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COLORECTAL CANCER: A GLOBAL PUBLIC HEALTH PROBLEM

EPIDEMIOLOGY
INCIDENCE

Colorectal cancer is an important global public health issue. With over 1.8 million new
diagnoses in 2018, colorectal cancer was the third leading cause of cancer incidence,
representing approximately 10% of the global cancer burden (Figure 1a).1 Colorectal cancer
incidence increases steeply with age, especially in those aged above 50 year and the median
age at diagnosis is 66-70 years in developed countries.*> At younger ages, colorectal cancer is
rare and is generally associated with inherited genetic mutations.® Nonetheless, there is a
growing body of evidence that colorectal cancer incidence in those under 50 is increasing.”*°
Incidence is consistently higher in males than in females,® however globally there is
significant variation (Figure 2).1% In 2018, the estimated age-standardised incidence by region
ranged from as low as 1.7 cases per 100,000 for males in Africa to 70.6 per 100,000 in Europe,

and from 0.5 to 39.3 per 100,000 in the same regions for females.

Traditionally thought of as a disease of the “western world”, incidence of colorectal cancer is
rising in populations historically considered to be at low risk. This change is largely a result of
temporal trends such as population ageing and improved standards of living, which has
resulted in the adoption of the Western lifestyle including changes in dietary habits and a rise
in modifiable risk factors such as smoking, alcohol consumption, obesity, and lack of physical
activity in these populations.'*# Conversely, incidence is stabilising or declining in many high
income countries, partly due to the implementation of screening programs.'# 1>

Although individuals in westernised countries generally experience greater risk of colorectal
cancer (Figure 2), globally the overall burden of colorectal cancer is unevenly distributed.’?
Increased incidence, coupled with large population size means that countries like China are
noteworthy contributors to the global burden. In 2018, China accounted for approximately
28.2% of colorectal cancer cases. In comparison, Australia and the Netherlands contribute just
1.0% and 0.8% respectively.

MORTALITY

In 2018, more than 880,000 individuals died from colorectal cancer (Figure 1b), making it the
second leading cause of cancer-related deaths.' This is despite increasing awareness of the
disease and its impact among researchers, policymakers and the general public. Although
mortality is considerably lower than incidence, like incidence, the burden is unevenly
distributed with wide ranges in estimated age-standardised mortality.’3 Despite higher
individual rates of mortality, Australia and the Netherlands each accounted for just 0.7% of
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Figure 1: Estimated worldwide cancer a) incidence and b) mortality for males and females of
all ages in 2018.13
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Figure 2: Estimated Age-standardised incidence rates (World) for a) females and b) males of
all ages in 2018.13



14 | General introduction

deaths in 2018. In the same period, China, due to its large population, contributed a
significantly greater proportion accounting for approximately 28.1% of colorectal cancer
deaths.

Temporal trends show that mortality is increasing in countries like China, while in more
developed countries mortality rates are declining.’* This decline in mortality in developed
countries is multifaceted and can be attributed to improved survival due to earlier diagnosis
of colorectal cancer as a result of screening®® 7 and advances in our understanding of the
disease. This has resulted in improved surgical and adjuvant therapy and the adoption of best
practice in cancer treatment and management of colorectal cancer.'®2% Increases in mortality,
in countries like China may reflect issues with health infrastructure, disparities in access to
cancer care and limited or no access to early detection and appropriate treatment.?% 22

Given demographic projections and ongoing societal and economic developments in many
low-and middle-income countries the global burden of colorectal cancer is expected to
increase dramatically. By 2040, colorectal cancer incidence is projected to increase by 70% to
more than 3.1 million new cases, while mortality will increase by more than 80% to an
estimated 1.6 million colorectal cancer deaths.? 2324

NATURAL HISTORY

Colorectal cancer develops from benign precursor lesions or polyps in the colorectum, the
final section of the gastrointestinal tract that performs the vital task of absorbing water and
nutrients while converting digested food into faeces. Until recently, it was believed that
colorectal cancer only developed from a lesion or polyp known as an adenoma, in what is
known as the adenoma-carcinoma sequence. However, it is now recognised that this so-called
‘conventional pathway’ is only one way in which colorectal cancer develops.?>?” Serrated
polyps are now considered an important premalignant lesion with colorectal cancer
developing through the serrated polyp pathway. Although there remains debate about the
magnitude of the impact of this pathway, estimates suggest it accounts for between 15-30%
of colorectal cancers.?6?7

Conventional adenomas and serrated lesions can vary in size and conventional adenoma can
also vary in shape (pedunculated (stalked), elevated, flat, oblong or depressed). Serrated
lesions can be divided in three subgroups: hyperplastic polyps, sessile serrated polyps and
traditional serrated polyps. Hyperplastic polyps are thought to be non-malignant and thus will
not develop into colorectal cancer. Sessile serrated polyps and traditional serrated polyps are
histologically distinguishable from conventional adenomas by their saw-tooth configuration.
Data on the natural history of this pathway is limited and the lesions can be difficult to detect
during colonoscopy due to their discrete appearance and frequent covering of mucous.?% 28
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Figure 3: Traditional Adenoma-Carcinoma sequence. (image courtesy of BMJ)?°

Adenomas are common — approximately 20-50% of the population will develop one or more
adenomas during their lifetime.2® Despite the high risk of developing an adenoma, lifetime risk
of developing colorectal cancer is much lower, ranging from 5-8% in westernised countries.>
26,30 | dentifying those lesions which are truly at risk of developing into cancer remains a serious
and clinically relevant challenge, as it is necessary to avoid both overtreatment and

undertreatment.?® To date, serrated lesions have been over-represented in interval cancers.3
32

High risk characteristics of polyps include size (diameter >1cm), number, proximal location,
and the presence of dysplasia.?® 33 For adenomas, histology (tubular or villous) is also
important while for serrated lesions, molecular features, such as methylation, BRAF gene
mutations and micro-satellite instability also increase risk.??

The transition from a small polyp into colorectal cancer is characterised by a multistep process
which involves a series of histological, morphological and genetic changes over time. Although
the life history of the sequence is likely to be highly variable, the progression from an
asymptomatic polyp or lesion to a symptom detectable colorectal cancer takes on average 10-
15 years.3* Microsimulation models suggest this dwell time to be between 10-25 years.3>
Encouragingly, colorectal cancer is largely preventable if it, or its precursor lesion, is detected
and treated in the early stages. The long latent period provides a substantial window of
opportunity to achieve this (see Secondary Prevention).

As lesions progress, symptoms may become present but they are often non-specific in nature:
abdominal pain, change in bowel habits, rectal blood loss, or weight loss.3¢ By the time the
signs of colorectal cancer become apparent, the disease has usually progressed to an
advanced stage.
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SURVIVAL

Survival from colorectal cancer is highly dependent on the stage of tumour development at
diagnosis, as well as the treatments that follows. Although survival has steadily improved
during the past decades in many countries,?” overall five year survival estimates vary
noticeably around the world; reaching between 60-70% in high-income countries, such as
Australia,® Canada, the USA,* 38 and several European countries,3” 3% 4% while remaining below
50% in low-income settings, including China.*! However, it is clear that improved survival is
expected with earlier detection and diagnosis of colorectal cancer (Table 1).> 3% 3° The
detection of colorectal cancer before it develop into its later stages has a profound effect on
mortality; significantly fewer patients with late stage colorectal cancer survive five years post
diagnosis, compared to those diagnosed at earlier stages.

Table 1: Estimate of five-year survival rate post diagnosis at each stage in the USA, Australia
and the Netherlands.

Stage USA38 Australia® Netherlands®?
| 88 99 94
Il 80 89 85
1 66 71 72
\% 13 13 12
Unknown 39 57 29

Early detection and diagnosis also improve treatment outcomes and lessens the need for
expensive and invasive therapies. Left in situ in patients who refuse polypectomy, adenomas
are more likely to go on and develop colorectal cancer*? while the removal of adenomatous
polyps, coupled with regular and ongoing surveillance, has been shown to reduce the risk of
colorectal cancer.*?

Further improvements in survival will occur as a result of earlier detection through organised
screening of asymptomatic individuals and this will have a significant impact on five-year
survival rates. In addition, advances in colorectal cancer treatment will continue to make
incremental improvements in survival but this will likely be at a considerable financial cost.

