proteins are stored for the
analysis. All EDTA-tubes are also processed in the same manner. However, the blood sample in those tubes
can be separated into two types of samples, namely platelets and RNA. These are both processed differently
to acquire the ctDNA results from those samples. The minimum time required from blood sampling to
finishing up the analyses of the results is roughly seven hours, of which roughly 40% is manual labor.
These samples can only be stored in specific parts of the process. After the samples of a patient have
been taken the biomarkers start to deteriorate. Therefore, they only have a short shelf life in order for the
results to be reliable. The serum samples must be prepared within an hour after the sample is taken. For
the platelet and RNA samples, the deadline is set on four hours. Both samples can either be stored in the
freezer afterward. The analyst then decides when to further process the samples, as the decision node states
in figure 4.15.
The amount of milliliter of samples is higher than the amount required, enabling fast validation of an
analysis. If one of the three tests comes up positive, that would mean that the patient is believed to have
lung cancer. Unfortunately, the process of preparing the c(t)DNA is mainly consisting of manual tasks and
therefore prone to human errors. This is the reason why the current liquid biopsy procedure also consists of a
confirmation step. For protein analysis, this is not the case. In figure 4.15 this is indicated with the sequential
multi-instance symbol in the two analysis sub-processes (three horizontal lines). During this confirmation
step, the analysis is validated by analyzing a sample similar to that of the positive test(s). Positive validation
analyses result in a positive lung carcinoma diagnosis.
4.3.2

Cost estimation

The costs of the liquid biopsy can be calculated now that the liquid biopsy process has been mapped in detail.
In order to calculate this estimate, the cost drivers of the process have been determined. Firstly, direct costs
were calculated. During the process mapping, it became clear that there was no linear correlation between
the number of patient samples processed at the same time and either of the direct cost drivers. Therefore, the
costs of each separate cost driver were determined per sample batch size. The result of these cost estimations
is visualized in the cost functions shown in figure 4.16.
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Figure 4.16: The cost estimation function of cost drivers in the liquid biopsy process, depending on the
sample batch size.
The cost drivers used in this study were employee wages, equipment, reagents, and materials. Unfortunately,
due to confidentiality, these various cost drivers cannot be discussed in detail. For this reason, only the total
costs can be disclosed, without any links to actual process times or used reagents, materials and equipment.
The method of measuring, however, can be elaborated. Reagents and materials were quickly measured by
simply looking at the consumed amounts. The reason that these two cost drivers did not have a complete
linear relation with the number of samples was due to the use of control reagents and consumables with a
capacity higher than one. Control reagents are necessary to validate the findings of a single test run and
are therefore applied for per individual batch, regardless of batch size. The first two cost drivers, employee
wages and equipment, are time-dependent. For these factors the process times were determined per cost
driver in order to complete an activity. Equation 1 shows a generic form of the cost equation that was used
to determine those costs per activity. The required time of the process seen in figure 4.15 turned out to be
a little of seven hours for one sample, which only slightly increased as the batch size increased.
Employee and machining costs of activity i =

J
X
j=1

(

Cj
∗ tij )
60 ∗ Uj

(1)

Where Cj represents the hourly costs per employee or machine j and Uj the expected utilization
percentage of that operator or machine j. Because the hourly costs of an activity are taken (e.g. hourly
wages or hourly machining costs), it is divided by 60 minutes. This fraction is then multiplied by the number
of minutes required for activity i of an employee or machine j, expressed in tij . All employee and machine
costs are summed per individual activity i. This means that a single activity consists of the costs of both
machining and manual labor hours spend on that activity. The utilization of both this manual and machining
labor is set at 80% for all activities j, a setting recommended by the renown study of Russell, Gold, Siegel,
Daniels, and Weinstein if exact values are unknown (Russell, Gold, Siegel, Daniels, & Weinstein, 1996). The
various activities were not differentiated regarding the utilization since the required information was not
available and measuring it would not fit in the time schedule.
As figure 4.16 displays, the two key cost drivers are employee wages and reagents. These cost functions of
the various cost drivers of the liquid biopsy can be used to estimate the cost function of the total liquid biopsy.
The only aspect missing in these cost functions is the overhead. As stated in the guidance framework in
subsection 3.3.1, three methods for determining the overhead have been included, namely Traditional Costing
(TC), Activity-Based Costing (ABC) and Time-Driven Activity-Based Costing (TDABC). ABC and TDABC
are preferred due to their accuracy, especially in this environment where the overall hospital costs consist
for a large part of overhead costs. Therefore, this overhead ratio was determined first. In this calculation,
the costs of the lab of the Algemeen Klinisch Laboratorium (AKL) have been used since the liquid biopsy is
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performed there and it is expected to have roughly the same overhead expenses as other lab tests. According
to the finance department, about 16% of the total costs of the lab was used for indirect labor. Even though
this percentage is not necessarily high, ABC or TDABC would still be preferred if possible. Unfortunately,
due to the uncertainty of the layout of the future liquid biopsy process, these complex methods are not likely
to be more accurate than the traditional costing method. Because of this low expected accuracy and time
advantages of this traditional method, the overhead costs of the liquid biopsy was determined using that
traditional costing method. This means that the overhead of the liquid biopsy should be 16.1% of the total
liquid biopsy costs, which results in the total cost estimation of the liquid biopsy seen in figure 4.17.

