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Lung cancer is the number one cause of cancer related deaths in Ontario and throughout Canada.
The 5-year survival rate for those diagnosed with lung cancer in 2020 was approximately 22.2%.
Poor screening techniques is the main cause of low survival rates and late detection. Recent
advancements in screening for lung cancer have led researchers to look at the benefits of using
low-dose CT (LDCT) scanning to screen patients at high risk for lung cancer in order to detect the
cancer in its earlier stages. There is strong evidence that using this new method of testing in lung
cancer screening can reduce lung cancer related mortality by increasing the chance that the disease
is detected in an earlier stage and in turn improving the patient’s chance at life saving treatment.
Lung cancer screening requires LDCT resources and, based on the current recommendations, there
is a concern that the new demand for imaging may exceed existing capacity of the imaging centers.
This research evaluates impact of the Lung Cancer Screening Pilot for People at High Risk on the
imaging resources and aims to answer the question: What would be the system performance for
different imaging policies assuming a fixed imaging capacity? Administrative data from the
Ottawa Hospital (TOH) as well as data from other research projects were used in order to develop
and populate a simulation model. The policies that were assessed include: using biannual screening
for patients who receive a negative baseline scan, using annual screening for patients with a
negative baseline scan with all suspicious patients returning for a follow-up scan in six months,
using annual screening for patients with a negative baseline scan with all suspicious patients
returning for a follow-up scan in three months, using biannual screening for patients with a
negative baseline scan with all suspicious patients returning for a follow-up scan in six months and
using biannual screening for patients with a negative baseline scan with all suspicious patients
returning for a follow-up scan in three months. These policies were assessed by looking at wait
times for patients to be screened. Possible shift between lung cancer stages was also considered.
The impact of this study is to look at system performances for different screening policies that
could be used assuming a fixed imaging capacity. It represents a first step for further research

should the data that is needed become available.
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1. Introduction

There is currently a need for a lung cancer screening program to be launched across Canada and
specifically in the province of Ontario. Lung cancer is the number one cause of cancer related
deaths in Ontario and throughout Canada. [34, 39, 40] Approximately 95% of the lung cancers
being diagnosed can be classified into small-cell lung cancer (SCLC) or non-small cell lung cancer
(NSCLC) which is a necessary distinction to make for prognosis, management, as well as
screening efficacy. [26] SCLC is more centrally located, arises more commonly in the larger
airways and is a very aggressive tumor which is characterized by its rapid doubling time as well
as early metastasis. These characteristics make this type of lung cancer harder to detect during the
earlier stages. [26] NSCLC, on the other hand, is more often found in the peripheral lung tissue
which makes it easier to find during screening. [26] According to Cancer Care Ontario, 7124
people died of lung cancer in 2020. [3] This number of lung cancer related deaths is extremely
high because cancer is usually detected at a very advanced stage, leaving the patient with a poor
survival rate. [39] The 5-year survival rate for those diagnosed with lung cancer in 2020 was
22.2%. [4] However, it can vary from 50% for patients diagnosed with localized disease being
stage | or 11 to 2% for patients diagnosed with distant disease being stage V. [19] The cure rate
for early-stage NSCLC after a resection of the tumour and 5-year survival rates are over 70%,
which makes screening very important for potential early detection and decreased mortality rates
from NSCLC. [6] Late detection of lung cancer due to poor screening techniques is the major cause

of low survival rate.

Recent advancements in screening for lung cancer has led researchers to look at the benefits of
using low-dose CT (LDCT) scanning to screen patients at high risk for lung cancer in order to
detect the cancer in its earlier stages. [39] Strong evidence suggests that using this new method of
testing in lung cancer screening can reduce lung cancer related mortality as it increases the chance
that the cancer is detected in an earlier stage, thus improving the patient’s chance at life saving
treatment. [34, 35] The current recommendations for screening in the province of Ontario and
across Canada are to use the two current screening techniques available, sputum cytology and chest
x-rays (CXR), neither of which allow doctors to detect the cancer in the early stages as the patients

must present symptoms before the tests are ordered. [28] Therefore, these techniques have proven



to not improve lung cancer related mortality or a patient’s 5-year survival rate. [24, 35] Other
techniques such as advances in treatment methods including surgery, chemotherapy and
radiotherapy have made little difference in the survival rate due to the fact that lung cancer is an
aggressive and heterogenous disease. [31] The National Lung Cancer Screening Trial (NSLT)
published their results. These results have started to change guidelines on lung cancer screening
across North America, as they found that screening patients at high risk for lung cancer with LDCT
showed a 20% reduction in lung cancer mortality when compared to screening using CXR. [34]
Furthermore, according to Lung Cancer Canada, if a comprehensive LDCT screening program for
Canadians at risk were to be implemented across the country, this program could be expected to
save more than 1200 lives per year based on NSLT results. [41] Since the publication of these
results by the NSLT, the Canadian Task Force on Preventative Health Care has changed their
guidelines to recommend the use of LDCT screening for patients who are deemed at high risk for
lung cancer and the province of Ontario has started the Lung Cancer Screening Pilot for People at
High Risk in order to determine the best way to implement LDCT screening for high risk patients
in Ontario. [34, 42] This is the first step in the implementation of a complete lung cancer screening

program in the province and across Canada.

Lung cancer screening requires LDCT resources and based on the current recommendations there
is a concern that the demand on imaging facilities may be too much if a screening program is
widely implemented and becomes very successful. Using the NSLT guidelines for lung cancer
screening as well as Statistics Canada’s data for provincial age distribution and smoking rates and
a microsimulation model done through the OncoSim model, approximately 1.4 million Canadians
in 2018 would have been eligible for high-risk lung cancer screening. This raises the question of
how the country currently can handle that many new patients. [9] The average wait time for a CT
scan in Ontario currently is approximately 70 days, meaning the province is already over capacity
with the patients it currently has. [43] Furthermore, the average wait time for a CT scan in the
area that was formerly under the Champlain Local Health Integration Network (LHIN) jurisdiction
IS on average 65 days for patients who were deemed to have an elective need for a CT scan and
who should be scanned within 28 days of the referral being sent, meaning that they are also already

over capacity with the patients they currently have. [44] Further research and resource



rationalization is needed in order to plan and implement an effective screening program in the

province.

1.1 Research Question
This research initially aimed to answer the question: What are the impacts of a provincial lung
cancer screening program on CT imaging resources? The subsequent question was what policies
can mitigate these impacts? However, the research question for this project changed because of
availability of data and we had to assume that the capacity of the system was fixed due to a lack
of data from the pilot. Thus, the revised research question that this projects answers is: What
would be the system performance for different imaging policies assuming a fixed imaging

capacity?

1.2 Method
This research used discrete event simulation in order to simulate system performance for potential

screening policies for a lung cancer screening program.

1.3 Objectives
The accomplishment of the following research objectives is needed in order to answer the research
question:
1. Develop adiscrete event simulation model that would support decision-making in selecting
screening policies.
1.1 Model different policies and their impacts on system performance considering the
following metrics: wait times and cancer stage shifting in patients who are diagnosed
with cancer after being screened measured as the proportions of patients in each cancer

stage category.

2. Cost of Screening
Screening will have very significant clinical impacts on lung cancer diagnosis as it will shift
diagnoses toward earlier stages which would make curative treatments possible. [29]
Approximately 57.1% of all screened detected lung cancers are diagnosed in localized stage

compared to 16.1% in the people who were not screened or missed their screening appointment.



[12] The shift from distant to localized stage cancers is what accounts for most of the difference
in the stage distribution between the screened population and the non-screened population. [12]
The proportion of regional stage cancers is quite similar in both populations with a percentage of
21.2% in the screened population and 23.7% in the non-screened population. [12] The cost of
continuing care for stage 111 and stage IV lung cancer is higher than the cost of care for early-stage
lung cancer on a monthly basis, even when the cost of chemotherapy is excluded in this calculation.
[6] This is as a result of the high costs of care associated with managing advanced stage lung
cancer, which includes the use of acute inpatient, intensive care as well as emergency department
resources in the patient’s last months of life. [6] When looking at the cost of screening, Goulart, et
al. said that for a screening rate of 75% their model estimated approximately 2 billion dollars in
national expenditures related to LDCT scanning and the procedures that follow a positive
screening test in the United States. [12] LDCT scans account for 59% of these expenditures while
follow-up CT scans account for 11%. [12] 60% of the lung cancer cases that are diagnosed in
patients who missed screening are distant stage lung cancers. [12] The expected treatment cost for
lung cancer without any screening is said to be 2.8 billion dollars which also accounts for
overdiagnoses. [11]. Marshall et al. have determined that in a very high-risk population of patients
who are between the ages of 60-74 years old, annual screening for lung cancer over a period of

five years in Canada appears to be cost-effective at a cost of $18,968 per life year saved. [19]