AETIOLOGY OF COLORECTAL CANCER

There is no single risk factor or cause that accounts for the majority of cases of colorectal
cancer. Rather, there are a range of factors that are known to effect risk. Encouragingly, many
of the factors that increase an individual’s risk are, in principle, modifiable. These risk factors
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are common in nature and therefore account for a larger proportion of the disease burden at
the population-level, despite lower relative risks.

MODIFIABLE RISK FACTORS

Modifiable risk factors are things that an individual can change in order to reduce their risk of
a given disease. In relation to colorectal cancer these modifiable risk factors include diet,
alcohol consumption, smoking, obesity, and physical (in)activity.*44”

There is convincing evidence that consumption of red and processed meats increases risk of
both adenomas and colorectal cancer.*®! In addition, consumption of alcoholic drinks®? and
cigarette smoking®3 are also convincingly associated with an increased risk for colorectal
cancer. A clear dose response mechanism has been established for each of these risk factors,
highlighting that as consumption of these substances increases, so too does the risk of
colorectal cancer. In addition, there is a well-established link between obesity (body and
abdominal fatness) and increased colorectal cancer risk,>* such that those with the largest
body mass index or waist circumference are at greatest risk.

In contrast, participation in all types of physical activity has been convincingly shown to reduce
the risk of colon cancer, although no conclusion has been drawn for rectal cancer.> Like those
factors that increase colorectal cancer risk, there is a clear dose response relationship with
those participating in the highest level of activity being at significantly lower risk compared
with those who are least active. In addition, dietary fibre®® and intake of calcium (either
through supplementation®’ or consumption of milk and other dairy products®?) are considered
to be protective and are associated with probable reduction in colorectal cancer risk.

NON-MODIFIABLE RISK FACTORS

There are a range of non-modifiable factors that increase an individual’s colorectal cancer risk.
The most well-known non-modifiable risk factors are male sex and advancing age.» > In
addition, several diseases can lead to an increased colorectal cancer risk. These include
inflammatory bowel diseases (Crohn’s disease® and ulcerative colitis®) type Il diabetes®? &3
and cystic fibrosis.®* © There is emerging evidence to suggest that infection with Helicobacter
pylori®® and Fusobacterium nucleatum® may also be associated with an increased risk of

colorectal cancer.

Aside from the above factors, possibly the most important non-modifiable risk factor for
colorectal cancer is family history. Individuals with a positive family history, but without an
identified cancer syndrome, are at increased risk for developing the disease. The risk increases
with the number of relatives diagnosed with colorectal cancer, the closeness of genetic
relationship of the diagnosed relative(s), and the age of diagnosis of the relative(s). For
example, for those who have a first-degree relative with colorectal cancer diagnosed at an
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early age (below age 55) or two close relatives with colorectal cancer, irrespective of the age
at diagnosis, colorectal cancer risk has been found to be three- to six-fold greater than the
average population.®® This risk increases to seven- to ten-fold when there are at least three
first- or second-degree relatives with colorectal cancer, with at least one diagnosed under 55
years or at least three first-degree relatives with colorectal cancer diagnosed at 55 years or
older.

In addition, there are several familial genes that substantially increase an individual’s risk of
early-onset colorectal cancer when they are inherited in a mutated form. These genes are
associated with Lynch syndrome (previously known as hereditary non-polyposis colorectal
cancer), familial adenomatous polyposis (also known as FAP) and MUTYH-associated
polyposis. However, together these inherited genetic mutations account for less than 6% of
all colorectal cancer cases® 7? and do not fully explain why family history is a risk for colorectal
cancer.”t 72 This suggests that other factors associated with heritability may play a role,
including dietary, lifestyle and environmental factors,”®> mutations in yet-to-be-discovered
colorectal cancer susceptibility genes’* and common, low risk variants (or single-nucleotide
polymorphisms [SNPs]).”>77 Although in isolation, SNPs are only weakly associated with
colorectal cancer risk, individuals with multiple SNPs can have a substantially increased risk.
In addition, they explain substantial variation in heritability risk due to their relatively high
prevalence in the population.”’8! Research to date suggests that SNPs explain between 9.6-
23.1% of familial risk.2?

INTERVENTIONS TO REDUCE COLORECTAL CANCER INCIDENCE AND MORTALITY

From a public health perspective, reducing overall risk and thereby preventing disease is
extremely desirable. This can be achieved by using proven and acceptable prevention
strategies.

PRIMARY PREVENTION

Our comprehensive knowledge about risk and protective factors provides significant
opportunity for primary prevention strategies to reduce the incidence of colorectal cancer in
our population. As 45-60% of all colorectal cancers can be attributable to unhealthy lifestyle
factors,3%> encouraging a healthy lifestyle, which encompasses a balanced diet and adequate
physical activity, seems pertinent in this quest. As many of these risk factors are shared with
other common chronic diseases, including diabetes and cardiovascular diseases, interventions
to reduce their impact will provide the additional benefit to both individuals and the
population as a whole.

In addition to encouraging a healthy, active lifestyle, there is evidence of effective
chemoprevention of colorectal cancer using specific drugs. The best known chemoprevention
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medications are non-steroidal anti-inflammatory drugs such as aspirin® and hormone
replacement therapy in postmenopausal women.?” Long-term use (greater than five years) of
at least 75 mg per day of aspirin has been demonstrated to reduce colorectal cancer risk.®
Although aspirin has the potential to lower colorectal cancer risk, usage may also result in
serious adverse side effects including haemorrhagic strokes and gastrointestinal
complications such as peptic ulcers and bleeding.®® Despite these risks, the balance of benefits
to harms is considered favourable for those age 50 to 70 years at average risk of colorectal
cancer and aspirin should be considered as a preventative measure in this population.®® &°
Aspirin should be encouraged for individuals with Lynch syndrome and familial adenomatous
polyposis where surgery is inappropriate.5®

SECONDARY PREVENTION/SCREENING

Secondary prevention focuses on the early detection of a disease to reduce disease-specific
morbidity and mortality. For colorectal cancer, secondary prevention is predominantly
achieved through screening. As the primary focus of this thesis is screening, it will be discussed
in greater detail than other forms of prevention.

Screening is a public health intervention where asymptomatic individuals are tested for signs
of a disease. The aim of screening is to detect a disease in its early stages, before symptoms
develop and the disease spreads, as early detection generally increases the chances of
successful treatment and survival. An effective and acceptable screening program should lead
to mortality reductions without causing significant harm to the participants.

Colorectal cancer is especially suitable for screening and is one of a handful of cancers where
a screening program has been proven to be effective at reducing incidence and mortality. It is
an attractive and viable option satisfying most of the World Health Organisation’s criteria for
a cancer screening program.®® Early colorectal cancer is often asymptomatic and may be
present for several years before signs and symptoms become apparent. During this time, non-
visible (occult) bleeding may occur and premalignant lesions can be removed before they
become cancerous or colorectal cancers can be detected at earlier stages. This is beneficial for
two reasons. Firstly, the identification and removal of premalignant lesions results in reduced
colorectal cancer incidence in the longer term,®! the full effect of which may not been seen
for several years.?> Secondly, detection of colorectal cancer in its early stages means the
disease is more curable and therefore chances of survival are better.?>°> Compared to those
who present with symptoms, a higher proportion of early stage cancers are detected in those
who are screened.”®8

There are a range of acceptable, reliable and safe screening tools available for colorectal
cancer screening. The most commonly used screening methods are stool-based tests and
endoscopy methods. There are two types of stool-based occult blood tests, the guaiac faecal
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occult blood test (gFOBT) and the faecal immunochemical test (FIT). Although the tests are
similar in nature in that they both detect small traces of blood in the stool and they can be
completed at home, the tests differ significantly. A gFOBT requires sampling over multiple
days, individuals are asked to modify their diet, including restriction of red meat intake, and
some medications must be stopped during the stool collection phase. These restrictions are
not necessary when completing a FIT. This is partly because gFOBT tests for the presence of
any blood, whereas the FIT is specific for human blood. In addition, the FIT is a quantitative
test which allows the choice of preferred cut-off for a positive test (ug Hb/g faeces). This is an
important consideration as it impacts the balance between true and false positive test results
and impacts demand for diagnostic follow-up. Several large randomised control trials (RCTs)
have shown that annual or biennial screening with gFOBT will reduce colorectal cancer
mortality by 11-33%.93-9% 99103 Ag the FIT is considered to be superior to gFOBT, it is expected
that the mortality reduction will be larger when this test is used.%41% While there are no RCTs
to demonstrate this, the finding is supported by several observational studies.?7-1%°

Two endoscopy methods are available, sigmoidoscopy and colonoscopy. Both methods
inspect the colon using a flexible tube with a fibre optic camera. However, while colonoscopy
inspects the entire colon, sigmoidoscopy only inspects the distal part. To date, only the
effectiveness of sigmoidoscopy has been established with RCTs, with incidence reductions
varying from 18-26% and mortality reductions from 22-31% (intention-to-treat analyses,
higher estimate were obtained for per-protocol analyses). 111> Because both tests are very
similar, and colonoscopy visualizes the same segments as sigmoidoscopy and more, it is
expected to be at least as effective as sigmoidoscopy. Randomised controlled trials of
colonoscopy screening are currently underway,'® but this expectation is already supported

by evidence from observational studies.117-120

In addition to the aforementioned screening tests, there are a range of other test options and
emerging technologies for detecting colorectal cancer. These include blood based biomarker
tests (Sept9'?!), imaging techniques (computed tomographic colonography®?? and double-
contrast barium enema!?3), new endoscopy techniques (capsule endoscopy!?*) and stool
based tests incorporating DNA testing (multi-target stool DNA'?%). However, to date, these
tests are rarely used in organised screening programs.