Figure 4.17: The total cost estimation function of the liquid biopsy procedure including overhead, depending
on the sample batch size.
As the graph in figure 4.17 points out, there is a significant cost difference between the batch sizes.
However, a single cost price is required in order to determine the added value of liquid biopsies. In
consultation with the Ph.D. student that performs the liquid biopsy process the average batch size is expected
to be eight, indicated by a black dashed line in both figure 4.16 and 4.17. This batch size was chosen on
the basis of the average number of patients entering the diagnostic process and his preferred batch size. The
corresponding costs of a batch size of eight is €241.47 per patient. The results of cost calculations were
discussed with the Ph.D. student and the clinical chemist at Catharina Hospital in order to face validate
them. It was concluded that they roughly matched the expectation, which was said to be between €200 and
€250. These costs can be assigned to specific processes, using the three different processes that can be found
in figure 4.15. Those processes are protein analysis, DNA analysis, and RNA analysis, with costs of €65, €89
and €57, respectively. Blood sampling and administration had a combined cost of about €30. Additionally,
for the two ctDNA analyses, positive results need to be verified. Since each patient sample has a built-in
buffer that will always be processed and stored in the freezer, only the analysis itself needs to be redone.
The additional costs of this analysis are €29.27. For the remainder of the paper, there is assumed that every
positive result of the liquid biopsy also made these costs.
However, some assumptions do limit the generality of these calculations, starting with the measurements
of the process times. These times were only measured from the labor of a single experienced employee. It
is very likely that these times will differ across different employees, especially in less experienced ones. In
those cases, the process times are expected to increase, which means that costs are also expected to increase.
This will probably have a considerable effect on the costs, as subsection 4.3.1 stated that about 40% of
the labor is manual and those labor costs are a large part of the total costs. However, it is expected that
those differences in process times will only be significant for employees still learning the ropes and therefore
temporary.
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Some assumptions were also made for the equipment regarding availability and utilization. For starters,
there was assumed that equipment was always available, which means that waiting times were not included.
Additionally, it presumed that equipment was utilized to its max. This means that equipment was never idle
and, thus, equipment depreciation could directly be linked to equipment process times. It is likely that in
reality, this is not the case. It is, however, too complicated to determine the exact availability and utilization
of every type of equipment used in the process. This means that the calculated equipment costs are likely to
be lower than the actual costs. Luckily, the equipment costs are only a minimal part of the total costs, thus
increase is not expected to significantly influence the costs. Lastly, the utilization of the employees was set
on 80%, a setting that Russell et al. (1996) recommend (Russell et al., 1996). This means that the number
of work hours an employee had in a day, was only 80% of the conventional eight hours they are paid. This
increased the costs per minute an employee spends on a process step. Even though this percentage is often
used as the benchmark, Drummond et al. (2015) do mention that it is not a given and that it is likely to be
variable across different organizational environments (Drummond et al., 2015). A change in this percentage
would mean that the employee costs per minute would increase or decrease as well. Since almost half of the
total liquid biopsy costs consist of these employee costs, those changes are likely to have a significant effect
on this cost estimation.
Finally, this study assumed the average batch size to be eight, which is crucial in determining the average
costs for a liquid biopsy. If this average batch size changes over time, the costs will change accordingly. As
figure 4.17 shows, those changes can both increase as decrease the costs significantly. Costs can in reality
even be lower than is shown in the figure, since a maximum batch size of 20 was assumed. This number was
chosen due to time restrictions on the first few activities of the sample processing and equipment capacities
of later analyses. It is expected that the average cost function would keep following the negative exponential
curve shown in figure 4.17, enabling even lower costs than the figure’s minimum.

4.4

New diagnostic strategies

In this subsection, the added value of liquid biopsies will be determined. These evaluations will be performed
with the help of a scenario analysis. During this analysis, a set of viable strategies for the liquid biopsy will be
constructed. Subsequently, these strategies will be analyzed to determine the costs and benefits per strategy
and determine which is the most cost-effective. Finally, the results of those analyses will be validated and
verified.
4.4.1