In summary, the cost-effectiveness of lung cancer screening programs is still being debated.
However, there is evidence that indicates that the cost of care for patients with advanced stage lung
cancer is higher than the cost of care for patients with early-stage lung cancer and that this could
potentially make screening for lung cancer cost-effective, leading to a stage shift in cancer
diagnoses. [6, 12, 29]

3. The Lung Cancer Screening Pilot for People at High Risk
3.1 Program Description
The Lung Cancer Screening Pilot for People at High Risk was initiated in June 2017 at specific
sites in Ontario which included the Renfrew Victoria, The Ottawa Hospital (TOH), Health Science
North in Sudbury, Lakeridge Health in Oshawa and the Cornwall Community Hospital. [44] The
Cornwall Community Hospital, TOH and the Renfrew Victoria were chosen by Cancer Care



Ontario in order to ensure diversity based on geography as well as hospital type being academic
or community-based hospitals. [35] In the former Champlain LHIN, the pilot started off with two
hospitals being the Renfrew Victoria as well as TOH. [2] These hospitals were chosen due to their
geography, as one is rural and one is urban. [35] Out of the three campuses of TOH hospitals the
only one currently doing lung cancer screening for the pilot is the Riverside campus as two other
TOH’s CT department are kept for traumas, emergencies or impatient care. [2] Each screening
center has navigators, which are nurses, who give patients who are eligible for screening based on
the eligibility criteria, information about the next steps and about the screening process. The
navigators go to the Riverside campus and the Renfrew Victoria Hospital in order to meet patients
that are coming in for their baseline scan. [2] When the pilot added the Cornwall Community
Hospital to the list of hospitals which are conducting lung cancer screening, it made this site unique
as it did not have the navigators meet with patients at this site. [2] If patients choose to get the
screening done in Cornwall, they will be given all the necessary information over the phone. [2]
This pilot recommends the use of LDCT scanning to screen people who are at high risk to develop
lung cancer. [32] However, this screening needs to be done through an organized screening
program such as the pilot. Ad hoc or opportunistic screening is not advised due to the potential
harms of screening. [32] This recommendation for LDCT screening is based on the results of the
evidence that was produced by the NSLT study. [44]

3.2 Eligibility Criteria
Currently, the recommendations for lung cancer screening are based on the NSLT study which
selected their eligible participants based solely on clinical parameters. [35] A number of
investigations have suggested that determining who is eligible for screening by using an
individual’s risk based on age, more detailed smoking history as well as other risk factors such as
family history of lung cancer or ethnicity could lead to a more effective screening program. [19]
Adding a refined risk-based assessment to the current method of selection could improve the
effectiveness of screening in two ways; however, only one will be mentioned, the risk assessment
model. [35] This model could identify the people who are at highest risk for developing lung cancer
and thus would identify those who would most benefit from screening. [35] The Lung Cancer
Screening Pilot for People at High Risk has incorporated this risk assessment step into their

eligibility criteria making it a two-step process. [39] Patients who are 55-74 years of age who have



smoked cigarettes daily for at least 20 years, not necessarily consecutively, may be referred or may
self-refer to The Lung Cancer Screening Pilot for People at High Risk at which point they would
undergo a risk assessment. If the patient has 2% chance or higher of being diagnosed with lung
cancer in the next six years, they will be eligible to be included in the pilot. If it is below 2% they
will not be eligible. [39] Other characteristics that could make a patient ineligible for the pilot
include having previously been diagnosed with lung cancer, being under surveillance for lung
nodules, experiencing hemoptysis in the past year or having experienced an unexplained weight
loss of more than five kilograms in the past year. [39] The Lung Cancer Screening Pilot for People
at High Risk used the eligibility criterion from the NSLT study but also added the risk assessment

in order diminish the false positive results. [39]

3.3 Patient Flow through the Screening Process
Following the risk assessment step, if the patient is eligible for screening, they will undergo a
LDCT scan. [23] Once the patient’s LDCT scan is performed a radiologist will determine if the
result is positive, suspicious or negative based on the Lung Rads scoring system. [23] Lung-Rads
are a quality assurance tool used to standardize CT reporting for lung cancer screening in order to
avoid confusion and facilitate outcome monitoring. [20] The patient will then receive a Lung-
Rads result between 0 and 4X with 0 meaning, the scan was either unsuccessful or there is no scan
to compare with — 1 being the best result a patient can receive, meaning that there is no suspected
lung cancer, and 4X being the worst result, meaning that lung cancer in this patient is suspected.
[20] For The Lung Cancer Screening Pilot for People at High Risk Lung Rads scores 4A, 4B and
4X are all considered positive screening results that are suspicious for malignancy. [23] If a patient
has a Lung Rad score of 1 or 2 they must return in one year for another LDCT. [20, 23] If a patient
has a Lung Rad score of 3 they will be asked to return for a follow-up LDCT in six months. [20,
23] Finally, if a patient has a Lung Rad score of 4A the patient will need a follow-up LDCT in
three months and if a patient has a Lung Rad score of 4B or 4X they will be referred to the Lung
Diagnostic Assessment Program (LDAP) in order to determine if they have lung cancer and obtain
the necessary treatment. [20, 23] Throughout the screening process the pilot provides navigation
to patients. [39] This includes navigation throughout the seven steps of the screening process used
by the pilot which include, (1) the risk assessment to determine the eligibility of the patient, (2)

informed decision-making process of the patient about participating in lung cancer screening, (3)



smoking cessation support that is given to all current smokers in the pilot, (4) the LDCT scan
which is run in accordance with radiology quality assurance, (5) communication of the scan results
to the referring provider and the family physician of the patient if these two providers are different,
(6) facilitation of the recall and follow-up of patients that need this service that is similar to the
Ontario Breast Screening Program and a (7) seamless transition to the Lung Diagnostic
Assessment Program (LDAP) for the assessment and/or the surveillance of scans that resulted in

a suspicious finding. [39]

3.4 Statistics from the Pilot
As of June 2018, the pilot has recruited approximately 2,613 patients. [21] Furthermore, the pilot
has booked 1,710 risk assessments of the 2,613 patients who are eligible based on age and smoking
history. [21] Of those 1,710 people, 1,642 patients went ahead with the risk assessment and 994
of those patients were eligible for screening. [21] As of June 2018, the pilot has conducted
approximately 816 LDCT scans. [21] There are currently no conclusions from the pilot program

as it is ongoing and therefore the final results of the pilot are not yet available.

In summary, The Lung Cancer Screening Pilot for People at High Risk is a pilot in the province
of Ontario which is being run in order to determine the best way to implement a lung cancer
screening program in that province. [44] The recommendations for lung cancer screening that are
being used in The Lung Cancer Screening Pilot for People at High Risk comes from the results of
the NLST. However, the pilot has also revised the eligibility criterion used in the NSLT by adding
a second step to the eligibility process, which is adding a risk assessment model and ensuring that
the patients who are eligible for screening have a 2% chance or higher of developing lung cancer
in the next six years. [19, 35, 44] This is an attempt to reduce the false-positive rates in the pilot.
[19, 35, 44]

4. Literature review
This section provides an overview of lung cancer and screening methods. New innovative
technologies for screening lung cancer have come to light in the past decade which include LDCT
scanning for people at high-risk, however this type of screening comes with advantages and

disadvantages to the people who are being screened as well as the health care system. (4.1)



Furthermore, simulation modelling will be explained (4.2) and how it has been used in cancer
research and screening initiatives (4.3) and which policies were available in the literature to

mitigate the impact of a lung cancer screening program on imaging resources. (4.4)

4.1 Lung Cancer and Screening
Screening is known as the periodic examination of a certain population in order to detect an early
stage asymptomatic disease. [14] The goal of lung cancer screening is to detect lung cancer cases
at an earlier stage in order to be able to more effectively intervene with potentially curative
treatment for the patient, all while helping to reduce lung cancer related mortality without harming
the patient or with limited harm to the patient. [1, 14, 29] Dating back to 1968, the strategy being
employed to reduce lung cancer related deaths was the use of chest radiography with or without
sputum cytology, serum biomarker testing, and fiber optic examination of the bronchial passage
as methods of screening. [7, 26] Screening criteria for patients at high risk include being between
55 to 74 years old, currently smoking 30 pack-years, or former smokers who quit within the past
15 years; however, these criteria do change from study to study. [7, 17, 22] It is undetermined if
screening patients that are at a lower risk for lung cancer will bring about the same changes in lung
cancer related mortality and if patients that do not meet the criteria described above are in fact low
risk. [31] Currently, the recommendation is to not screen patients who are not deemed high risk
using the eligibility criteria mentioned above as the high-risk threshold, as it is unknown if this

will bring about false positive findings, overdiagnosis, and unnecessary invasive testing. [31]