Every screening test has its advantages and disadvantages. Stool tests are the least invasive,
and cheapest screening option available and can be performed at home. However, the major
drawback of screening with stool-based tests (and sigmoidoscopy) is that they have to be
followed by a colonoscopy for diagnosis and removal of lesions, plus the lack of sensitivity for
stool tests means the tests need to be repeated frequently (annually or biennially). While
colonoscopy is able to diagnose and remove lesions, as a screening tool it is not without
shortcomings. Compared to stool-based tests, it is expensive and invasive, bowel preparation
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is burdensome and the test is associated with rare but serious complications.*?613 Although
the high sensitivity and specificity of the test means that the interval between repeated
screening events is substantially longer (generally 10 years),*3! in many regions there is not
enough capacity to screen all individuals in the target population with this test.

TERTIARY PREVENTION

Tertiary prevention aims to reduce or prevent further complications and health impact and
improve quality of life after a diagnosis with colorectal cancer. For individuals with a colorectal
cancer diagnosis, tertiary prevention encompasses available treatment options and
encouraging activities post treatment that can help reduce the risk of recurrent cancer.

Significant advances have been made in colorectal cancer treatment over the last decades,
which has resulted in improved survivorship.3” The intensity, cost and effects of treatment
depend on the stage and location of the cancer and may include surgery, radiotherapy,
chemotherapy or a combination of these. Treatment of rectal cancer varies from that of colon
cancer in terms of surgical technique, use of radiation therapy and the method of
administration of chemotherapy.'3? Treatment is constantly evolving with new innovations
and this, coupled with improvements in diagnostics, will lead to a continuous improvement in

37

the survival of colorectal cancer patients.>’” However, such advancements come at

considerable cost.

Several primary prevention factors have also been associated with improved outcomes and
decreased risk of colorectal cancer-related death after a diagnosis and treatment of colorectal
cancer. Maintaining a healthy bodyweight, being physically active, and eating a healthy diet
can increase quality of life during chemotherapy and improve survival by reducing cancer-

specific and overall mortality by up to 40%.133 134

GLOBAL STATUS OF COLORECTAL CANCER SCREENING

The status of colorectal cancer screening varies widely around the world. Screening programs
have predominantly been introduced in Western countries which generally have higher
colorectal cancer incidence and more available resources. However, this is changing, with a
growing number of middle income countries introducing screening in recent years.*3>

Screening programs for colorectal cancer can be classified as either opportunistic or
organised, or as a combination of the two. In opportunistic screening programs, like the US,
Germany and Switzerland, screening occurs on an ad hoc basis, usually through fee-for service
reimbursement of physicians. In an organised screening program, like Australia, the
Netherlands and some regions of China, there is a systematic process which invites a target
population to participate in screening and ensures follow-up of those with a positive screening
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test.’3> Although opportunistic and organised screening can yield similar uptake rates,
organised programs have a greater potential to reduce cancer incidence and mortality, due to
higher levels of population coverage and a centralised commitment to quality and
monitoring.3® 137 Moreover, the focus on quality assurance through each step in the
organised screening process provides greater protection against the possible harms of
screening, inappropriate use of resources and poor follow-up of those with a positive screen.

In this way, organised screening programs are also more likely to be cost-effective.!3’

The different screening programs throughout the world reflect the uncertainty about which
strategy is best and differences in decision-making processes. The decision to implement a
screening program is a multi-faceted and complex process. The effectiveness of a screening
program relies heavily on participation, which is largely determined by population
preference.’32 Among other factors, participation in screening is affected by the expected and
perceived burden of the test, the risk of complications and other harms and cultural beliefs of
the screened individual.*3®> Other than population preference, the choice of test needs to take
into account several other aspects including: test sensitivity and specificity, resource capacity,
costs and the harm-benefit ratio. In addition, screening starting age, stopping age and interval
need to be considered.

MODELLING

USING MODELS TO ANSWER POLICY QUESTIONS

While indispensable, traditional methods of gathering empirical evidence of screening
effectiveness, such as randomised control trials, case control and cohort studies, are not
always feasible and are not without limitations. Although such methods are considered to
provide accurate and reliable evidence, they do so under specific conditions that often differ
from future daily application and may not be generalisable to other settings. In addition, such
methods can only evaluate a limited number of interventions at a time, are expensive and
time consuming — requiring several years of follow-up before the effectiveness (colorectal
cancer incidence or mortality reduction) of the intervention can be evaluated. Finally,
traditional methods usually have a limited follow-up time and as such they are unable to
determine lifetime health effects and costs, which is necessary to determine the (cost-)
effectiveness of screening. Moreover, as screening strategies can vary in a multitude of ways,
with different screening tests, age ranges, screening intervals and referral threshold for
follow-up testing, the options are so numerous that it is impossible to compare them all in the
traditional way.

Decision models have been developed to allow for the evaluation of many different screening
strategies — any number of screening strategies can be simulated and results generated in a
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short time frame. Furthermore, models can be adjusted to reflect the setting of interest,
taking into account colorectal cancer risk, life expectancy, resource availability and population
preferences. These assumptions can also be adjusted to allow comparison of how outcomes
of interest might change. Decision models therefore provide a useful tool to extrapolate
evidence from traditional methods and address the question of which screening strategy is
optimal given local conditions.’®® As such, models have great potential to assist in the
development, guidance and decision making process of public health initiatives, including
colorectal cancer screening programs.3% 140

In this thesis we have used two models to assist in answering policy questions for optimising
colorectal cancer screening. The main model used is the MISCAN-Colon model which is
described in more detail in the following section and in the Model Appendix. To establish the
costs and effects of Lynch syndrome screening in the Australia, we developed a second,
simplified, decision analysis model (Chapter 1).

MISCAN-CoLON

Microsimulation  Screening Analysis-Colon (MISCAN-Colon) is a well-established
microsimulation model for CRC developed at the Department of Public Health, Erasmus
University Medical Center.!*! In brief, the model first simulates the life histories of a
hypothetical population of individuals from birth to death without screening for colorectal
cancer. As the simulated individuals age, adenomas may arise, some may progress in size and
some may develop into cancer. During each stage symptoms may present and a colorectal
cancer diagnosed. The model then simulates the same population with screening. The
introduction of screening potentially alters the simulated life histories through detection and
removal of adenomas or through detection of colorectal cancer at earlier stages. By comparing
the life histories of a simulated population being screened to the simulated population not
screened, MISCAN-Colon quantifies the effectiveness and the costs of screening.

MISCAN-Colon is made of three components which consider demography assumptions,
natural history assumptions, and screening assumptions (Figure 3). Where possible these
assumptions are derived from literature, however, some natural history and screening
assumptions are not readily available or are uncertain. When this is the case, model calibration
is required to estimate these parameters or to reduce uncertainty. A more detailed
description of the model can be found in the Model Appendix.
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Figure 3: Structure of MISCAN-Colon.

PATHWAYS TO OPTIMISE COLORECTAL CANCER SCREENING PROGRAMS

Although colorectal cancer screening is widely implemented throughout the world, there is
opportunity to improve screening programs through optimisation. The term optimisation
suggests actions that will result in the best or most effective use of available resources.
Screening outcomes can be optimised through various strategies, including the selection of
appropriate program characteristics, implementation timeline and personalisation. In this
thesis, we investigate several opportunities for optimising colorectal cancer screening
addressing these broad topics.