Scenario analysis

For the scenario analysis, the decision has been made to analyze the added value of liquid biopsies with
respect to the Next-Gen Sequencing procedure. This means that the liquid biopsy has been used to either
supplement or entirely replace the NGS procedure. During the analysis, the current diagnostic process, as
seen in figure 4.7 in chapter 1.1.1, has been adjusted according to a set of viable strategies constructed with
the help of domain expert input. This resulted in the strategies displayed by figure 4.18. These strategies
were all applied separately to the data set to see what the effects would be on both costs and health benefits.
These strategies were applied to all patients in the diagnostic process in the data set, even when primary
lung cancer was not confirmed. Despite the reason that these patients probably only receiving imaging,
they influence the total costs of the diagnostic process of lung cancer and should, therefore, be included.
This enables decision-makers and readers to better understand the absolute cost increase of implementing
a strategy. The costs were determined by simply summing the costs of the applied procedures per patient
and then take the average of the entire data set. The goal of the strategies in figure 4.18 was to analyze the
opportunities of the new liquid biopsies as an addition or replacement for the currently used NGS technique
and, therefore, the health benefits were focused on the NGS results as well. Since the NGS is meant to identify
the exact lung cancer mutation type, these benefits were expressed as the number of known mutations found.
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Figure 4.18: A schematic overview of the strategies included in the scenario analysis, performed on patients
with confirmed lung carcinoma.
• Strategy 1: Never perform NGS or LB.
The first strategy applied to the data set is focused on never performed either NGS or liquid biopsy.
Since both of the analyses were not performed, none of the known mutations were found. The primary
goal of this strategy is not to provide a viable alternative to the current strategy, but rather to provide
some perspective on the cost changes of the mutation analyses. This strategy was mainly used as a
benchmark against which the costs of other strategies were compared to and was meant to calculate
the absolute cost impact of both the NGS and liquid biopsy.
• Strategy 2: Never perform LB, but perform NGS when possible.
This second strategy describes the current diagnostic process as seen in figure 4.7 in chapter 1.1.1.
During this strategy, the liquid biopsy will not be integrated into the current process and the diagnostic
pathways will remain unchanged. The results of the cost and benefits of the other strategies will be
compared with this one, as those are the actual changes a specific strategy is expected to cause.
• Strategy 3: Always perform LB, but never perform NGS. Strategy number three sketches a situation
where the liquid biopsy will always be performed for patients diagnosed with lung cancer, while NGS
is never performed. This means that all patients entering the diagnostic process receive liquid biopsy,
even those who turn out not to have lung cancer. This strategy is constructed to analyze the effects if
the NGS procedure was replaced by the liquid biopsy and what additional identification benefits there
could be gained regarding patients that would not have received NGS. It is expected to be able to
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analyze more patients in total, as for NGS an adequate amount of tumor material is required while a
liquid biopsy is always possible. Therefore, costs are also expected to increase.
Strategy 4: Only perform LB on the patients that should receive NGS.
Within this strategy, the liquid biopsy is only performed on patients that should have received NGS.
These are generally stage III and IV patients with adenocarcinoma. Patients with unknown or Not
Otherwise Specified types were also included. In practice, not all patients in this group actually
received NGS. As mentioned earlier, the exact reason for this is not known. It is a decision made by
the specialist, based on many factors not included in this study. The costs are likely to increase, since
it was determined in subsection 4.2.3 that roughly a third of the patients eligible for NGS, did in fact
not receive this procedure.
Strategy 5: Only perform LB on the patients that actually received NGS.
The fifth strategy replaces NGS with liquid biopsy, with the focus on the 43 patients that actually
received the NGS analysis. The main goal of this strategy is to provide a better comparison between
the NGS and LB. This will help to determine if the LB can be more cost-effective than the NGS. The
costs are expected to be lower than the current strategy, strategy two. However, it is likely that the
liquid biopsies will not find as many mutations as the NGS will.
Strategy 6: Always perform LB and only perform NGS when LB results are negative.
This strategy uses liquid biopsy as the initial procedure. If the liquid biopsy results are negative, then
an NGS will still be performed. Positive liquid biopsy results do not need to be verified with NGS since
these results are already verified during the verification step of the liquid biopsy. Since the average
liquid biopsy costs are lower than those of the NGS, one should expect that the total costs of this
strategy would be lower than that of the current strategy. However, due to the same reason given in
the third strategy, more patients could be analyzed and thus cost could be higher than the current
strategy.
Strategy 7: Always perform LB and perform NGS when possible.
The seventh applied strategy is aimed at performing both NGS and liquid biopsy for all patients that
qualify for those procedures. The health benefits of this strategy are expected to be the same, as the
quantity of the analyzed patients will remain the same. The costs, however, are very likely to increase
with a significant amount, since both of the procedures are performed for most patients. Therefore,
this strategy is not expected to be the most cost-effective. Its main use will be to inform decisionmakers about the total cost difference of not applying any mutation analysis (strategy number one) or
applying both.
Strategy 8: Only perform LB when NGS is not possible.
Finally, strategy eight was constructed to test the added value of liquid biopsies of trying to identify
all patients that could not receive NGS. The goal was to analyze if there was something to be gained
regarding costs and benefits for those patients. If the NGS is not possible, then the liquid biopsy can
be performed. Some examples of reasons why NGS would not be possible are inadequate or insufficient
tumor material, hard-to-reach location of the tumor or if acquiring the tumor material from the patient
is too risky. This strategy is expected to gain the same results as strategy six since the same amount
of patients will be examined. The only difference will likely be the costs, which are expected to be
higher.
Results

After the construction of the current diagnostic strategy and the additional seven proposed strategies, they
were applied to the data set one by one. Even though the strategy number two represents the current
diagnostic strategy, it was not always used as the standard comparison strategy. For that reason, strategy
number one was constructed. That strategy identifies none of the known mutations and serves as the perfect
benchmark for the others. Each of the remaining strategies had a different effect on either the costs or the
benefits of the diagnostic process. In order to express this relation in a comparable unit of measurement,
the Incremental Cost-Effectiveness Ratio (ICER) was used. The ICER is a ratio which formulates the
incremental health effects gained per incremental cost difference, as seen in formula 2 (Stinnett & Mullahy,
1998). It is the golden standard when it comes to comparing the results of various strategies within an
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economic evaluation.
PN
ICER =

n=1

PN
C(i)n − n=1 C(1)n
E(i)

(2)

Where C(i)n represents the costs of strategy i per patient n and E(i) the effects of that strategy,
expressed in the total amount of mutations found. This equation was applied separately to every patient
for each different strategy. As the guidance framework states, the analysis method is determined by this
expression. The expression of the results of this study is the additional costs per identified mutation. From
the theory in subsection 2.1.1 it can be concluded that studies using these types of expressions are types
as a Cost-Effectiveness Analysis. This typing will serve as a quick identifier for other researchers to inform
themselves about the content of this thesis. The results of the calculations of this expression can be found in
table 4.4. Additionally, in the entire data set consisting of 180 patients a total of 39 mutations were found.
Those mutations will serve as the health benefits benchmark when testing the constructed strategies.
Table 4.4: The results of the various strategies applied to the data set.
Strategy

Patients
analyzed

Total costs

Absolute
cost increase

Cost increase per
patient

Mutations
found

ICER

1)

0

€294,185

-

-

0/39

-

2)

43

€320,040

€25,855

€5.13

28/39

€923

3)

180

€338,235

€44,050

€12.24

20/39

€2,203

4)

76

€312,946

€18,762

€7.45

14/39

€1,340

5)

43

€304,831

€10,647

€6.57

9/39

€1,183

6)

180

€358,678

€64,494

€9.19

39/39

€1,654

7)

180

€364,090

€69,905

€9.96

39/39

€1,792

8)