Some randomized control trials found that the use of chest x-ray and sputum cytology, serum
biomarker testing, and fiber optic examination of the bronchial passage had detected some early-
stage lung cancers. [7, 26] However, these early-stage cancer detections brought on by this
screening technique was not accompanied by a reduction in lung cancer mortality, which meant
that the screening technique was not beneficial. [7, 26] Advancements in multidetector CT
machines has allowed for the acquisition of volumetric images of the lung by having the patient
hold their breath one time and limiting their exposure to radiation. [14] Due to the high contrast
between aerated lung and soft tissue, CT use, which provides a low radiation dose, preserves the
detection of lung lesions despite high image noise and, therefore, allows screening with LDCT to

become the focus of investigation for lung cancer screening. [14]



Many observational studies first started to find that low-dose computed tomography (LDCT) scans
may be more effective in screening for the early detection of lung cancer then earlier modalities.
[8, 26] In response to these studies, The International Early Lung Cancer Action Project (I-
ELCAP) found that LDCT screening identified a higher portion of stage | cancers than chest
radiographs. [8] A few years later, the National Cancer Institute started the National Lung
Screening Trial (NSLT). Participants in the trial were randomized to three annual screenings either
with chest x-ray or LDCT. [31] The primary end point of the study was lung cancer mortality.[31]
The results determined that screening for lung cancer with LDCT in high-risk patients yields a
20% reduction in lung cancer mortality in comparison with screening with chest x-ray. [15]
Furthermore, with the introduction of LDCT, single-arm studies showed a stage-shift in the cancers
that were being diagnosed because 48-85% of screen-detected cancers were detected at stage |
compared to 30-35% of clinically detected lung cancers. [1] The NSLT study, however, did not
look at the difference between screening with LDCT and usual care. [16] One study, the Detection
and Screening of Early Lung Cancer by Novel Imaging Technology and Molecular Essays Trial
(DANTE) trial, did look at the difference between screening with LDCT and usual care and
determined that there was not a reduction in cancer related mortality. [16] However, this study was
seen as a poor-quality study as it was skewed towards a bias for mortality outcomes and, therefore,

the results of the study have not been used to determine recommendations. [16]

4.1.1 Advantages of Screening

The advantages of screening people at high-risk for lung cancer with LDCT includes diminishing
the absolute risk of lung cancer death from 1.66% to 1.33% or three fewer deaths per 1000 people.
[31] Screening also has significant clinical impacts on lung cancer diagnosis as it allows to shift
diagnoses toward earlier stages which would make curative treatments possible. [29]
Approximately 57.1% of all screened detected lung cancers are diagnosed in localized stage
compared to 16.1% in the people who were not screened or missed their screening appointment.
[12]



4.1.2 Disadvantages of Screening

The disadvantages of screening with LDCT are the chance of receiving a false-positive result and
associated overdiagnosis. [1, 25, 26, 32] With regards to the false-positive results, there will be
one or multiple benign or malignant tumours that will be found in about half of the individuals
who decide to proceed with lung cancer screening. [1] However, only a few of these tumours will
be cancerous once the patient has undergone an invasive diagnostic follow-up process. [1] False-
positive screening results are a major issue because of the potential for unnecessary diagnostic
follow-up for the patient, whether that be invasive or non-invasive. [1] In the NSLT over the three
rounds of screening, 24.2% of the test results for the screening were positive and 39.1% of all
patients that were screened in the trial received at least one positive test result. [1, 25] This study
also mentioned that 95% of the positive results received through screening did not result in a
diagnoses of cancer, meaning they were false-positive results. [1, 25] Most people in the NSLT
who received a positive result underwent further imaging, according to the Screening for Lung
Cancer: U.S. Preventive Services Task Force Recommendation Statement, ... The first round of
screening in the NSLT showed an average of one follow-up scan per positive screening test result.”
[25]

The second disadvantage to screening is overdiagnosis. Overdiagnosis is when detected lung
cancer would have never been clinically diagnosed. [1] This means that the pathologist is
diagnosing a lung cancer due to the screening process; however, this cancer would not progress to
cause symptoms or result in fatality during a patient’s normal anticipated life-span. [13] There are
many consequences that come with overdiagnoses including unnecessary diagnostic work-up for
the patient, unnecessary cancer treatments for the patient which includes all the negative physical
as well as psychological consequences and unnecessary health-care costs both for the patient and
the health-care system. [1] When overdiagnosis was examined in the NSLT it was found that 1.38
cases of overdiagnosis would be found in the 320 participants that needed to be screened in order

to prevent one lung cancer death. [31]

In summary, the benefits of screening for lung cancer with LDCT have become increasingly

evident over the past years. Screening with LDCT has shown a 20% reduction in lung cancer
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mortality in comparison with chest x-ray and has also shown a significant stage-shift in the cancers
that were being diagnosed. [1, 15] Furthermore, annual lung cancer screening with LDCT has been
proven advantageous in many ways but most importantly it has been proven to substantially
diminish the number of lung cancer-related deaths as well as decrease overall mortality. [27, 37]
However, while there are many benefits to lung cancer screening there, are also many potential
risks. One must look at all the risks associated with screening and weigh the pros and cons in order
to move towards the implementation of a national screening program. There are, however, ways
to improve the risks associated with lung cancer screening which will be discussed in the following

section.

4.2 Simulation Modelling
A simulation model is a computer model that aims to replicate some real-life situations. [38]
Simulation modelling explicitly incorporates uncertainty in one or more of the input variables. [38]
This being said, the simulation model is used to simulate the behaviour of a system that evolves
over time based on probability distributions. When a simulation model is run, random input
variables take on values generated from the probability distributions and the model keeps track of
any resulting output variables of interest. [38] In other words, the probability distributions that are
inputted will be used to randomly generate events that happen in the system. [38] This helps to
observe how the outputs of the model vary as a function of the varying inputs. [38] In a screening
domain, simulation model uses population data, specific disease related information such as the
incidence or the natural history of the disease as well as screening characteristics in order to
simulate what screening program should be implemented and how it should be implemented. [10,
18, 37] These models have been used in order to determine the cost-effectiveness, the potential
benefits of screening and the potential outcomes that could happen while implementing different
screening policies. [10, 18, 33] They are used to evaluate the full range of potential choices that
could lead decision-makers to the implementation of a program or a change in the requirements
for the screening program. [10] These models should be built with an understanding of the logic
that governs each activity in the system. [38] The results of a simulation model can include, among
others throughputs or delays. [10, 38] These models have been used in many different domains
including cancer screening. [10] In a lung cancer screening program, the system is evolving as the

number of people returning for screening and entering the screening program is always changing
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based on new information. This new information will make changes to the eligibility criteria and
the screening process for patients at high risk to develop lung cancer. For example, simulation
modelling can help determine how changing the eligibility criteria for a lung cancer screening
program can affect the number of people in need of screening and how this in turn will influence
the demand for CT imaging resources in a certain healthcare institution. It can also allow
researchers to change other aspects of the program such as when patients will be returning for
screening following a negative baseline scan to determine how this will impact demand on CT
imaging resources, wait times for patients to receive their scans and stage shifting for diagnosed
cancers or lung cancer related mortality. The models that were used in this project are waiting line
models and include three basic components: the probability distribution of arrivals (inter arrival
times) or how people arrive to the system, the probability distribution of a service time or how
people are being served, the organization of line and servers or how the system is organized. For
the simulation models used in this study, the stochastic inputs are the arrival of patients to the
screening venue and the service time for each scan. Finally, the outputs for this model include the
number of screened patients, the wait time for screening, and the stage shifting for patients that are

diagnosed with cancer after receiving their scan.

4.3 Cancer Screening and Simulation Modeling
Simulation modeling has been used in order to help assess cancer screening programs for

colorectal cancer, bowel cancer as well as breast cancer screening. [5, 30, 33, 37]

In bowel cancer screening, the model was used to help with the expansion of the National Bowel
Cancer Screening Program. The model simulates a large population of individuals from birth to
death. [5] The first simulation model was run without screening the individuals for bowel cancer
and the second was run with the screening. [5] This model ran 5 different implementation
scenarios. [5] The first one was the current scenario which modelled the existing screening
program which included the addition of 70-year-olds to the screening eligibility. [5] The second
scenario also called the slow scenario was based on a proposed implementation plan and it included
the addition of one age cohort every two years starting with 70-year-olds in 2015. [5] In this
scenario, the full implementation was achieved by 2035. [5] The other three scenarios were

accelerations of the slow scenario. [5] The implementation was considered complete when all
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individuals aged 50-74 where invited for screening on a biennial basis. [5] The results of this
simulation showed that the faster implementations also required more colonoscopy resources. [5]
To prevent (an) additional 25,702 deaths between the current and slow scenario there needed to be
an additional 1,943,395 colonoscopies performed. [5] The required number of colonoscopies over
time where related to the speed of implementation, the faster the implementation the greater the

increase in colonoscopy requirements. [5]