OPTIMISATION OF UNIFORM SCREENING PROGRAMS

Optimising uniform screening programs (where the same strategy is applied to the entire
target population) includes answering questions such as: Which screening test should be
used? What age should screening start? What age should screening stop? Which screening
interval should be used? How should the screening program be implemented? As the selection
of inappropriate program characteristics may result in increased economic burden and a
poorer balance of benefits to harms, this is an essential step in the decision-making process.

In this thesis, we investigated the optimal screening program to identify Lynch syndrome in
those who are diagnosed with colorectal cancer (Chapter 1). Although Lynch syndrome is only
responsible for a small proportion of colorectal cancers, carriers experience an increased
lifetime risk for colorectal cancer and the mutation predisposes them to other cancers.#? A
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diagnosis of Lynch syndrome not only aids clinical decision-making, 7° it allows for cascade
testing to identify at-risk family members. However, questions remain about the optimal
screening test(s) and screening stop age.

In addition, we investigated opportunities to optimise the recently initiated colorectal cancer
program in Shanghai, China.?*? Although implementation of colorectal cancer screening is
underway in Shanghai, it appears little research has been done to determine the optimal
screening strategy for this population. We therefore assessed the impact of varying program
characteristics in terms of test selection, screening start and stop ages and screening interval
(Chapter 2).

Once the decision to implement a screening program has been made, due consideration must
be given to the implementation timeline. The answer to this question will not only be
impacted by health system resources, especially colonoscopy capacity, it may also be
constrained by political will, as was the case with the National Bowel Cancer Screening
program in Australia. Initially slated to take nearly 30 years to achieve biennial screening with
FIT for those age 50-74 year,'** we investigated the impact of this protracted timeline and
compared it to alternative implementation timelines to determine the optimal
implementation timeline in terms of mortality reduction (Chapter 3).

OPTIMISATION THROUGH PERSONALISATION

|H

Current screening programs operate under a “one size fits all” methodology. However, as in
the broader health context, there is increasing demand for a more personalised approach to
screening. There is an increasing recognition that every person is unique and the benefits and

harms of a given intervention are likely not equally distributed.

Existing guidelines for colorectal cancer screening only take into consideration an individual’s
age. Although there are separate screening recommendations for those with a positive family
history and polyposis syndromes,®® other known risk factors for colorectal cancer are not
considered. Recommendations based solely on age do not consider the heterogeneity of the
population, ignoring other factors that play a role in the determination of harms and benefits
of screening. Risk of colorectal cancer is affected by several factors including screening history,
lifestyle, comorbidity status and polygenic risk (determined by the number of SNPs). Our
improved knowledge and understanding of these characteristics provides an opportunity for
personalised screening that is tailored to the individual rather than the average population.

A personalised approach to screening would consider these additional risk factors and implies
that those at higher risk are offered more intensive screening, while individuals at decreased
risk are offered less intensive screening or may avoid screening altogether.”®138 The
subsequent reallocation of resources would likely result in their more efficient use and in
theory would result in an improved balance of benefits and harms. Changing screening
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programs in this way will increase the complexity of the programs, which could negatively
impact participation and diminish any benefits. However, individuals at increased risk of
colorectal cancer have been shown to be more compliant to screening guidelines than those
at average risk,'*> suggesting that the provision of risk information may also assist in screening
uptake. 146147

In this thesis, we will investigate three methods of optimisation through personalisation. In
Chapter 4 addresses the question of which screening modality will result in the best outcomes
for individuals based on their background risk of colorectal cancer. We assessed the potential
benefits and harms of colorectal cancer screening with annual and biennial FIT, and once only
sigmoidoscopy or colonoscopy.

In Chapter 5 we investigate the relevance of general health status (comorbidity) and screening
history to determine how these characteristics affected the optimal age to stop screening. We
have previously shown that individuals with no comorbidities or those who have not
previously participated in screening are likely to benefit from screening past the
recommended stop-age, while those experiencing severe comorbid conditions should stop
screening earlier than the recommended age.*®'0 However, an investigation considering the
complexity and varied nature of screening history was lacking.

Finally, in Chapter 6, we investigate the potential benefit of determining an individual’s risk of
colorectal cancer based on polygenic risk and family history. Colorectal cancer risk was
determined by individuals undergoing a polygenic test (used to reveal the presence or absence
of single nucleotide polymorphisms (SNPs)) and an assessment for family history of colorectal
cancer. Future colorectal cancer screening was determined based on this information. To
determine the optimal screening program, we compared the costs and effects of personalised
screening based on risk to uniform screening.
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RESEARCH QUESTIONS AND THESIS OUTLINE

The aim of this thesis is to investigate opportunities for optimising colorectal cancer screening.
The remainder of this thesis is divided into two parts. Part | explores opportunities for
optimising the characteristics and implementation schedules of uniform all colorectal cancer
screening programs, while Part Il investigates opportunities to optimise screening programs
through personalisation. The research questions addressed in each part are as follows:

Part I: Optimisation of uniform screening programs

a. What is the optimal screening program to identify Lynch syndrome for those who
are diagnosed with colorectal cancer? (Chapter 1)

b. How could Shanghai optimise its colorectal cancer screening initiative? (Chapter 2)
What is the optimal implementation schedule of the National Bowel Cancer
Screening Program in Australia? (Chapter 3)

Part II: Optimisation through personalisation

a. Which screening modality will offer the best outcomes to individuals based on their
background risk of colorectal cancer? (Chapter 4)

b. How is age-to-stop screening affected by comorbidity and prior screening history?
(Chapter 5)

c. ls it cost effective to implement risk stratified screening based on polygenic risk
and family history compared to uniform, one size fits all, screening? (Chapter 6)

This thesis will conclude with a general discussion which will provide summary answers and
further discussion of each of the above research questions — overall conclusions will be drawn
and opportunities for future research will be suggested.
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ABSTRACT

Background and Aim: Individuals with Lynch syndrome are at increased risk of Lynch
syndrome related cancers including colorectal cancer. Colorectal cancer tumour screening for
mismatch repair (MMR) deficiency is recommended in Australia to identify Lynch syndrome,
although its cost-effectiveness has not been assessed. We aim to determine the cost-
effectiveness of screening individuals with colorectal cancer for Lynch syndrome at different
age-at-diagnosis thresholds.

Methods: We developed a decision analysis model to estimate yield and costs of Lynch
syndrome screening. Age-specific probabilities of Lynch syndrome diagnosis were based on
Australian data. Two colorectal cancer tumour screening pathways were assessed (MMR
immunohistochemistry followed by MLHI methylation (MLHI-Pathway) or BRAF V600E
testing (BRAF-Pathway) if MLH1 expression was lost) for four age-at-diagnosis thresholds —
screening <50, screening <60, screening <70 and universal screening.

Results: Per 1,000 CRC cases, screening <50 identified 5.2 Lynch syndrome cases and cost
SA7,041 per case detected in the MLH1-Pathway. Screening <60 increased detection by 1.5
cases for an incremental cost of $SA25,177 per additional case detected. Screening <70
detected 1.6 additional cases at an incremental cost of $A40,278 per additional case detected.
Compared to screening <70, universal screening detected no additional Lynch syndrome
cases, but cost SA158,724 extra. The BRAF-Pathway identified the same number of Lynch
syndrome cases for higher costs.

Conclusions: The MLH1-Pathway is more cost effective than BRAF-Pathway for all age-at-
diagnosis thresholds. MMR immunohistochemistry tumour screening in individuals diagnosed
with colorectal cancer aged <70 years resulted in higher Lynch syndrome case detection at a
reasonable cost. Further research into the yield of Lynch syndrome screening in colorectal
cancer patients 270 years is needed to determine if universal screening is justified.
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INTRODUCTION

Colorectal cancer is a leading cause of cancer incidence and mortality in Australia.! While
diagnoses are predominantly made in those at older ages, certain groups are at increased risk
of early-onset colorectal cancer, largely as a result of inherited genetic mutations.? Lynch
syndrome, an autosomal dominant condition, is a well-known genetic syndrome that
increases risk of early-onset colorectal cancer (average age at diagnosis is 42 years for men
and 47 years for women3). Caused by a germline mutation in one of the DNA mismatch repair
(MMR) genes (MLH1, MSH2, MSH6, or PMS2), Lynch syndrome is characterised by tumours
that develop with high levels of microsatellite instability (MSI) and loss of expression of one
or more of the MMR proteins, collectively referred to as tumour MMR deficiency.