180

€353,443

€59,259

€8.44

39/39

€1,519

From table 4.4 can be read that three strategies can be the most cost-effective, depending on the targets
and policies of the organization. If mutation identification is not a priority anymore, strategy number one is
obviously the most cost-effective. However, if this mutation typing remains desired, then a decision should be
made on the percentage coverage that is acceptable. If it is accepted that only about 72% of the mutations
will be identified, then the current strategy with an ICER of €923 is the most cost-effective. This would
increase the costs for each patient entering the diagnostic process by €5.13. Strategy eight is the most
cost-effective if the goal is to identify as many mutations as possible, with an estimated cost of €1,519 per
identified mutation. This means that by allowing an additional cost of €596 per mutation, an estimated
39.3% more mutations can be found by applying liquid biopsies in the manner that strategy eight suggests.
This would come down to an additional €3.31 per patient entering the diagnostic process, with respect to
the current strategy, resulting in a total of €8.44 per patient. Due to the fact that time does not affect these
strategies differently, no discount factor was applied. Currently, replacing NGS for liquid biopsy did not
prove to be cost-effective, as the ICER of the current strategy is €260 lower than that of strategy five. The
total cost increase was lower for strategy five, only the liquid biopsy was not able to identify nearly as many
mutations as the NGS could.
There are two crucial remarks when it comes to the calculation of these ICERs. Firstly, since the scope
of the project was only on the diagnostic process of lung cancer and not the treatment or monitoring, the
costs and benefits of the latter are not included. Especially the costs for monitoring are expected to have a
significant influence on the determined ICERs. If liquid biopsy can completely replace the current monitoring
process (which is said to be similar to the diagnostic process), a significant amount of costs can be saved. By
replacing just imaging, average costs of over €600 can already be saved. These savings can be increased to
€1,450 if pathology is required and in extreme cases even up to €2,000 if NGS is also required. Secondly, the
identification possibilities of the liquid biopsy are still under investigation. The current results only identify
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three types of EGFR mutations. It is, however, likely that the liquid biopsy will be able to identify other
mutations as well. This will increase the effectiveness of the liquid biopsy, which may cause the ICER of
liquid biopsy strategies to be lower.

4.5

Validation and verification of the results

The last phase of the Business Process Reengineering methodology is the process monitoring stage, focusing
on evaluating the performance of the implemented redesign. This evaluation is required to check whether
the calculated results are both robust and achieving the desired result. In this project the no strategy
is actually implemented, so no physical changes in the process have been made which can be measured.
Therefore, these validation and verification analyses are conducted on the estimations from the strategies
in the previous subsection. Since the external validity was already tested in subsection 3.2.2, only internal
validity and verification will be discussed in this subsection.
Firstly, the internal validity was tested by varying the results of the scenario analysis and evaluating
the outcomes. During this validation, the uncertainty of the results was decreased by changing uncertain
input variables and analyzing the effect on the results. This will provide a global interval in which the
ICER of a specific strategy will be, providing an idea of how these variables can influence the result. In
order to perform such an analysis, the uncertain variables were determined. After these uncertain variables
were known, the sensitivity analysis could take place. During the systematic literature review, it became
clear that the Probabilistic Sensitivity Analysis (PSA) is superior over the Deterministic Sensitivity Analysis
(DSA). This is due to the fact that the PSA includes statistical analyses that imitates reality better than
the DSA. To be able to perform the PSA the variances or standard deviations of the uncertain variables
must be known. Unfortunately, these were not known in this study. For that reason, only an univariate (or
one-way) DSA has been performed on the effects of the uncertainties on the total ICER. The results of these
analyses are shown in so-called tornado diagrams, representing the percentage change in ICER per variable
(EUnetHTA, 2015). Three crucial uncertainties regarding the variables can be found, of which only two can
be evaluated using the DSA. Scenario one was not included in any of the DSAs since no change in ICER can
be observed there.
4.5.1

Uncertainty of process times

Uncertain variable number one is the calculated process times of the liquid biopsy process. Other variables
in the cost calculation of the liquid biopsy are not likely to change much. The required materials, equipment
and reagents will stay the same unless the liquid biopsy process, as a whole, changes. In that case, an entirely
new cost calculation is required. A sensitivity analysis of those variables will not be of value and is therefore
dropped. As addressed earlier in subsection 4.3.2, the measured process times highly depend on the person
executing the process. Since these manual labor costs dictate around 35% of the total liquid biopsy costs at
a batch size of eight, this difference in working speed can significantly influence those costs. On the advice
of the paper of Russel et al. (1996), the average utilization was set on 80% (Russell et al., 1996). For the
univariate DSA, the high setting (best case) has been set to 100%, since utilization generally cannot be
higher than that if overtime is not included. Since this is an increase of 20%, the low setting (worst case)
has been set to a 20% decrease, which is 60%. The results are shown in figure 4.19 below.
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Figure 4.19: The results of the uncertainty analysis regarding the utilization of the employees in the liquid
biopsy process, displayed in a tornado diagram.
Strategy two was omitted from this plot because this strategy does not include the liquid biopsy process.
Since this uncertainty relates to the process times of the liquid biopsy process, no changes in the results
occur in this strategy. The low and high setting of this analysis increased or decreased the liquid biopsy costs
by 12% and 7%, respectively. This translates into the change in the outcome which is observed in figure
4.19 since the increase in costs of the worst case is higher than the decrease in the best case. It is therefore
recommended to keep track of the manual labor times of the liquid biopsy process.
4.5.2