For lung cancer screening, one of the current models available to predict the outcomes of screening
is the OncoSim model. This simulation platform has different cancer specific models including
lung cancer. [10] It can be used in order to plausibly project lung cancer screening outcomes,
resource use as well as cost for the scenarios that are being simulated. [10] This model captures
the heterogeneity of a certain population’s health and demographic history over time. [10] It also
gives the user the capability to control the input parameters which may include risk factors such
as current smoking status and smoking history, screening characteristics, test sensitivity and
specificities, participant eligibility and follow-up protocols. [10] Furthermore, the outputs of the
model can also be controlled by the user and these include incidence of the cancer, mortality,
resource utilization which include follow-up procedures, treatments and scans, direct health care
costs, etc. [10] Finally, this model includes several different jurisdictions which allows the user to
customize their settings for their specific jurisdiction. [10] This allowed the model to be used in
order to support decisions at the national as well as the jurisdictional level. [10] It has been used
by the Canadian Task Force on Preventive Health Care in order to support their 2016 guidelines
on colorectal and lung cancer screening. [10] It is also currently being used by various provincial
health ministries in order to develop a case for introducing lung cancer screening and to explore
potential ways to reduce wait times in colorectal cancer screening. [10] While OncoSim is used to
simulate progression of a disease, this research aims to evaluate different policies from a
perspective of wait times and cancer progression. This entails that the premise of this project is
different from the objective of OncoSim. Secondly, OncoSim does not consider the wait times
present for cancer screening which would mean that different metrics would need to be used to
evaluate the policies. Finally, OncoSim does not allow for the addition of new model parameters
associated with the screening policies to be evaluated in this research. Thus, this research cannot

be done with a help of the OncoSim platform.
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In summary, simulation modelling is one of the possible methods for evaluating cancer screening.
While simulation modeling is being used in order to assess scenarios related to screening as well
as to determine the cost-effectiveness, general effectiveness and resource allocation in cancer
screening, it is more commonly being used to assess other cancer screening programs. [5, 10, 18,
33, 36, 37] Lung cancer screening is still new and there are few publications about the use of

simulation modeling in lung cancer screening.

4.4 Cancer Screening Policies
The literature offers potential screening policies that can be implemented. The first policy involves
changing the definition of a positive scan to a finding of a solid or part solid nodule that is of 6mm
in diameter instead of 4mm in diameter. [8] This increases the positive predictive value from 6.9%
to 17.3% and decreases the amount of false-positive results that occur without increasing the
number of false-negatives. [8] This decrease in false-positive results would mean a decrease in
follow-up CT scans. [6] Using this larger nodule size as a positive test result did not affect the
number of cancers that were diagnosed in a study by McGee et al. [8] An increase in the nodule
size threshold also did not affect the stage distributions of the lung cancers that were diagnosed,
as a greater proportion of stage IV cancers were diagnosed in participants who had the smallest

nodules being nodules with a diameter of 4-7mm. [11]

Another policy described in the literature is to offer biannual screening to patients who receive a
normal baseline scan instead of offering these patients annual screening. [27] This policy is based
on the fact that patients with a normal baseline scan have a lower lung cancer incidence rate
(0.34% vs 1.02%) and a lower mortality rate compared with the other screening participants who
received a positive or indeterminate baseline scan. [27] Due to these decreased rates, annual
screening for this group may not be necessary and changing the screening regimen in this group
could minimize the harms from false-positive results as well as the number of follow-up scans
needed to be done. [27] The NELSON study looked at these patients with a negative baseline scan
as well and determined that the risk for these patients of being diagnosed with a screen-detected

lung cancer 5.5 years post screening strongly depended on the result of their first scan. [27] If the
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baseline scan was negative, the patients had a 0.6% incidence of lung cancer at the final screening

round compared to 1.6% incidence in patients whose baseline scan was indeterminate or positive.

The current policy being used in The Lung Cancer Screening Pilot for People at High Risk is to
scan people using LDCT who have a 2% or higher chance of developing lung cancer in the next
six years based on the risk assessment model. [39] Once the scan is complete, if the patients receive
a negative result, they are asked to return for a follow-up scan in one year. Changing the timeline
for these follow-up scans could have a big impact on the number of people returning for lung

cancer screening, lung cancer staging and wait times.

In summary, the literature identifies two possible variations in the policies: changing the definition
of a positive scan and/or changing the frequency of scans for those who need to return later for
another scan. In this research we consider the policy offering biannual screening to patients who
had a negative baseline scan. The other policy variation presented in this section was not assessed
as it is too difficult to find data regarding nodule size at a granularity level required for model

development.

5. Methods
5.1 Introduction

This project evaluates the use of different screening policies on system performance. The
population involved in this study includes any person that is eligible for lung cancer screening
through The Lung Cancer Screening Pilot for People at High Risk as this will likely be the

eligibility criteria for a fully developed program.

A discrete event simulation (DES) model that supports decision making with regards to different
screening policies was developed in collaboration with TOH experts using data obtained from
Cancer Care Ontario, the literature, and the screening program. DES model simulates the behavior
of a stochastic system. A lung cancer screening program is a stochastic system as the arrivals of
patients eligible for screening, screening results, and patients returning for subsequent screens are

non-deterministic and follow some probability distributions. With the help of DES model, it is
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possible to assess the impact of a screening policies parameters such as, the frequency of returns
on system performance using metrics such as wait times or shifting between cancer severity stages.
Validation of the model parameters was limited and has been done with experts in the field such
as the Chief of Cancer Transformation and Strategy at TOH, Manager of the Integrated Cancer
Screening and Prevention for the Champlain Regional Cancer Program and other experts involved

in the Screening Pilot at Cancer Care Ontario and TOH

The simulation models were run in order to determine how different imaging policies will impact

system performance if we assume a fixed imaging capacity.

5.2 Study Design
The simulation models that were used in this research were developed by TOH experts. The models
were developed using two different system configurations:
e each imaging site is independent with independent intakes for its services.
e imaging resources are pooled and there is a single intake for the three sites.
Due to these different configurations, there was a need for two separate simulation models. The
first model represented a single imaging centre with a single queue. The second model assumed

one queue for the three centers.

5.3 Data

Weekly data for a period of two years came from The Lung Cancer Screening Pilot for People at
High Risk and was supplemented with data from the literature. Patients waiting for lung cancer
screening in the Pilot typically do not wait longer than a week therefore, in order to determine the
wait time for patients, weekly data was needed. However, the Lung Cancer Screening Pilot for
People at High Risk was able to provide very limited data and it led to the model having gaps of
information that had to be filled from other sources. The breakdown of the data and its source can
be found in Table 1.

Table 1. Simulation model parameters.

Parameter Source of Data Probability
Negative baseline Pilot 85%
scan
Positive baseline scan Pilot 2%
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Suspicious baseline
scan

Pilot

13%

Person with a
negative baseline
scan stays in the
system

Pilot

91%

Patient who receives
a suspicious baseline
scan who needs a
biopsy

Literature

38%

Patient who receives
a positive biopsy
after a suspicious

scan

Literature

75%

Patient who receives
a positive biopsy
after a positive scan

Literature

85%

Scan result is
suspicious, and
patient must return
for a follow up scan
in 3 months

Pilot

32.5%

Scan result is
suspicious, and
patient must return
for a follow up scan
in 6 months

Pilot

67.5%

Patient with a
positive biopsy has
stage 1 cancer.

Literature

63%

Patient with a
positive biopsy has
stage 2 cancer.

Literature

7%

Patient with a
positive biopsy has
stage 3 cancer.

Literature

15%

Patient with a
positive biopsy has
stage 4 cancer.

Literature

15%
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5.4 Unmet Data Requirements
In order for this project to show an impact on cancer staging, wait times, and resource utilization
based on different policies, more comprehensive data would be needed. Table 2 presents a
summary about unmet data requirements.

Table 2. Unmet Data Requirements
Data Needed

True arrival rate per site for the pilot

Percentage of patients with suspicious baseline scan who need a biopsy

Percentage of patients with a positive biopsy after a suspicious scan

Percentage of patients with a positive biopsy after a positive scan

Cancer staging for patients with a positive baseline scan and a positive biopsy.

Cancer staging for patients with a suspicious baseline scan and a positive biopsy.

Average length of time (weeks) required for shift in lung cancer severity staging

True service rate per site of the pilot

Changes in the imaging capacity for the system. (For example, overtime, dedicated slots for

lung cancer screening, etc.)