Lynch syndrome is estimated to cause 1-3% of all colorectal cancer cases* with carriers
experiencing accelerated carcinogenesis and an increased lifetime risk for colorectal cancer
(10-47% by age 70 years®’ compared to 4-5%% in the general population) as well as
predisposing individuals to other cancers.® © A diagnosis of Lynch syndrome aids clinical
decision-making, including more extensive surgery and highly intensive long-term
surveillance, which impacts patient outcomes.* Furthermore, a diagnosis permits cascade
testing of at-risk family members to determine Lynch syndrome carrier status, thus enabling
the commencement of intensive surveillance, which has been shown to lead to a reduction in
Lynch syndrome related cancer incidence and mortality.'*%>

Historically, Lynch syndrome testing has been guided using the Amsterdam or revised
Bethesda criteria, both of which rely on obtaining an accurate family history*? but have limited
sensitivity and specificity for Lynch syndrome detection and are poorly implemented in
routine clinical practice.* ¥ 17 More recently, screening for Lynch syndrome has begun with
tumour testing for MMR deficiency, prior to proceeding to germline MMR gene testing.!’*°
However, as MMR deficiency can also be caused by sporadic somatic hypermethylation of the
MLH1 gene promoter, tumours showing loss of MLH1/PMS2 protein expression require
further testing (with either somatic MLH1 methylation testing or BRAF V600E somatic
mutation testing). If Lynch syndrome is still suspected after these tumour tests, genetic testing
is offered in association with genetic counselling.

Within Australia, there is no national policy for Lynch syndrome screening; however, the
National Health and Medical Research Council recently recommenced universal screening,?
as a means of increasing identification of carriers and their at-risk relatives. While this
recommendation is in line with other jurisdictions,* 2! no cost-effectiveness analyses have
been conducted in the Australian setting and therefore the optimal screening strategy remains
unclear.
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We aimed to determine the cost-effectiveness of colorectal cancer tumour screening to
identify Lynch syndrome at different age-at-diagnosis thresholds for two alternative tumour
screening pathways using data from the Australian setting.

METHODS

OVERVIEW

We developed a decision analysis model to simulate Lynch syndrome screening in individuals
with colorectal cancer to estimate the annual yield and costs associated with identifying Lynch
syndrome in this population. For tumours exhibiting loss of MLH1/PMS2 expression by MMR
immunohistochemistry (IHC), we tested two alternative pathways based on the follow-up
tumour test (MLHI methylation test or a BRAF V600E mutation test). The primary focus was
to determine how vyield and cost would vary for each pathway by age-at-diagnosis and
compare the incremental differences within and between the pathways.

DATA

Model parameters were based on two Australian research studies, the Australasian Colorectal
Cancer Family Registry and the Melbourne Collaborative Cohort Study, which have been
systematically characterised for Lynch syndrome. Detailed information about the recruitment
strategy and tumour testing for these studies has been previously reported.’® In brief, the
Australasian Colorectal Cancer Family Registry recruited population-based incident colorectal
cancer cases of individuals aged 18-59 years (eligible cases n=813) between 1997 and 2007.
The Melbourne Collaborative Cohort Study is an Australian cohort study of 41,513 Melbourne
residents recruited during 1990-1994 with age range at recruitment of 27-80 years. Data from
826 colorectal cancer cases diagnosed from recruitment until 2010 and aged 41-86 years at
diagnosis were used for this analysis.

Colorectal cancer tumour samples from both studies were tested for MMR protein expression
using IHC. Tumours showing MMR deficiency underwent germline testing to identify an MMR
gene mutation and confirm Lynch syndrome diagnosis. For tumours demonstrating loss of
MLH1/PMS2 expression by IHC, testing for tumour MLH1 promoter hypermethylation and
BRAF V600E somatic mutation were performed, and only those cases with no evidence of
somatic MLH1 methylation or BRAF wild-type underwent germline testing of MLH1 gene.

DECISION ANALYSIS MODEL

Using TreeAge Pro 2016 (Williamstown, Massachusetts) we developed a decision analysis
model to simulate Lynch syndrome screening. For tumours exhibiting loss of MLH1/PMS2
expression by MMR IHC, we assessed two screening pathways for identifying Lynch syndrome
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Figure 1.1: MLH1-Pathway with age-specific probabilities of progressing through the Lynch
syndrome screening pathway.

Abbreviations: CRC, colorectal cancer; IHC, immunohistochemistry; LS, Lynch syndrome; MMR, mismatch repair;
<60, age specific probabilities for CRC cases aged under 60 years; 60-69, age specific probabilities for CRC cases
aged between 60 and 69 years; 70+, age specific probabilities for CRC cases aged over 70 years

a.

Probability of meeting inclusion criteria in the age-restricted scenarios is based on the age distribution of
CRCincidence data from 2008-2012.8 Using screening <50 as the example, 7.6% of all CRC cases were eligible
for testing with IHC to determine MMR deficiency status.

MMR deficiency is determined by testing with immunohistochemistry (IHC) and is defined as loss of MMR
expression in one or more of the four MMR genes (MLH1, PMS2, MSH2, MSH6).

Progression through the pathway is based on probabilities derived from Buchanan and colleagues.'® The
probabilities differ slightly from those presented in Buchanan and colleagues as we considered LS cases
which did not show MMR deficiency with IHC to be missed cases (3 cases in screening <60 and screening
<70, 4 cases in universal). In addition, one LS case was excluded from the probabilities in our analysis because
although the case showed PMS2 loss, genetic testing identified an MLH1 mutation and this could not be
factored into the model.

Using screening <50 as the example, of the eligible CRC cases who underwent IHC to determine MMR
deficiency status, 13.5% were MMR deficient. Of these, 52.8% had loss of MLH1/PMS2, 18.1% had loss of
MSH2/MSH6, 12.5% had loss of MSH6 only and 16.7% had loss of PMS2 only. Of the tumours with of
MHL1/PMS2, 92.1% were unmethylated and went on for germline testing. LS was confirmed in 66.7% of CRC
cases demonstrating MLH1/PMS2 loss (excluding MLH1 methylated CRCs), 61.5% of the cases demonstrating
MSH2/MSHE loss, 77.8% of the cases demonstrating MSH6 loss and 66.7% of the cases demonstrating PMS2
only.
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Figure 1.2: BRAF-Pathway with age-specific probabilities of progressing through the Lynch
syndrome screening pathway.

Abbreviations: CRC, colorectal cancer; IHC, immunohistochemistry; LS, Lynch syndrome; MMR, mismatch repair;
<60, age specific probabilities for CRC cases aged under 60 years; 60-69, age specific probabilities for CRC cases
aged between 60 and 69 years; 70+, age specific probabilities for CRC cases aged over 70 years

a.

Probability of meeting inclusion criteria in the age-restricted scenarios is based on the age distribution of
CRC incidence data from 2008-2012.8 Using screening <50 as the example, 7.6% of all CRC cases were eligible
for testing with IHC to determine MMR deficiency status.

MMR deficiency is determined by testing with immunohistochemistry (IHC) and is defined as loss of MMR
expression in one or more of the four MMR genes (MLH1, PMS2, MSH2, MSH6).

Progression through the pathway is based on probabilities derived from Buchanan and colleagues.18 The
probabilities differ slightly from those presented in Buchanan and colleagues as we considered LS cases
which did not show MMR deficiency with IHC to be missed cases (3 cases in screening <60 and screening
<70, 4 cases in universal). In addition, one LS case was excluded from the probabilities in our analysis because
although the case showed PMS2 loss, genetic testing identified an MLH1 mutation and this could not be
factored into the model.

Using screening <50 as the example, of the eligible CRC cases who underwent IHC to determine MMR
deficiency status, 13.5% were MMR deficient. Of these, 52.8% had loss of MLH1/PMS2, 18.1% had loss of
MSH2/MSH6, 12.5% had loss of MSH6 only and 16.7% had loss of PMS2 only. Of the tumours with of
MHL1/PMS2, 97.4% were BRAF wild-type and went on for germline testing. LS was confirmed in 37.8% of
CRC cases demonstrating MLH1/PMS2 loss, 61.5% of the cases demonstrating MSH2/MSH6 loss, 77.8% of
the cases demonstrating MSH6 loss and 66.7% of the cases demonstrating PMS2 only.
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based on follow-up tumour testing. In the first model (MLH1-Pathway), IHC was followed by
somatic MLH1 methylation testing (Figure 1.1), while in the second model (BRAF-Pathway),
IHC was followed by BRAF V600E mutation testing (Figure 1.2). For each pathway, we
simulated 1,000 colorectal cancer cases and assumed 100% participation in tumour and
genetic testing at all stages. Once a diagnosis of colorectal cancer has been made, eligible
individuals entered the Lynch syndrome screening pathway and progressed based on age-
specific probabilities (Figures 1 and 2). Costs are applied at appropriate time points along the
pathway, such as when a test is conducted or when genetic counselling would be initiated.