Uncertainty of batch size

The second major uncertainty is the assumed batch size of the patient samples during the liquid biopsy
process. After a discussion with the Ph.D. student performing the liquid biopsy process at the moment, the
assumption was made that the average batch size would be eight. This batch size was chosen on the basis
of the average amount of new patients and the preferred batch size of the person executing this process.
It is, however, possible that the average demand increases, other employees prefer different batch sizes or
management aims to minimize throughput times by reducing waiting times in the buffer. These factors,
along with others, may either decrease or increase the batch size of the liquid biopsies. For the maximum
(high) a batch size of 12 is taken, due to the fact that this is the maximum capacity of the equipment for
DNA isolation without making the process unwieldy. No actual restriction is known for the minimum batch
size. Therefore, this minimum (low) will be set to four, since the maximum batch size also has a difference
of four.
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Figure 4.20: The results of the uncertainty analysis regarding the batch size of the liquid biopsies, displayed
in a tornado diagram.
This uncertainty revolves around the liquid biopsy and, therefore, strategy number two is again dropped
from this analysis. The worst-case setting of this uncertainty increased the costs of liquid biopsy by more
than 24%. This significant increase, which was already shown in figure 4.17 in subsection 4.3.2, is the result
of many manual setup tasks in the process. Due to the decrease of the batch size, those setup costs are
distributed among a smaller amount of patients, increasing the costs per patient. The best case setting
decreased the costs by roughly 8%, which is significantly lower than the cost increase of decreasing the batch
size by the same amount. This is due to the same distribution of setup costs over the number of patients. As
displayed by figure 4.17, it is a negative exponential relation where the cost decrease gets smaller each time.
This analysis shows that decreasing the batch size is not recommended since it has a significant impact on
the cost-effectiveness of the liquid biopsy.
4.5.3

Uncertainty of number of NGSs

The third crucial uncertain variable is the amount of Next-Gen Sequencing (NGS) procedures. After face
validating the results in subsection 4.2 it was concluded that most of the procedures in the current diagnostic
process were performed as often as one would expect. The only procedure performed significantly less than
expected, was the NGS procedure. A total of 23 to 33 patients did not receive this procedure, which is
roughly 35-45% of all eligible patients. It is therefore likely that during time intervals different from this
project, the amount of NGSs performed will change as well. Since fewer patients get the NGS procedure
than experts would expect, that change will probably increase the average number of NGSs. Unfortunately,
the effect this will have on the health benefits is unknown. The corresponding ICER to both the low or high
settings can therefore not be calculated. This uncertainty has thus not been included in the uncertainty
analysis, though it remains an important observation to keep in mind for future research.
4.5.4

Analysis of the results

Besides the validation of the results, it is also crucial to verify that these results satisfy the expectations of
this study. This can easily be done by readdressing the research goal and questions stated in the introduction
in subsection 1.2. Firstly, the research questions were checked to see if these were answered. Subsequently,
the answers to those questions were used to compose a recommendation which is in line with the research
goal of this project.
Research question number one was focused on finding an appropriate methodology to apply in this
study. After a systematic literature review, it was concluded that plenty of methods exist for performing an
economic evaluation in health care environments. However, it was observed that not all papers included in
the review seemed to use the appropriate methods for their environment and goals. This misuse of methods
made it difficult to analyze which types of information were actually used if it was mentioned at all. The
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result was that comparisons between studies decreased in reliability, as it was unclear if the paper actually
used the parameters that a specific method would indicate. The cause of this phenomenon was thought
to be the lack of guidance in choosing the appropriate methods and the constraints behind those choices.
Therefore, to determine the best methodology and thus be able to answer research question two, a guiding
framework was constructed so that this study would not make the same mistake. Due to the fact that
the liquid biopsy technique is expected to still have many unexplored potentials regarding both costs and
benefits, it is likely that similar research will be conducted in the future. For that reason, a complete guidance
framework was constructed to help guide those future projects and ensure fair and reliable comparison of
results.
The second research question was focused on calculating the actual costs and benefits of the current
diagnostic process of lung carcinoma patients. To answer the question, the frequencies of all current
procedures were determined using the validated data set. In subsection 4.4.2, that calculation was done
using strategy two. This strategy realized the identification of 28 out of the 39 known mutation types,
meaning that an estimated 72% of the known mutation types can be found. The costs of identifying these
mutations were divided over all patients in the diagnostic process, resulting in an average cost of €923. In
other words, each identification of a known mutation costs €923.
Research question number three was constructed to test the cost-effectiveness of the liquid biopsies on
their own. Answering this question required a different approach, due to the limited amounts of information
known about this process. Step one was to map the entire liquid biopsy in detail in order to calculate the
related costs of the cost drivers as precise as possible. Then, in subsection 4.4.2, strategies number three,
four and five were constructed to see what the effect would be if NGS would be completely replaced by liquid
biopsies. When performing the liquid biopsy on all patients with strategy three, regardless of their disease
profile, a total cost increase of €44,050 was observed. These costs enabled the identification of 20 out of
39 known mutations. Thus, the ICER of liquid biopsies was calculated to be €2,203 per known mutation
identification, which leads to an additional cost of €12.24 for all patients entering the diagnostic process. If
strategy four is applied, where liquid biopsy is only performed on the 76 patients in the data set that should
receive NGS, the total cost would increase by €18,762. Translated to the ICER, it would mean that the costs
per identification would be €1,340. The additional costs per patient in the entire system was estimated to
be €7.45. However, only 14 out of 39 known mutations could be found with this strategy. Finally, replacing
only the actual performed NGSs with liquid biopsy in strategy five, the total cost increased by only €10,647,
with an average cost per mutation identification of €1,183 and an increased cost of €6.57 per patient in the
diagnostic pathway for lung cancer. Unfortunately, this strategy had the least amount of identifications,
which remained at 9 out of 39 known mutations. Since all three of these strategies have a lower ICER than
the current strategy using NGS, it is not cost-effective to replace NGS with the current state of validated
knowledge on mutation identification of the liquid biopsy.
The fourth and final research question was aimed at determining what the added value would be of liquid
biopsies as a complementary technique. For this question, the remaining three strategies (number six, seven
and eight) had been composed. Each of these strategies used a different approach regarding the moment
of the liquid biopsy. The result was a cost increase of €64,494, €69,905 and €59,259 for the strategies six,
seven and eight, respectively. All of these strategies identified all 39 known mutations as anticipated, since
all known mutations were based on the combination of both the NGS and the liquid biopsy, as is the case
with the strategies. Out of these approaches, strategy number eight was the most cost-effective, with an
ICER of €1,519 per identification of a mutation, leading to an additional cost per patient in the diagnostic
process for lung cancer of €8.44.
Ultimately, these research questions served to aid in achieving the main goal of the study of analyzing the
economic effects of using the liquid biopsy method as a complementary technique for the current diagnostic
process of lung carcinoma patients. At the moment, Catharina hospital pays an estimated €923 to identify
roughly 72% of the mutations. The choice of strategy highly depends on the vision of the AKL at Catharina
Hospital. When the goal is to identify as many mutations as possible to provide the best possible care, the
three strategies with both NGS and liquid biopsies are recommended. The most cost-effective strategy out
of those three is strategy number eight, where liquid biopsy is only performed when NGS is not possible.
In that case, the estimated costs per mutation identification would be €1,519. As earlier mentioned in
subsection 4.4.2, this means that about 39% more mutations can be identified for the additional costs of
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€596 per mutation identification. The additional cost patient in the diagnostic process was about €3.31
when compared with the current strategy. What is interesting is that the earlier expected cost reduction
of replacing NGS with the liquid biopsy technique is not observed. With the current state of validated
mutation identification types of the liquid biopsy, it is not cost-effective to fully replace the NGS with liquid
biopsies. However, the current focus of the liquid biopsy is only on three types of EGFR mutation, while
it is likely that it can also be used to identify others. This will probably lead to a lower ICER and thus
higher cost-effectiveness, depending on the costs of those other identification processes. Finally, the highest
cost savings would be strategy number one, where no NGS or liquid biopsy is ever performed. This strategy
may be chosen when it turns out that knowing the mutation type does not add sufficient value for either the
patient or the hospital. It is of importance to mention, however, that this study did not incorporate cost
savings regarding treatment type enabled by knowing the exact mutation type. Knowing this exact mutation
type may enable targeted therapies, which could be less expensive than conventional chemotherapy.
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5