5.5 Simulation Models Used in the Study
The two models were developed by Konstantin Volodin with researcher’s help. The model which
is used to represent a single centre is an M/M/1 model where the first M represents the arrivals
modelled according to a Poisson distribution, whereas the second M represents service time
modelled as an exponential distribution. This model roughly represents the current situation for
lung cancer screening, which is that each center has their own independent arrivals. The second
model considers one queue for the three centres, it is an M/M/3 model, meaning that there is a
single queue served by three independent servers (centers). This model considers the situation
where there is a single intake line, and each patient can be assigned to any of the three centers. The
main difference between these two models is the way in which screening queues are set up. The
first one assumes that arrivals are dedicated to a specific center (M/M/1) whereas the second one
assumes a single intake to all three centers (M/M/3). The way of organizing the queue using the

M/M/3 model should be more efficient. To simplify, in this project, one M/M/1 model was run as
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the results from this model are assumed to be representative for each center. In each model cancer
stages were grouped, and we assumed an increase of 50% for probability of the diagnosis of stage
3/ 4 cancers occurring every six months that the patient waited to be screened. The outputs of each
model includes the number of patients that were screened, how long these patients waited to be
screened and the stage shifting for patients that were diagnosed with lung cancer after their
screening as a function of wait time. Analysis of the models outputs constitute the basis for

assessing different screening policies.

5.5.1 Evaluation Setting of the Model
The model was developed using a simulation library in Python. The length of the models warm up
period was three years and then the model simulated three years of the system behaviour for a total
length of a simulation run of six years. The warm up period for this project was quite long and this

was done to allow the reutterance to settle.

5.5.2 Assumptions
The following simplifying assumptions were followed in the model development:

1. One year is composed of twelve 30-day months, resulting in 360 days.

2. The model was run 30 times for each policy starting from an empty system.

3. False-positive results of the tests were not considered.

4. Each center has one day dedicated for lung cancer screening with the scan capacity of 32
patients per day for the M/M/1 model and 96 patients per day for the M/M/3 model.

5. The arrival rates were 10 new patients per day and 30 new patients per day for the M/M/1
and the M/M/3 models respectively. However, considering the models that were used
model a system with one dedicated day for screening per week, these arrival rates will in
fact represent weekly demands and capacities for screening. True arrival rates (new patients
+ returning patients for the scans) were very close to the scanning capacities.

6. There is a single cancer type. This implies no differentiation between types of cancers that
have different mortality and aggressiveness of growth.

7. All three sites have the same characteristics

8. Arrival rate has no trend/seasonality. This assumption was used so a Poisson distribution

could be used to model the arrival rates.
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10.

11.

12.

13.

14.

15.

16.

17.

Service time follows an exponential distribution.

If a patient receives two negative scan results, then they leave the system. This assumption

is based on studies that determined that most patients who receive a negative scan will only

return for one follow-up scan in a year before leaving the system. In the case of this study
each patient will receive two follow-up scans following a negative baseline scan.

Each center has fixed imaging capacity.

The queueing discipline is “first-come, first-served” for both patients arriving and patients

who return for follow-up scans. There is no priority given to the patients who are returning

to the system.

There is a 0.09 probability that a patient who received a negative scan result returns to the

general population and does not receive their follow-up scan. This probability is the same

as the probability of a patient choosing not to continue with screening after their risk
assessment

The probability of a positive biopsy is different between suspicious and positive scan

results.

a) The overall probability that a patient receives a positive biopsy following a suspicious
or positive baseline scan is 0.75. Furthermore, we assume that patients who receive a
positive baseline scan have a probability of 0.85 of receiving a positive biopsy whereas,
patients who receive a suspicious baseline scan have a probability of 0.75 of receiving
a positive biopsy.

There are four cancer stages when a patient is being diagnosed with lung cancer. However,

for this project the four stages were combined into two groups being, stage 1 and 2 together

and stage 3 and 4 together. Therefore, only one stage transition was considered, being the

transition from stage 1/ 2 to stage 3/ 4.

The probabilities of a patient being diagnosed with either stage 1 or 2 lung cancers or stage

3 or 4 lung cancers were taken from the data received from the pilot program.

The probability of cancer progressing to a later stage increases with the time spent waiting

for a scan. This is being used to imitate the doubling time for cancer and determine how

having patients wait longer to be screened can negatively impact the staging of the cancer
that is diagnosed.

a) The probabilities in a table below are used for illustrative purposes:
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Stage 1 Stage 2

Stage 3 Stage 4

0-6 Month ‘ 0.63 0.07
6-12 Month 0.5663 0.0629
12-18 Month 0.4953 0.0550

0.15 0.15 |
0.1685 0.2022
0.1843 0.2654

In order to calculate the combined probabilities for the different stages, individual probabilities

after each 6-month were calculated as presented in Table 3. This assumption was made based on

a conversation with the head of the pilot program.

Table 3. Description of the change from 6-12 months

Stage | Stage | Stage | Stage

1 2 3 4
Initial value 0.63 0.07 0.15 0.15
Multiplier 1 1 1.25 1.5
Multiplication Results 0.63 0.07 0.1875 | 0.225
Sum of the Multiplication Results 1.1125
Results of Division of each multiplication results by | 0.5663 | 0.0629 | 0.1685 | 0.2022
the sum (to normalize the values to 1)
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Figure 1. Graphical illustration of the models.

Wait Time Stage 1 Stage 2 Stage 3 Stage 4
’:o'"em 63% % 15% 15%
6-12

56.63% 6.29% 16.85% 20.22%
Month
:\llzo;:: 49.53% 5.50% 18.43% 26.54%
Lot 42.02% 4.67% 19.54% 33.77%
Month

On Figure 1 the top part illustrates the screening process and the flow of patients through this

process. The section labeled “Scan process” represents the organization of the system as either a

single line, single server system (M/M/1) or a single line, multiple server system (M/M/3). The

section labeled “Negative patient leave chance” represents the assumption that patients with

negative scan results have a 9% chance of leaving the system following their baseline scan and

first follow-up and will all have a 100% chance of leaving the system following their second

follow-up scan. Finally, the section labeled “Cancer stage distribution” links wait times to cancer

staging for patients with a positive biopsy. Specifically, if the patient waits less then 6 months for

screening there is no shifting in their cancer staging.
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5.6 Policies to be assessed
The purpose of assessing different policies is to determine how the performance of the system
changes in light of a fixed imaging capacity. The metrics used to assess the policies are:
- wait times
- number of the patients that moved from lower to higher cancer stage measured as the

proportions of patients in each cancer stage category.

By looking at these metrics, the best policy option could be determined as the one with the least
wait time and least shifting between cancer stages. These metrics were used because the
relationship between wait times and cancer staging is not linear and, therefore, wait times up to a

certain time will not significantly impact cancer staging.

Policy 1: Biannual Screening

This policy offers biannual screening to patients who received a negative baseline screen. [27]
These patients will return for screening in 24 months instead of 12 months, which lowers the
demand for CT resources. This policy also lowers the required number of follow-up scans (see
[24]). Furthermore, offering biannual screening to patients who have received a negative baseline
scan does not affect the patient’s chances of being diagnosed with advance stage cancers later on
(see [22]).

Policy 2: Annual screening with all suspicious patients returning for a follow-up scan in 6
months.

This policy assumes that patients who received a negative baseline scan return for a follow-up scan
in 12 months. Patients who received a suspicious baseline scan return for a follow-up scan in 6
months. When compared to the baseline, this policy will bring a decrease in the frequency of

returns for follow-up scans for patients who had a suspicious scan result.

Policy 3: Annual screening with all suspicious patients returning for a follow-up scan in 3
months.
This policy assumes that patients who received a negative baseline scan result return for a follow-

up scan in 12 months. Patients who received a suspicious baseline scan return for a follow-up scan
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in 3 months. When compared to the baseline, this policy will bring an increase in the frequency of

returns for follow-up scans for patients who had a suspicious scan result.

Policy 4: Biannual screening with all suspicious patients returning for a follow-up scan in 6
months.

This policy assumes that patients who received a negative baseline scan result return for a follow-
up scan in 24 months. Patients who received a suspicious baseline scan will also return for a follow-
up scan in 6 months. When compared to the baseline, this policy will bring a decrease in the

frequency of returns for follow-up scans.

Policy 5: Biannual screening with all suspicious patients returning for a follow-up scan in 3
months.

This policy assumes that patients who received a negative baseline scan return for a follow-up scan
in 24 months. Patients who received a suspicious baseline scan will return for a follow-up scan in
3 months. When compared to the baseline, this policy will bring a decrease in the frequency of

returns for follow-up scans.

6. Results
Multiple simulations were conducted, assuming mean arrival rate of 10 patients per day for the
M/M/1 model and 30 patients per day for the M/M/3 model.

6.1 Model Validation
A proper validation for this project could not be conducted because none of the simulation models
truly reflect the current situation due to lack of available data. Thus, the models being used are

significantly simplified.

6.2 Policy Option Results

The baseline policy is the current policy being used in The Lung Cancer Screening Pilot for People
at High Risk and it has the following characteristics:
- Patients with a risk score of 2% or higher of developing lung cancer in the next six years
are scanned using LDCT.
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- Patients who receive a negative scan return for a follow-up scan in 12 months

- Patients who receive a suspicious scan return for a follow-up scan in 3 or 6 months.

- Itis assumed that the two thirds of the patients return in 6 months and one third return for
a follow-up scan in 3 months.