SCREENING SCENARIOS

For this analysis, we used empirical data'® to assess four age-at-diagnosis scenarios: screening
<50, screening <60, screening <70 and universal screening. In the reference scenario,
screening <50, screening was restricted to colorectal cancer diagnoses occurring before the
age of 50 years. Screening <60 expanded tumour screening to include those aged 50-59 years,
and screening <70 is a further expansion to include cases aged 60-69 years. The universal
scenario included screening of all incident colorectal cancer diagnoses regardless of age. The
probability of meeting the Lynch syndrome screening eligibility criteria for the age-restricted
scenarios was based on Australian colorectal cancer incidence data from 2008 to 2012.8

COSTS ASSUMPTIONS

The cost of MMR IHC was provided by the Royal College of Pathologists of Australasia
Benchmarking in Pathology Quality Assurance Program (St. Leonards, NSW) (2013) results
(personal communication, Dr Tony Badrick). For the MLH1 methylation testing, cost data were
provided by PathWest Laboratory Medicine, Nedlands, the sole government pathology service
for Western Australia (personal communication, Dr Benhur Amanuel). The cost of BRAF V600E
testing was taken from MBS Online?? (Table 1). Germline testing costs were provided by the
Department of Diagnostic Genomics, PathWest Laboratory Medicine, Nedlands, the primary
laboratory for genetic testing in Western Australia (personal communication, Dr Karen
Carpenter). The costs for genetic counselling were obtained from primary sources at Genetic
Services of Western Australia (Subiaco, WA), including the Business Unit and genetic
counsellors (personal communication, Anne Hawkins and Cassandra Nichols).

All costs are presented in 2016 Australian dollars, and as they are incurred in a single year, no
discounting is required.

OUTCOMES

For each screening pathway, our decision analysis model estimated the annual yield and costs
of identifying Lynch syndrome in the four age-restricted scenarios per 1,000 colorectal cancer
cases.
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Table 1.1: Cost parameters.?

Parameter Cost (AS)  Source Range (AS)
Molecular tests
Expert Opinion, Dr Tony Badrick,
Mismatch Repair Royal College of Pathologists of b
. . 175 . . 88-350
Immunohistochemistry Australasia Quality Assurance
Programs (Email)
Expert Opinion, Dr Benhur Amanuel,
MLH1 Methylation testing 314 PathWest Laboratory Medicine 157-628 "
(Email)
BRAF V600E testing 231 MBS Online? 115-462°
Combined diagnostic gencetic test 1,400 Expert Opinion, Dr Karen Carpenter, 700-2,800 ©
MLH1, MSH2 and MSH6 PathWest Diagnostic Genomics
Diagnostic genetic test PMS2 ¢ 1,000 (Email) 500-2,000 °
Genetic counselling ©
Initial session 267 o . 92-455 &
Expert opinion, Anne Hawkins and
Lynch syndrome diagnosis 251f Cassandra Nichols, Genetic Services 78-438 ¢
. . ] of Western Australia (Email)
Lynch syndrome inconclusive 22 7-368

All costs are presented in 2016 Australian dollars.

Extrapolated range based on 50% reduction and a two-fold increase.

Based on Illumina TruSight Cancer Massive Parallel Sequencing panel and two Multiple Ligation Dependent
Probe Amplification (MLPA) kits (MRC Holland) for MLH1, MSH2 and MSH6.

Based on long-range polymerase chain reaction followed by Sanger sequencing and MLPA for PMS2.

Costs for genetic counselling vary according to the complexity of the counselling provided. To calculate the
cost of the genetic counselling, we first established a range of costs using the shortest and longest duration
of genetic counselling and the least to most complex counselling scenarios. The average of these values was
used in the analysis. Costs are divided into initial cost for genetic counselling, which includes planning and
preparation for individual consultations, and follow-up costs, which vary depending on the outcome of the
genetic test.

Mean cost of providing each service.

Range based on minimum duration and complexity to maximum duration and complexity of counselling
service.
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SENSITIVITY ANALYSES

To evaluate the robustness of our model outcomes, we conducted a number of univariate
analyses. Firstly, we assessed the uncertainty of the diagnostic accuracy by calculating the 95%
confidence intervals around the probability of being diagnosed with Lynch syndrome after
demonstrating MMR deficiency using the Wilson confidence interval. This provided lower and
upper confidence limits of yield and costs of Lynch syndrome screening in the colorectal
cancer population.

Furthermore, as no cases of Lynch syndrome were diagnosed in colorectal cancer patients
aged 270 years in our data set, we performed an analysis of the MLH1-Pathway using age-
specific probabilities derived from Hampel and colleagues?3 to assess the impact of identifying
Lynch syndrome cases in this age group. Unfortunately, similar data was not available from
this research to assess the BRAF-Pathway.

Finally, we reduced acceptance of genetic counselling to 92.5%%* and varied the acceptance
of germline testing to 81%!” and 90%2* to assess the impact of these variables on yield and
costs of Lynch syndrome screening.

For all sensitivity analyses, we also explored the effect of varying costs parameters by
assuming a 50% reduction and a two-fold increase of all costs (Table 1.1 and Supplementary
Results Tables). This provided lower and upper bound cost estimates for each age cohort in
the analyses.

RESULTS

MLH1-PATHWAY

By restricting testing to colorectal cancer cases diagnosed <50 years, 76 (7.6%) of the 1,000
colorectal cancer cases would be tested with IHC, leading to the identification of 5.2 Lynch
syndrome cases (Table 1.2). Total costs for this pathway were $36,864 per 1,000 colorectal
cancer cases, equating to $7,041 per Lynch syndrome case diagnosed.

By expanding screening to include those aged between 50-59 years (screening <60), an extra
142 individuals (totalling 21.8% of total colorectal cancer patient population) would be tested
with IHC to identify 1.5 additional Lynch syndrome cases (6.7 Lynch syndrome cases in total).
This would cost an additional $36,794 or $25,177 per additional Lynch syndrome case
diagnosed. Cost per case detected increased to $10,999.

With further expansion to also screen colorectal cancer cases aged between 60-69 years
(screening <70), an additional 255 individuals (totalling 47.3% of total colorectal cancer
patient population) would be tested by IHC. This identified 1.6 additional Lynch syndrome
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cases (8.3 Lynch syndrome cases in total), annual program cost increased to $138,663 and the
cost per additional case detected was $40,278. Cost per case detected increased to $16,685.

Based on our data, universal screening would not identify any additional Lynch syndrome
cases: however annual program cost would increase by $158,724 to $297,387 per 1,000
colorectal cancer cases. Cost per Lynch syndrome case detected increased to $35,784.

BRAF-PATHWAY

The BRAF-Pathway identified the same number of Lynch syndrome cases as the MLHI1-
Pathway at higher costs (Table 1.2). For example, screening <50 identified 5.2 Lynch syndrome
cases per 1,000 colorectal cancer cases for $36,462 for the MLH1-Pathway and $37,177 in the
BRAF-Pathway. Therefore, Lynch syndrome screening based on IHC followed by BRAF V600E
is more expensive than the alternative, and the BRAF-Pathway is therefore dominated in
terms of cost-effectiveness.

SENSITIVITY ANALYSES

When the probability of a diagnosis of Lynch syndrome was altered, our results changed
significantly (Supplementary Results Table 1.1). Although overall costs remained similar to the
original analysis, in the lower bound analysis, the number of Lynch syndrome cases diagnosed
reduced to between 3.2 and 3.8, while the cost per Lynch syndrome case diagnosed increased
ranging from $11,521 to $79,091. The reverse was true for the upper bound analysis where
the number of Lynch syndrome cases diagnosed increased to between 7.0 and 23.7 and cost
per case detected ranged from $5,350 and $13,731. A similar pattern was seen when the age-
specific probabilities derived from Hampel and colleagues®® were applied to the MLH1-
Pathway. Using these data, the number of Lynch syndrome cases diagnosed in each age
restricted scenario was higher and the cost per Lynch syndrome case diagnosed was lower.
However, program costs remained similar to our original analysis (Supplementary Results
Table 1.2).