Discussion

The research described in this report was conducted with the goal of determining the added value of liquid
biopsies as a complementary technique in the current diagnostic process for lung cancer patients at Catharina
Hospital in Eindhoven. It is meant as an exploratory study to provide a general view of what potential the
liquid biopsy has regarding cost reduction and identification gains. The focus of this study was to analyze
the potential of replacing or complementing the Next-Gen Sequencing (NGS) procedure with liquid biopsies
since both are molecular analyses which can be used to identify the exact mutation type. After performing a
systematic literature review on methodologies on how to conduct these types of economic evaluations, it was
concluded that some ambiguities exist about the possible methods within an economic evaluation and their
constraints. The result is that sometimes a method is claimed to be used while in reality, a different method
is chosen. This would decrease the comprehensibility of that study by misinforming readers and creating
a misconception about the utilized methods. In turn, that would jeopardize the reliability of comparative
studies. It was concluded that there is a need for a methodology that guides researchers in choosing the
correct methods best fitting for their project environment. Therefore, a guidance framework was constructed
in order to ensure similar studies will choose the correct methods for their economic evaluation. Hopefully,
this framework helps future researchers in choosing their methods in a clear and structured way. If it can
accomplish that goal, it is expected to enable a quick comparison of studies by simply analyzing the use of
the framework. The guidance framework was applied and assessed in the case study of the economic analysis
of liquid biopsies at Catharina Hospital. After this assessment, it can be polished and used as a foundation
for the decisions regarding the appropriate methods in similar studies in the future.
During the economic analysis (or later labeled CEA), the current diagnostic process was firstly analyzed.
This process could be divided into three parts: imaging, biopsy, and pathology. Imaging was performed on
each patient entering the diagnostic process making it the biggest cost driver of the entire diagnostic process,
with costs averaging at €854.46. The main reason for these high costs is that imaging was performed more
often per patient than the other procedures. If more diagnostics were required a sample of the tumor
material could be acquired using a biopsy. These procedures were only performed on about half of the
patients, resulting in significantly lower costs averaging on €361.01. Additionally, that tumor material needs
to be analyzed using pathology for the average costs of €486.84. These pathology procedures were performed
on the same patients as those who received biopsy, making it more expensive than the biopsy. However,
these costs should be combined since adequate tumor material is required for pathology, which is acquired
through biopsy. This results in a total cost of €847.85, about the same as imaging while only half as many
patients are treated. Besides the current diagnostic strategy, the liquid biopsy procedure was also analyzed.
After mapping the process in detail it was estimated that the liquid biopsy procedure would cost €241.47 on
average per patient, with an additional €29.27 for the validation of positive results. Finally, the added value
of liquid biopsies was determined by setting up eight different strategies and comparing their cost-efficiency.
This analysis resulted in three recommendations, each applicable to different a vision which can be applied
at Catharina Hospital. If no value is gained by knowing the mutation type, a strategy of dropping both
NGS and liquid biopsies is recommended. When the decision-makers decide that identifying roughly 72%
of the mutations is acceptable, the current diagnostic strategy with an ICER of €923 is most cost-effective.
When distributing these costs over all patients entering the diagnostic pathway of lung cancer, it would lead
to another cost increase of €5.13. Finally, if the goal is to identify as many mutations as possible, then the
strategy that performs a liquid biopsy if NGS is not possible or results are negative is recommended. The
ICER of the last strategy is €1,519 per identification of known mutation. This would mean an additional
€3.31 cost increase per individual on top of the €5.13 of the current strategy, totaling at €8.44. In the
end, the uncertainties of these results were analyzed, which made clear that batch size affects these results
the most. With each unit decrease in batch size the costs would increase exponentially, while the cost
decrease per increase of unit of the batch size is significantly lower. With the current validated identification
possibilities of liquid biopsies, it is not recommended to fully replace the NGS procedure as it did not turn
out to be more cost-effective.
Unfortunately, some limitations exist regarding the cost calculations for the liquid biopsies. These costs
were based on process times that were measured during this project. However, the only person performing
this procedure was the Ph.D. student mentioned earlier in subsection 4.1.1. It is likely that this person
will not perform this liquid biopsy analysis anymore after his study is completed. Changes in employees is
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will probably change the times as well, which directly influences the costs. Since a significant part of the
liquid biopsy costs exists of this manual labor, the effects it has on the costs could also be of significance.
Additionally, there was assumed that the availability and utilization of equipment and personnel were always
optimal, eliminating waiting and idle time. In reality, however, these waiting and idle times are likely to
occur, increasing the overall costs of the liquid biopsy. Finally, the costs were based on an average batch size
of eight, while this batch size is variable. The liquid biopsy process consists of three separate tests that can
be performed at any time and have various maximum capacities. This enables the possibility that future
employees prefer different batch sizes, significantly changing the price.
In addition to the costs, also the benefits of the liquid biopsy have been limited due to the choice of the