- Patients who receive a positive scan are referred to the LDAP and removed from the

system.

Table 4. Baseline policy: Simulation results for the M/M/1 and M/M/3 models

Model Type M/M/1 M/M/3
Arrival Rate 10 30
Mean and SD
Results | Percentage of patients in Stage 1/2 70.2 + 36.9 70.1 + 63.7
Percentage of patients in Stage 3/4 29.8 + 24.9 29.9 +45.2
Number of days a patient waits to be screened 80.5 + 6.78 78.3 + 3.00

When evaluating system performance for the baseline policy, where the system uses one intake
per center, or one intake for three centers, there is very little impact on the wait time for screening

as well as the percentage of advanced stage lung cancers that are being diagnosed post screening.

Policy 1: Biannual screening.

- Patients who receive a negative baseline scan return for a follow-up scan in 24 months.

- Patients with a positive scan are referred to the LDAP for further diagnostics

- Patients who receive a suspicious baseline scan return for a follow-up scan in 3 months or
6 months.

- ltis assumed that the two thirds of the patients return in 6 months and one third return for

a follow-up scan in 3 months.

Table 5. Policy 1: Biannual Screening. Simulation results for the M/M/1 and M/M/3 models.
Model Type M/M/1 M/M/3
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Arrival Rate 10 30
Mean and SD
Results | Percentage of patients in Stage 1/2 71.6 +51.3 70.2 £ 75.1
Percentage of patients in Stage 3/4 28.4+1.35 29.8 +51.3
Number of days a patient waits to be screened 29.0 + 2.79 28.4 + 1.35

Considering that for baseline and Policy 1 wait times are well below 6 months, there is no

difference in the percentage of the patients in cancer stages. However, decreasing the frequency of

follow-up scans has a significant impact on the wait time for screening for both system

configurations when compared to the baseline policy

Policy 2: Annual screening with all suspicious patients returning for a follow-up scan in 6

months.

- Patients with a negative baseline scan return for a follow-up in 12 months

- All patients with a suspicious baseline scan return for a follow-up in 6 months.

- Patients with a positive scan are referred to the LDAP program.

Table 6. Policy 2: Annual screening with all suspicious patients returning for a follow-up
scan in 6 months. Simulation results for the M/M/1 and M/M/3 models

Model Type M/M/1 M/M/3
Arrival Rate 10 30
Mean and SD
Results | Percentage of patients in Stage 1/2 69.9 + 25.1 69.9 + 63.9
Percentage of patients in Stage 3/4 30.1 +23.3 30.1 +£57.3
Number of days a patient waits to be screened 79.6 + 6.39 77.9 +3.31
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Policy 2 decreases the frequency of follow-up scans for patients with suspicious nodules. The
baseline policy has patients who receive a suspicious scan returning for follow-up in two groups.
In this policy two thirds of patients will return for a follow-up in 6 months whereas one third of
patients will return in 3 months. Policy 2 however, allows all patients who receive a suspicious
baseline scan to return for a follow-up scan in 6 months instead of separating these patients into
two groups. This allows for a decrease in the frequency of follow-up scans for the portion that
would otherwise have to return in 3 months. This change to the return of suspicious patients has a

small impact on wait times for screening for both configurations when compared to the baseline

policy.

Policy 3: Annual screening with all suspicious patients returning for a follow-up scan in 3
months.
- Patients with negative baseline scan return for a follow-up in 12 months

- All patients with a suspicious baseline scan return for follow-up in 3 months.

- Patients with a positive baseline scan are referred to the LDAP.

Table 7. Policy 3: Annual screening with all suspicious patients returning for a follow-up
scan in 3 months. Simulation results for the M/M/1 and M/M/3 models

Model Type M/M/1 M/M/3
Arrival Rate 10 30
Mean and SD
Results | Percentage of patients in Stage %2 70.0 + 36.9 69.9 + 60.6
Percentage of patients in Stage % 30.0+ 2138 30.1 +£47.2
Number of days a patient waits to be screened 81.7 £ 6.11 79.8 + 3.55

Policy 3 increases the frequency of follow-up scans for patients with suspicious nodules. The
baseline policy has patients who receive a suspicious scan returning for follow-up in two groups.
In this policy two thirds of patients will return for a follow-up in 6 months whereas one third of
patients will return in 3 months. Policy 3 allows all patients who receive a suspicious baseline scan

to return for a follow-up scan in 3 months instead of separating these patients into two groups.
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This allows for an increase in the frequency of follow-up scans for the portion that would otherwise
have to return in 6 months. This change to the return of suspicious patients has a small impact on

wait times for screening for both configurations when compared to the baseline policy.

Policy 4: Biannual screening with all suspicious patients returning for a follow-up scan in 6
months.

- Patients with a negative baseline scan return for a follow-up in 24 months
- All patients with a suspicious baseline scan return for a follow-up in 6 months.

- Patients with a positive baseline scan are referred to the LDAP.

Table 8. Policy 4: Biannual screening with all suspicious patients returning for a follow-up
scan in 6 months. Simulation results for the M/M/1 and M/M/3 models

Model Type M/M/1 M/M/3
Arrival Rate 10 30
Mean and SD
Results | Percentage of patients in Stage 1/2 69.9 + 32.0 70.0 + 66.6
Percentage of patients in Stage 3/4 30.1 +25.8 30.0 £ 35.1
Number of days a patient waits to be screened 28.0 + 2.75 27.2 + 1.68

Policy 4 decreases the frequency of follow-up scans which has a significant impact on the wait
time for screening for both system configurations when compared to the baseline policy. The
results from this policy are similar to those obtained between Policy 1 and the baseline because
biannual screening for patients with negative baseline scans has a bigger impact on wait times.
There is a greater portion of the people who are being scanned that are going to receive negative
baseline scans, therefore meaning a larger portion will have to return for follow-up scans in 24
months instead of 12 months. This decreases the number of required follow-ups. Furthermore, this
policy also decreases the frequency of follow-up scans for patients who receive a suspicious

baseline scan result which in turn explains the slightly lower wait times than those with Policy 1.
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Policy 5: Biannual screening with all suspicious patients returning for a follow-up scan in 3

months.

- Patients with a negative baseline scan return for a follow-up in 24 months

- All patients with a suspicious baseline scan return for a follow-up in 3 months.

- Patients with a positive baseline scan are referred to the LDAP.

Table 9. Policy 5: Biannual screening with all suspicious patients returning for a follow-up
scan in 3 months. Simulation results for the M/M/1 and M/M/3 model.

Model Type M/M/1 M/M/3
Arrival Rate 10 30
Mean and SD
Results | Percentage of patients in Stage 1/2 69.9 + 355 70.1 +54.8
Percentage of patients in Stage 30.1 +26.9 29.9 + 45.8
3I<I/jmber of days a patient waits to be screened 31.1+2.75 29.9 +1.32

Policy 5 decreases the overall frequency of follow-up scans which has a significant impact on the

wait time for screening for both system configurations when compared to the baseline policy. The

results from this policy are similar to those obtained between Policy 1 and the baseline because

biannual screening for patients with negative baseline scans has a greater impact on wait times as

there is a larger portion of the people who are being scanned that are going to receive negative

baseline scans. Therefore, there is a bigger portion who will have to return for follow-up scan in

24 months instead of 12 months. Furthermore, this policy increases the frequency of follow-up

scans for patients who receive a suspicious baseline scan result which in turn explains the slightly

higher wait times than Policy 1.
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7. Discussion

The purpose of this research was to evaluate the different screening policies while assuming a
fixed imaging capacity. The results of this research form a first step for further research on the
implementation of a lung cancer screening program. This further research could be used to help
determine which policy presented could potentially be beneficial to the implementation of a lung
cancer screening program. This study used the baseline policy (currently being used by The Lung
Cancer Screening Pilot for People at High Risk) as a benchmark to compare with the other policies.
However, it is important to note that we assumed that one full day a week is devoted to the lung

cancer screening program while in reality that is not the case.