Lowering adherence to genetic counselling and germline testing reduced diagnostic yield by
up to 25%. This resulted in a slight reduction in total costs (5-15% for MLH1-Pathway and 7-
15% for BRAF-Pathway), while the cost per Lynch syndrome case detected increased (8-24%
for MLH1-Pathway and 8-21% for BRAF-Pathway) (Supplementary Results Table 1.3). Similar
results were found when both costs and acceptance of genetic counselling and germline
testing were altered.

Changes to the cost parameters affected the costs proportionally (Table 1.2 and
Supplementary Results Tables).
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DiscussION

We developed a decision analysis model and used empirical data'® to determine the cost and
yield of screening for Lynch syndrome per 1,000 colorectal cancer cases. Based on our results,
screening for Lynch syndrome using the MLH1-Pathway is more cost effective than the BRAF-
Pathway. Limiting screening to colorectal cancer cases aged under 50 years in the MLH1-
Pathway would identify 5.2 Lynch syndrome cases per 1,000 colorectal cancer cases for the
overall lowest cost, with a cost per Lynch syndrome case detected of $7,041. Expanding this
pathway to also screen individuals aged 50-59 years (screening <60) increased diagnostic yield
by 28% (1.5 cases). This was associated with a doubling of program costs, an increase in cost
per Lynch syndrome case detected (to $10,999) and an incremental cost of $25,177 to detect
one additional case. Screening <70 further increased diagnostic yield of screening with
program costs increasing by 88%. Cost per case detected in this scenario increased to $16,685,
equating to an incremental cost per additional case detected of $40,278. Universal screening
more than doubled program costs compared with screening <70 for no additional yield;
however, this was because no Lynch syndrome cases were identified in this age group in our
dataset. Cost per Lynch syndrome case detected increased to $35,784. The BRAF-Pathway
identified the same number of Lynch syndrome cases; however, costs were higher for all age-
at-diagnosis thresholds.

There remains ongoing discussion about the optimal age to stop screening for Lynch syndrome
in the colorectal cancer affected population,* 2! and our model, like others,?>-22 demonstrates
that applying age restrictions to screening criteria results in fewer Lynch syndrome cases being
identified. This impacts patient care and has downstream effects for at-risk relatives who
would not be identified, thereby diminishing the opportunity to commence interventions to
reduce mortality and morbidity in this cohort. However, concerns have been raised about the
feasibility of expanded screening for Lynch syndrome, particularly in relation to the associated
costs.?> While individuals with Lynch syndrome are at higher risk of Lynch syndrome related
cancers compared to the general population, the likelihood of developing such a cancer
diminishes with age.!* This suggests that, while expanding screening to include older
individuals will identify more cases, the increased detection will likely come at the expense of
efficiency. In our model, the proportion of colorectal cancer cases who demonstrate MMR
protein loss by IHC and are subsequently found to be Lynch syndrome positive was highest in
the screening <50 scenario (52% for both pathways). This congruency reduced in the
expanded alternatives (ranging from 0%-16%), demonstrating that although screening older
individuals may detect additional Lynch syndrome cases, it does so by conducting
disproportionately greater numbers of tests which results in higher program costs. This
increase in overall cost could be considerable, with our model demonstrating that universal
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screening cost more than twice as much as screening <70 with no additional benefit in Lynch
syndrome carrier detection.

Based on our results, there is added benefit in ensuring colorectal cancer cases <70 years are
screened and although this requires an increase in total program cost, such an expansion could
be considered a reasonable trade-off between costs and yield.?® 28 While our model suggests
there is no additional benefit of universal screening compared to screening <70, this is due to
the lack of Lynch syndrome cases identified in this age cohort in our study population. As other
investigations have confirmed the existence of colorectal cancer affected Lynch syndrome
mutation carriers in this age group,® 2> we conducted a sensitivity analysis where we assessed
the impact of adjusting the proportion of individuals who were MMR deficient but were not
confirmed with Lynch syndrome (Supplementary Results Table 1.1). In the case of universal
screening, increasing this proportion of individuals diagnosed with Lynch syndrome
dramatically reduced the cost per Lynch syndrome case diagnosed (to between $14,000 and
$15,000) and the cost per additional Lynch syndrome diagnosis (approximately $25,000). In a
second analysis, we applied the age-specific probabilities of a US study evaluating the MLH1-
Pathway.?® Using these probabilities we found similar overall program costs for universal
screening with cost per additional Lynch syndrome case detected of approximately $50,000
(Supplementary Results Table 1.2). These results indicate that while there is potential benefit
in screening colorectal cancer cases 270 years in terms of yield, cost-effectiveness of such an
expansion will be significantly impacted by the proportion of Lynch syndrome cases in this age
cohort. Further studies with larger samples are needed to enable more precise estimates.

Although screening for Lynch syndrome has shown to be cost effective, consensus of the
optimal strategy is yet to be achieved. To our knowledge, few studies have presented results
based on age-restricted inclusion criteria for the two pathways we investigated. One analysis
investigating the BRAF-Pathway to screen for Lynch syndrome found it was cost effective to
screen for Lynch syndrome in those aged <70 years.?® A second study found using MSI, in
conjunction with IHC, to be cost effective across different age restrictions.?® However when
we investigated MSI in our preliminary analyses, we found its inclusion was more costly than
the alternative strategies for all age cohorts with limited benefit (results not shown). Analyses
of universal screening using the MLH1-Pathway have indicated that while this strategy is cost
effective, it was not as cost effective as possible alternatives, with one study determining it
was more cost effective to include both MLH1 methylation and BRAF V600E testing after IHC,°
and the other finding cost-effectiveness improved when colorectal cancer cases were first
triaged with the revised Bethesda guidelines.3® We have previously noted that
implementation of clinical guidelines in routine practice is poor;* & 17 this would likely impact
the effectiveness of this strategy, leading to missed opportunities to diagnose Lynch syndrome
and reduced cost-effectiveness. While universal screening using BRAF-Pathway has also been
shown to be cost effective,?”?> 3! two studies indicated that this strategy was not as effective
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as alternative strategies that included predictive modelling as a first step?” and the inclusion
of both BRAF V600E and MLH1 methylation testing.?’> When we assessed the BRAF-Pathway
we found it to be as effective but more expensive than the MLHI1-Pathway at all age
thresholds. This was due to the increased number of individuals undergoing germline testing
in the BRAF-Pathway as BRAF V60O0E only achieves ~75% efficiency as a surrogate marker for
MLH1 methylated sporadic colorectal cancer showing loss of MLH1/PMS2.'8 Only one other
study has made a direct comparison between the two pathways we investigated and although
the authors determined that the BRAF-Pathway was more cost effective than the MLH1-
Pathway, the differences were small.?°

Benefits of a Lynch syndrome screening program are dependent on ensuring all eligible
colorectal cancer cases are screened and that those detected with MMR-deficiency receive
genetic counselling and germline testing. In our analysis we assumed all eligible cases would
undergo appropriate testing; however, we recognise that this may not occur in practice,” 32
as individuals may not wish to participate in genetic testing because of, among other things,
possible negative psychological impacts (such as anxiety and depression) and concerns over
personal information.?3 Reducing the proportion of MMR-deficient individuals who agree to
genetic counselling and subsequently agree to germline testing decreases yield and total cost
in all scenarios, while increasing cost per additional Lynch syndrome case detected.
Importantly, such reductions lead to more undiagnosed cases of Lynch syndrome and missed
opportunities to identify and monitor at-risk relatives. The greatest benefits of Lynch
syndrome screening will only be achieved if screening is appropriately implemented and
eligible cases have appropriate and informed access to genetic counselling and germline
testing.

An important strength of this study is that the model parameters are derived from two large
population-based studies for Lynch syndrome testing and our results align with previous
estimates of Lynch syndrome in the colorectal cancer population.'® 3 However, despite this,
three limitations are of note. Firstly, this analysis only examined testing incident colorectal
cancer cases with IHC. However, while we acknowledge that MSI testing, either with or
without IHC, is an alternative pathway for triaging colorectal cancer cases,® 2% our preliminary
analyses indicated that this pathway was substantially more expensive, and therefore, we
excluded it from further investigations.