institutional perspective. As the decision was made to express the health benefits of liquid biopsies in the
number of mutations identified, it is estimated that some principal health benefits have not been included.
By utilizing the liquid biopsy it is sometimes predicted that both the time to diagnosis and the invasiveness
for the patient decreases. Decreasing these factors might be of added value for the patient, increasing patient
satisfaction and, thus, improving the overall provided health care. In turn, this may lead to an increased
added value of using liquid biopsies as a complementary technique for lung cancer diagnostics. Another
limitation regarding the health benefits is the fact that at the moment only three types of EGFR mutations
are identified with the liquid biopsy. Since it is expected that the liquid biopsy will also be able to identify
other types of mutations, the health benefits are expected to increase. These identifications may increase the
overall cost-effectiveness of liquid biopsies if the ICER per additional identification is lower than the current
ICER of €1,519 per patient.
Finally, there is a limitation to the results of the study regarding the fact that the project was scoped
on the diagnostic process alone, disregarding treatment and monitoring. This means that the effect liquid
biopsies could have on both the costs and benefits of either treatment or monitoring was not included. As
stated in the introduction, however, there is expected to be a significant effect. Especially when it comes to
the monitoring since the concentration of tumor biomarkers found during the liquid biopsy is taught to be
a useful indication for disease progression. Therefore, it might even be possible to completely replace the
current monitoring process with just the liquid biopsy procedure. If this is indeed the case, a significant
opportunity exists to save costs during this phase. It is also expected to have some effect on the treatment
phase since the identification of specific mutations enables chemotherapy to be replaced by targeted therapies.
In contrast to the effects on monitoring, however, this is likely to only increase costs due to the costly nature
of these therapies.
For these reasons, future research on the effects on the costs during the treatment and monitoring of
the patient is recommended. That research will indicate whether the earlier stated expectations are true or
not. However, the timing of these studies should be taken into consideration. As the current potential of
liquid biopsies is only known to a limited extent, current research on the added value of liquid biopsy might
not be accurate. Other recommended future studies are an extension to this research by also evaluating
the possibilities of replacing other diagnostic procedures for this liquid biopsy and including more health
benefits by taking a broader perspective. It might be interesting to use the liquid biopsy as an indicator
for performing pathology and, thus, regular biopsy. By studying these three parts of the clinical paths of
the patient (diagnosis, treatment, and monitoring), it is ensured that the entire pathway of the patient has
been analyzed. By combining that research with the research done in this paper, a complete cost analysis
on the added value of the liquid biopsy’s current potential will have been performed. In addition, these
future researchers might be able to include a better-studied liquid biopsy, where an increased amount of
identifications are possible. This will increase the accuracy of the calculated added value of the liquid
biopsies.
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6

Conclusion

This study was performed with the intention of determining the added value of liquid biopsies in the current
diagnostic process for patients with suspected lung cancer at Catharina Hospital in Eindhoven. To achieve
this goal, a systematic literature review was conducted and a new framework constructed. It aimed to
contribute to current science by providing systematic guidance for future economic evaluations in health
care environments. It was tested by applying it during the rest of this study, which aimed to list the possible
cost-effectiveness a liquid biopsy might achieve for identifying mutations. Liquid biopsy costs were calculated
to be €241.47, with an additional €29.27 for validating positive results. The cost-effectiveness that resulted
from the health care environment of this study could be divided into two separate strategies. The first
strategy is the current diagnostic strategy and had an ICER of €923 average costs per identified mutation,
which would lead to the identification of roughly 72% of the mutations. The other strategy achieved an
ICER of €1,519 per identified mutation by performing a liquid biopsy when NGS was not possible or if
the NGS results were negative. This second strategy was able to identify 100% of the known mutations
from the data set. Therefore, by using liquid biopsy when NGS is not possible or results are negative, an
estimated 39.3% more mutations can be identified. The additional costs for this increase in the number of
identifications is estimated to be about €596 per patient in the diagnostic process. However, these amounts
are prone to uncertainty and can vary significantly. Especially increasing the process times and decreasing
the batch size may have a negative effect on the ICERs of strategies with liquid biopsy. It is therefore crucial
that if Catharina Hospital chooses to implement a strategy with liquid biopsies like strategy number eight,
close attention is paid to the possible changes in average batch size or overall process times.
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Appendices
A

The BPMN 2.0 elements

Figure A.1: A table of all BPMN 2.0 elements used in the process maps in this project.
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B

Descriptions of the applied algorithms

The data used for the analyses in this project was received from the Catharina Hospital in Eindhoven, in
the form of a Microsoft Excel file. After selecting the relevant data points, a total of about 250 variables
were left. These variables were further processed and transformed using Python 3.7 in order to enable the
use of algorithms for the required analyses. The result was a .py file consisting of roughly 1000 lines of code.
Besides the standard packages of this version of Python, an additional four packages were used: pandas,
numpy, datetime, and matplotlib.