M/M/1 Model

When using an M/M/1 model with the different policies being evaluated, there is practically no
difference in the proportions of patients in the two cancer staging groups for the different policies.
This is as a result of wait times never going beyond 6 months — a time assumed to impact the shift
between the stages. This will also be the case for the policies using the M/M/3 model. Wait times,
however, are impacted by the different policies. Policies 1, 4 and 5 brought a decrease in wait
times because they extend the period of time between screening for patients that have negative
baseline scans, which we know to be a higher percentage of people. Having patients who receive
a negative baseline scan return in 24 months instead of 12 months will result in fewer patients
returning for scans in a short period of time and therefore, wait times for screening will be
diminished. Policy 4 has a lower wait time than Policy 1 and 5 because it also decreases the
frequency of follow-ups for patients with suspicious scan results. This in turn diminishes wait
times a little more than the other two policies. Policies 2 and 3, like the baseline policy, offer
annual screening for patients who received a negative baseline scan. Most patients who are
screened will receive a negative baseline scan and therefore, similar to the baseline policy, more
patients will be returning for a follow-up scan sooner which will increase wait times for screening.
This explains why wait times for screening with Policies 2 and 3 are similar to those with the
baseline policy. Policy 3 has wait times that are a little longer than the baseline and Policy 2

because it also increases the frequency of follow-ups for patients with suspicious baseline scans.
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M/M/3 Model

When using an M/M/3 model with the different policies being evaluated wait times are impacted.
Policies 1, 4 and 5 brought a decrease in wait times because they extend the period of time between
screening for patients that have negative baseline scans, which represents a higher percentage of
people. Having patients who receive a negative baseline scan return in 24 months instead of 12
months will mean fewer patients will be returning for scans in a short period of time and therefore,
wait times for screening will be diminished. Policies 2 and 3, like the baseline, policy offer annual
screening for patients who received a negative baseline scan. Most patients will receive a negative
baseline scan and therefore with these policies, as with the baseline policy, more patients will be
returning for a follow-up scan sooner, which in turn will increase wait times for screening. This
explains why wait times for screening with policies 2 and 3 are similar to those with the baseline
policy. As with the M/M/1 model, Policy 4 offers the shortest wait times while Policy 3 offers the
longest and this is because Policy 4 also decreases the frequency of follow-ups for patients with

suspicious scan results whereas Policy 3 increases that frequency.

Organization of the Queues.

The organization of the queues is an important factor in determining which policy is the best policy
to implement. However, regardless of the queue organization there is very little difference between
the results of each policy. There is a number of plausible explanations for this situation, including

the fact that the simulation model might not reach a steady state.

7.1 Limitations
There are multiple limitations to this study. First, data available from the pilot program was scarce and this
has had an impact on how comprehensive the simulation models might be. Scarcity of data was partially
addressed by using data from the literature. Given the lack of data, the models do not simulate the screening
regimen in sufficient detail and therefore, the results are different than what is to be expected. Furthermore,
due to the lack of data, the models are simplistic. Secondly, the experimental setup has certain
shortcomings. The warm-up period that was used is not long enough for steady state to be reached. It would
have been beneficial to increase the simulation length in order to see how this would impact wait times and
therefore, if there would be a difference in stage shifting. For further research, having better and more
comprehensive data about screening and imaging centers capacities seem to be key factors for building

models that better simulate the system.
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7.2 Shortcomings of Research
There are several shortcomings for this research. One of these shortcomings is that the same
characteristics were assumed for the three separate centers. A better way to do the analysis would
have been to have each imaging center have their own distinct characteristics for screening. The
second shortcoming is that one M/M/1 model was used instead of running three distinct M/M/1
models mimicking operations of three centers. Therefore, the results that are compared are
different, as each different center would have different patients and that was not taken into account.
Another shortcoming is related to how stage shifting was modelled. Specifically, progressing of
cancer between the stages (stage shifting) was modelled in a simplistic manner. It did not take into
account progression between the individual stages, shifting depending on a type of cancer, and
often nonlinear progression between stages 3 and 4. Finally, it was assumed that cancer screening
is conducted during one dedicated day in a week instead of being spread over the week and

“competing” for the imaging resources with other screening requests.

8. Conclusion

8.1 Significance of Research
In order to run a comprehensive analysis two aspects need to be considered. The first aspect is
resource implications, and the second would be screening policy implications given resource
limitations. This project was not able to evaluate resource implications due to a lack of data
however, the second aspect was considered. Evaluating screening policy implications given
resource limitations is the first step for further research on the implementation of a lung cancer
screening program. This research did not produce conclusive results with regards to policy
selection however, it indicated possible paths for future research on how resource implications
would affect screening policies and how these policies would affect stage distribution as well as

wait times should more complete and comprehensive data be available.

8.2 Concluding Comments
In conclusion, through this research | have learned more about cancer screening as well as
simulation modeling. More importantly, | have learned that determining policies that can change

how a program will be run is extremely difficult and requires enough data from the current program
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in order to be succesful. Not having access to all of the necessary data makes it difficult to simulate
the program and therefore, makes it difficult to determine how different policies would affect these
programs should they be implemented. Based on the results obtained in this research, policies that
impact the way patients return to the queue for follow-up screening after a baseline scan do not
have significant impacts on the number of advanced stage lung cancers that are diagnosed post
screening. This is because it does not impact wait times enough and therefore, there is no stage

shifting towards more advanced cancers.
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Appendix 1

Input Parameters for the Simulation Model

General Parameters.

Replications | Warm Total Initial Arrival | Service Scan Scan Scan Capacity
up Duration | Waitlist | Rate Time Capacity | Capacity | Cornwall
duration | (days) Size per (minutes) | TOH Renfrew | (machine)
(days) Day (machine) | (machine)

30 1080 2160 | 0 10 15 1 1 1

Distributions. Distributions that were used to populate the simulation model.

Results 1 | Negative | Suspicious | Positive | Probability | Suspicious | Scan Probability | Number
a person Result Result Biopsy is | of
with a Needs positive negative
negative Biopsy (patient results
result stay | probability has to leave
in the cancer) the
system system

Negative 1 |85.00% | 13.00% 2.00% | 91% 38% Suspicious | 75.00% 2

Suspicious Positive 85.00%

Positive

34




References

1. van der Aalst CM, ten Haaf K, de Koning HJ (2016) Lung cancer screening: latest
developments and unanswered questions. The Lancet Respiratory Medicine 4:749-761. doi:
10.1016/S2213-2600(16)30200-4

2. Azar FE, Azami-Aghdash S, Pournaghi-Azar F, Mazdaki A, Rezapour A, Ebrahimi P,
Yousefzadeh N (2017) Cost-effectiveness of lung cancer screening and treatment methods:
a systematic review of systematic reviews. BMC Health Services Research 17. doi:
10.1186/512913-017-2374-1

3. Cancer Care Ontario Ch 2: Estimated current cancer mortality | Cancer Care Ontario.
https://www.cancercareontario.ca/en/statistical-reports/ontario-cancer-statistics-2020/ch-2-
estimated-current-cancer-mortality. Accessed 25 Aug 2021

4.  Cancer Care Ontario Ch 7: Cancer survival | Cancer Care Ontario.
https://www.cancercareontario.ca/en/statistical-reports/ontario-cancer-statistics-2020/ch-7-
cancer-survival. Accessed 25 Aug 2021

5. Cenin DR, St John DJB, Ledger MJN, Slevin T, Lansdorp-Vogelaar | (2014) Optimising
the expansion of the National Bowel Cancer Screening Program. The Medical Journal of
Australia 201:456-461. doi: 10.5694/mja13.00112

6. Cressman S, Lam S, Tammemagi MC, Evans WK, Leighl NB, Regier DA, Bolbocean C,
Shepherd FA, Tsao M-S, Manos D, Liu G, Atkar-Khattra S, Cromwell I, Johnston MR,
Mayo JR, McWilliams A, Couture C, English JC, Goffin J, Hwang DM, Puksa S, Roberts
H, Tremblay A, MacEachern P, Burrowes P, Bhatia R, Finley RJ, Goss GD, Nicholas G,
Seely JM, Sekhon HS, Yee J, Amjadi K, Cutz J-C, lonescu DN, Yasufuku K, Martel S,
Soghrati K, Sin DD, Tan WC, Urbanski S, Xu Z, Peacock SJ (2014) Resource Utilization
and Costs during the Initial Years of Lung Cancer Screening with Computed Tomography
in Canada. Journal of Thoracic Oncology 9:1449-1458. doi:
10.1097/JT0O.0000000000000283

7. CuiJ-W, Li W, Han F-J, Liu Y-D (2015) Screening for lung cancer using low-dose
computed tomography: concerns about the application in low-risk individuals. Transl Lung
Cancer Res 4:275-286. doi: 10.3978/j.issn.2218-6751.2015.02.05

8.  Eberth JM (2015) Lung Cancer Screening With Low-Dose CT in the United States. Journal
of the American College of Radiology 12:1395-1402. doi: 10.1016/j.jacr.2015.09.016

9. Evans WK, Flanagan WM, Miller AB, Goffin JR, Memon S, Fitzgerald N, Wolfson MC
(2016) Implementing low-dose computed tomography screening for lung cancer in Canada:
implications of alternative at-risk populations, screening frequency, and duration. Current
Oncology 23:179. doi: 10.3747/c0.23.2988

10. Gauvreau CL, Fitzgerald NR, Memon S, Flanagan WM, Nadeau C, Asakawa K, Garner R,
Miller AB, Evans WK, Popadiuk CM, Wolfson M, Coldman AJ (2017) The OncoSim

35



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

model: development and use for better decision-making in Canadian cancer control. Current
Oncology 24:401. doi: 10.3747/c0.24.3850

Gierada DS, Pinsky P, Nath H, Chiles C, Duan F, Aberle DR (2014) Projected Outcomes
Using Different Nodule Sizes to Define a Positive CT Lung Cancer Screening Examination.
JNCI: Journal of the National Cancer Institute 106. doi: 10.1093/jnci/dju284

Goulart BHL, Bensink ME, Mummy DG, Ramsey SD (2012) Lung Cancer Screening with
Low-Dose Domputed Tomography: Costs, National Expenditures, and Cost-Effectiveness.
Journal of the National Comprehensive Cancer Network 10:267-272

Grannis FW (2013) Minimizing over-diagnosis in lung cancer screening: Minimizing
Overdiagnosis Bias. Journal of Surgical Oncology 108:289-293. doi: 10.1002/js0.23400

Gutierrez A, Suh R, Abtin F, Genshaft S, Brown K (2013) Lung Cancer Screening. Semin
intervent Radiol 30:114-120. doi: 10.1055/s-0033-1342951

Henderson LM, Jones LM, Warsh MW, Benefield T, Rivera MP, Molina PL (2017) Lung
Cancer Screening Practices in North Carolina Computed Tomography Facilities. J Am Coll
Radiol 14:166-170. doi: 10.1016/j.jaacr2016.07.035.

Huang K-L, Wang S-Y, Lu W-C, Chang Y-H, Su J, Lu Y-T (2019) Effects of low-dose
computed tomography on lung cancer screening: a systematic review, meta-analysis, and
trial sequential analysis. BMC Pulm Med 19:126. doi: 10.1186/5s12890-019-0883-x

de Koning HJ, van der Aalst CM, de Jong PA, Scholten ET, Nackaerts K, Heuvelmans MA,
Lammers J-WJ, Weenink C, Yousaf-Khan U, Horeweg N, van ’t Westeinde S, Prokop M,
Mali WP, Mohamed Hoesein FAA, van Ooijen PMA, Aerts JGJV, den Bakker MA,
Thunnissen E, Verschakelen J, Vliegenthart R, Walter JE, ten Haaf K, Groen HIM,
Oudkerk M (2020) Reduced Lung-Cancer Mortality with Volume CT Screening in a
Randomized Trial. 328:503-513

Loeve F, Boer R, van Oortmarssen GJ, van Ballegooijen M, Habbema JDF (1999) The
MISCAN-COLON Simulation Model for the Evaluation of Colorectal Cancer Screening.
Computers and Biomedical Research 32:13-33. doi: 10.1006/cbmr.1998.1498

Marshall D, Simpson KN, Earle CC, Chu C-W (2001) Economic decision analysis model of
screening for lung cancer. European Journal of Cancer 37:1759-1767. doi: 10.1016/S0959-
8049(01)00205-2

Martin MD, Kanne JP, Broderick LS, Kazerooni EA, Meyer CA (2017) Lung-RADS:
Pushing the Limits. RadioGraphics 37:1975-1993. doi: 10.1148/rg.2017170051

Maziak D (2018) Lung Cancer Screening for CATS me
Mazzone PJ, Silvestri GA, Patel S, Kanne JP, Kinsinger LS, Soylemez Wiener R, Soo Hoo

G, Detterbeck FC (2018) Screening for Lung Cancer CHEST Guideline and Expert Panel
Report. CHEST 153:954-985

36



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mclnnis M, Jain P Explanatory Notes: Lung Cancer Screening Reporting Template
June/2018. 17

Meza R, ten Haaf K, Kong CY, Erdogan A, Black WC, Tammemagi MC, Choi SE, Jeon J,
Han SS, Munshi V, van Rosmalen J, Pinsky P, McMahon PM, de Koning HJ, Feuer EJ,
Hazelton WD, Plevritis SK (2014) Comparative analysis of 5 lung cancer natural history
and screening models that reproduce outcomes of the NLST and PLCO trials: CISNET
Lung Cancer Screening Models. Cancer 120:1713-1724. doi: 10.1002/cncr.28623

Moyer VA (2014) Screening for Lung Cancer: U.S. Preventive Services Task Force
Recommendation Statement. Annals of Internal Medicine 160:330—-338. doi: 10.7326/M13-
2771

Nanavaty P, Alvarez MS, Alberts WM (2014) Lung Cancer Screening: Advantages,
Controversies, and Applications. Cancer Control 21:9-14. doi:
10.1177/107327481402100102

O’Dowd EL, Baldwin DR (2018) Lung cancer screening- low dose CT for lung cancer
screening: recent trial results and next steps. Br J Radiol 1090:1-6. doi:
10.1259/brj.20170460

Roberts H, Walker-Dilks C, Sivjee K, Ung Y, Yasufuku K, Hey A, Lewis N (2013)
Screening High-Risk Populations for Lung Cancer: Guideline Recommendations. Journal
of Thoracic Oncology 8:1232-1237. doi: 10.1097/JT0.0b013e31829fd3d5

Roth JA, Sullivan SD, Goulart BHL, Ravelo A, Sanderson JC, Ramsey SD (2015)
Projected Clinical, Resource Use, and Fiscal Impacts of Implementing Low-Dose
Computed Tomography Lung Cancer Screening in Medicare. Journal of Oncology Practice
11:267-272. doi: 10.1200/JOP.2014.002600

Smith RA, Manassaram-Baptiste D, Brooks D, Doroshenk M, Fedewa S, Saslow D,
Brawley OW, Wender R (2015) Cancer screening in the United States, 2015: A review of
current American Cancer Society guidelines and current issues in cancer screening: Cancer
Screening in the United States, 2015. CA: A Cancer Journal for Clinicians 65:30-54. doi:
10.3322/caac.21261

Tanoue LT, Tanner NT, Gould MK, Silvestri GA (2015) Lung Cancer Screening. American
Journal of Respiratory and Critical Care Medicine 191:19-33. doi: 10.1164/rccm.201410-
1777Cl

The National Lung Screening Trial Research Team (2011) Reduced Lung-Cancer Mortality
with Low-Dose Computed Tomographic Screening. New England Journal of Medicine
365:395-409. doi: 10.1056/NEJM0al1102873

Urban N, Drescher C, Etzioni R, Colby C (1997) Use of a stochastic simulation model to

identify an efficient protocol for ovarian cancer screening. Controlled Clinical Trials
18:251-270. doi: 10.1016/S0197-2456(96)00233-4

37



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Usman Ali M, Miller J, Peirson L, Fitzpatrick-Lewis D, Kenny M, Sherifali D, Raina P
(2016) Screening for lung cancer: A systematic review and meta-analysis. Preventive
Medicine 89:301-314. doi: 10.1016/j.ypmed.2016.04.015

Verghese C, Redko C, Fink B (2018) Screening for Lung Cancer Has Limited Effectiveness
Globally and Distracts From Much Needed Efforts to Reduce the Critical Worldwide
Prevalence of Smoking and Related Morbidity and Mortality. Journal of Global Oncology
1-7. doi: 10.1200/JG0.2017.1700016

Wan W (2015) 506PSimulation modeling of lung cancer screening cost-effectiveness
analysis. Annals of Oncology 26:ix156.1-ix156. doi: 10.1093/annonc/mdv535.01

Wheeler SB, Leeman J, Hassmiller Lich K, Tangka FKL, Davis MM, Richardson LC
(2018) Data-Powered Participatory Decision Making: Leveraging Systems Thinking and
Simulation to Guide Selection and Implementation of Evidence-Based Colorectal Cancer
Screening Interventions. The Cancer Journal 24:136-143. doi:
10.1097/PP0O.0000000000000317

Winston WL, Albright SC, Broadie MN, Lapin LL, Whisler WD (2007) Practical
management science, 3rd ed. Thomson South-Western, Mason, OH

High Risk Lung Cancer Screening FAQs — Cancer Care Ontario.
https://www.cancercareontario.ca/en/guidelines-advice/cancer-continuum/screening/lung-
cancer-screening-pilot-people-at-high-risk/fags-healthcare-providers. Accessed 18 Jul 2019

Lung cancer statistics - Canadian Cancer Society. http://www.cancer.ca/en/cancer-
information/cancer-type/lung/statistics/?region=pe. Accessed 18 Jul 2019

Lung Cancer Canada - Lung Cancer Canada. http://www.lungcancercanada.ca/Lung-
Cancer/Screening.aspx. Accessed 19 Jul 2019

Canadian Task Force on Preventive Health Care | New lung cancer screening guideline.
https://canadiantaskforce.ca/new-lung-cancer-screening-guideline/. Accessed 17 Jul 2019

Radiology Wait Times | Ontario Association of Radiologists.
https://oarinfo.ca/radiologists/advocacy/radiology-wait-times. Accessed 18 Jul 2019

Champlain Local Health Integration Network (LHIN).
http://www.champlainlhin.on.ca/Goalsand Achievements/PopularTopics/WaitTimes/CTLoc
ationsWaitTimes.aspx. Accessed 18 Jul 2019

38