B.1

Data preparation

After the data was imported into Python, it was prepared in order to enable quick analysis. First off, the
data set contained a significant amount of yes or no variables (e.g. the answer to “was EBUS performed on
this patient?”). These yes and no values were changed to 1 and 0, respectively. As mentioned in the main
text in subsection 4.1.3, it was agreed upon by the employee responsible for the data that missing values for
these types of variables were assumed to be 0 (or no). The Python function used for these adjustments is the
.map function. This function allows locating and changing variables quickly following specified constraints.
In the case of categories like cancer type, the .map function was also applied to adjust these categories
ranging from 0 to the number of categories.
Additionally, other text strings were also changed to numerical values. The .loc function was applied
to track down specific words in the text to see if valuable data was stored in variables like ’conclusion’ or
’other’. These specific lines of code were constructed after manually analyzing the data set and see if all the
relevant data from these types of textual variables was obtained. For this reason, these additional algorithms
for tracking these abnormalities were not constructed for all possible forms of text, but only for those that
were found.
After all required variables were made numerical, the overall structure of the data set was adjusted.
Certain variables were renamed in order to create short labels in English, so the analyses of these variables
could be tracked by all. The main Python function used for this renaming is the standard .rename function
of Python. After renaming the variables they were grouped in DataFrames, which allows easy access and
tracking of the variables used in certain analyses. The decision of choosing DataFrames above the standard
tables is that the DataFrames from the pandas package are more user-friendly and allow for more options
regarding the analysis of the data. These DataFrames were also used to combine all variables of a single
category, enabling the summation and analysis of that variable. Various if-statements within a .iterrows
function (for-loop) were mainly applied to deal with patient individual calculations over the length of a
certain DataFrame. The main use of these summations was to determine the number of imaging, biopsy or
pathology procedures per individual patient, which then could be used to calculate the costs per patient.
Another key DataFrame was that containing the various scenarios that were applied, which also used different
if-statements per scenario within the same for-loop to calculate the patient individual costs per scenario.

B.2

Data analysis

The first data analysis step that was performed, was face validating the data using the .describe function.
This standard function provided a quick overview of variables where missing data might be present or if
average values of variables deviate from their expectancy. If anomalies were found during this initial face
validation and not errors in the coding could be found, it was communicated immediately with the person
responsible for the data set, the Ph.D. student. When no more anomalies within the data could be found
with the codes, the data could be visualized. First, a series of pie charts was plotted, which were used to
display the disease profile of the data set required for the data validation in subsection 3.2.2. Subsequently,
bar charts were applied to visualize both the frequencies of the different procedures. Lastly, the histogram
was used to show the amount of imaging, biopsy, and pathology procedures per patient. The various cost
functions of the liquid biopsy or its cost drivers were made in Microsoft Excel.
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C

Enlarged process map of the current diagnostic process

Figure C.1: The enlarged version of the high-level representation of the current diagnostic process.
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D

Enlarged process map of the liquid biopsy process

Figure D.1: The enlarged version of the high-level representation of the liquid biopsy process.
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E

Detailed process map of the blood sampling process

Figure E.1: The detailed version of the blood sampling process used for both the protein and c(t)DNA analysis
during the liquid biopsy.
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F

Detailed process map of the serum preparation process

Figure F.1: The detailed version of the serum preparation process used for the protein analysis during a
liquid biopsy.
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G

Detailed process map of the protein analysis process

Figure G.1: The detailed version of the protein analysis process used for the liquid biopsy, part 1 out of 2.
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Figure G.2: The detailed version of the protein analysis process used for the liquid biopsy, part 2 out of 2.
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H

Detailed process map of the plasma and platelets preparation
process

Figure H.1: The detailed version of the plasma and platelets preparation process used for the c(t)DNA
analysis during a liquid biopsy, part 1 out of 2.
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Figure H.2: The detailed version of the plasma and platelets preparation process used for the c(t)DNA
analysis during a liquid biopsy, part 2 out of 2.
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I

Detailed process map of the DNA isolation process

Figure I.1: The detailed version of the DNA isolation process used for the ctDNA analysis during a liquid
biopsy, part 1 out of 4.
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Figure I.2: The detailed version of the DNA isolation process used for the ctDNA analysis during a liquid
biopsy, part 2 out of 4.
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Figure I.3: The detailed version of the DNA isolation process used for the ctDNA analysis during a liquid
biopsy, part 3 out of 4.
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Figure I.4: The detailed version of the DNA isolation process used for the ctDNA analysis during a liquid
biopsy, part 4 out of 4.
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J

Detailed process map of the RNA isolation and preparation
process

Figure J.1: The detailed version of the RNA isolation process used for the cDNA analysis during a liquid
biopsy, part 1 out of 3.
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Figure J.2: The detailed version of the RNA isolation process used for the cDNA analysis during a liquid
biopsy, part 2 out of 3.
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Figure J.3: The detailed version of the RNA isolation process used for the cDNA analysis during a liquid
biopsy, part 3 out of 3.
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K

Detailed process map of the c(t)DNA analysis process

Figure K.1: The detailed version of the c(t)DNA analysis process during a liquid biopsy, part 1 out of 3.

64

Eindhoven University of Technology

Figure K.2: The detailed version of the c(t)DNA analysis process during a liquid biopsy, part 2 out of 3.
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Figure K.3: The detailed version of the c(t)DNA analysis process during a liquid biopsy, part 3 out of 3.
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