Secondly, this analysis only considers costs to identify Lynch syndrome in colorectal cancer
cases and does not take into account the subsequent costs and cost savings of cascade
screening and surveillance of at-risk relatives. While predictive genetic testing of at-risk
relatives has been shown to be cost saving in Australia,3® there is currently no research into
the cost-effectiveness of surveillance in Lynch syndrome carriers. Research with similar cost
per Lynch syndrome case detected to ours, which has also assessed costs and benefits of
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surveillance in this group found screening for Lynch syndrome in those aged <50 gained 43.6
life years ($7,938/LYG).26 When screening was expanded to include those aged 51-60 years, a
further 118 life years were gained ($6,380 per additional LYG). An addition 44.3 life years were
gained when those aged 61-70 years were screened ($10,648 per additional LYG). This
suggests that with our cost per case detected, cascade screening and surveillance of at-risk
individuals will be cost effective at a willingness-to-pay threshold of $50,000. As much of the
benefit in identifying Lynch syndrome relates to gains in life expectancy in this group,3® future
research should incorporate analyses of these implications and costs.

Finally, data around the costs of laboratory testing for Lynch syndrome has been difficult to
obtain, and our costs may not necessarily reflect the range of costs throughout Australia. To
account for this, we conducted sensitivity analyses to provide the lower and upper cost
estimates.

CONCLUSIONS

Based on our analysis, MLH1 methylation testing as a follow-up for colorectal cancers showing
loss of MLH1 protein expression is more cost effective than BRAF V600E somatic mutation
testing in identifying Lynch syndrome cases. An expanded screening program that includes
screening colorectal cancer cases diagnosed <70 years will identify more Lynch syndrome
cases at a reasonable cost. Future research into the yield of Lynch syndrome screening in
colorectal cancer patients 270 years and the potential to offset additional costs by identifying
at-risk relatives is needed to determine if universal screening is justified.
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Supplementary Results Table 1.2: Yield and costs for the age restricted MLH1-Pathway
scenarios per 1,000 individuals diagnosed with colorectal cancer for the sensitivity analyses

using data from Hampel and colleagues.

Nua:ne'; of Total cost of LS screening ($A) Cost per LS diagnosis ($A) ®
deficient Per
cases Point Upper Point Upper additional LS
diagnosed as Estimate @ Lower bound bound Estimate Lower bound bound case
Ls? diagnosed
Screening <50 7.2 38,425 18,427 75,545 5,308 2,545 10,435 5,308
Screening <60 14.5 94,842 45,623 186,640 6,562 3,157 12,914 7,822
(+7.2) (+56,417)
Screening <70 16.4 167,504 81,352 330,862 10,241 4,974 20,229 38,183
(+1.9) (+72,661)
Universal 19.3 313,701 153,664 621,832 16,289 7,979 32,288 50,359
(+2.9) (+146,197)

Abbreviations: LS, Lynch syndrome; MMR, mismatch repair
a. Figures in parentheses represent increase from previous screening scenario.

b. All costs are presented in 2016 Australian dollars.
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OPTIMISING COLORECTAL CANCER SCREENING
IN SHANGHAI, CHINA:
A MODELLING STUDY
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ABSTRACT

Background: To reduce the burden of colorectal cancer in Shanghai, China, a CRC screening
program was commenced in 2013 inviting those aged 50-74 years to screening with a faecal
immunochemical test (FIT) and risk assessment. However, it is unknown whether this is the
optimal screening strategy for this population. We aimed to determine the optimal colorectal
cancer screening program for Shanghai in terms of benefits, burden, harms and cost-
effectiveness.

Methods: Using MISCAN-Colon, we estimated the costs and effects of the current screening
program compared to a situation without screening. Subsequently, we estimated the benefits
(life years gained (LYG)), burden (number of screening events, colonoscopies and false positive
tests), harms (number of colonoscopy complications) and costs (Renminb (¥)) of screening for
323 alternative screening strategies. We compared several different age ranges, screening
modalities, intervals, and FIT cut-off levels. We performed an incremental cost-effectiveness
analysis to determine the optimal strategy assuming a willingness-to-pay of ¥193,931 per LYG.

Results: Compared to no screening, the current screening program reduced colorectal cancer
incidence by 40% (19 cases per 1,000 screened individuals) and colorectal cancer mortality by
67% (7 deaths), and gained an additional 32 LYs and cost an additional ¥199,652. However,
the optimal screening strategy was annual testing using a validated one-sample FIT, with a
cut-off of 10 ug Hb/g from ages 45-80 years (ICER, ¥62,107). This strategy increased LYG by
0.18% and costs by 28%.

Conclusions: Although the current screening program in Shanghai is effective at reducing
colorectal cancer incidence and mortality, the program could be optimised using a validated
FIT.
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INTRODUCTION

Colorectal cancer is a global health issue with significant incidence and mortality, however,
this burden is unevenly distributed. Due to its large population, China is a noteworthy
contributor to the global burden of colorectal cancer and is expected to account for
approximately 28% of colorectal cancer cases and deaths in 2018.% 2 Moreover, colorectal
cancer incidence and mortality has been steadily increasing in China: between 2003 to 2011,
incidence rose from 12.8 to 16.8 per 100,000, while mortality rose from 5.8 to 7.8.3 This,
coupled with a steadily ageing population* suggests the large burden of colorectal cancer is
set to remain in the foreseeable future® and represents a significant public health challenge
for the country.

Although screening has long been established as an effective method to reduce colorectal
cancer incidence and mortality, it has not yet been universally implemented. While a diverse
range of colorectal cancer screening programs have been established throughout Europe,
North America and Australia, to date, very few countries in Asia have implemented such
programs.® In an effort to reduce the burden of colorectal cancer, there is a growing trend for
lower incidence countries to implement organised population colorectal cancer screening,® as
is the case in China, where region-specific programs are currently being implemented.” 8
However, despite the rising colorectal cancer incidence and mortality, the first consensus on
organised colorectal cancer screening in China was not available until 2014.°

Shanghai, one of the largest and most developed cities in China, experiences some of the
highest colorectal cancer incidence and mortality in China.° Colorectal cancer incidence rates
have increased significantly from 1973 to 2010, with the age-adjusted incidence rates
increasing from 13.6 to 28.2 per 100,000 in males and 11.9 to 22.3 per 100,000 in females.'%
12 To address this, the Shanghai Municipal Government implemented a community-based
colorectal cancer screening program in 2013.7 The program invited individuals aged 50-74 to
participate in colorectal cancer screening, offering triennial screening with a locally produced
faecal immunochemical test (FIT) and a risk questionnaire. This strategy was decided upon
after comprehensive evaluation of the capacity of health resources of the region.” The initial
results of the screening program in Shanghai’ and the Pudong New Area (the largest district
of Shanghai)'? have recently been published. These results highlight several challenges for the
implemented screening program, including poor uptake of initial offer of screening,
suboptimal attendance at diagnostic colonoscopy and low rates of cancer detection.

Such results call into question whether the implemented colorectal cancer screening program
is optimal for the population. Therefore, the aim of this research is to determine the optimal
colorectal cancer screening program for Shanghai in terms of benefits, burden, harms and
costs. Using microsimulation modelling, we compared the assessed the performance of the
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current screening strategy against standardised and validated FITs considering varying
program characteristics including screening interval and screening start- and stop-age.

METHODS

We used the Microsimulation Screening Analysis-Colon (MISCAN-Colon) model to simulate a
cohort of citizens of Shanghai aged 45 years in 2013. We assessed 324 different screening
strategies to determine the benefits, burden, harms and costs of screening compared to the
same population without screening. Subsequently, we performed incremental cost-
effectiveness analysis to identify strategies that provide good value for money and determine
the optimal strategy from a cost-effectiveness perspective.

MISCAN-CoLoN

MISCAN-Colon is a well-established microsimulation model for colorectal cancer developed at
the Department of Public Health, Erasmus University Medical Center.'* The model has been
extensively described previously and is described in Appendix 1.1> ¢ In brief, the model
simulates the life-histories of a large population of individuals from birth to death, first
without and then with screening for colorectal cancer. As each simulated person ages, one or
more adenomas may arise and some can progress in size from small (<5 mm) to medium (6-9
mm) to large (>10 mm). Some adenomas develop into preclinical cancer and subsequently
progress through cancer stages | to IV. At any time during the development of the disease,
symptoms may present and colorectal cancer may be diagnosed. The introduction of
screening may alter the simulated life-histories through detection and removal of adenomas
or through detection of colorectal cancer at an earlier stage with a more favourable survival.
By comparing the life-histories of a simulated population being screened to the corresponding
life-histories in a simulated population not screened, MISCAN-Colon quantifies the
effectiveness and the costs of screening.

MISCAN-Colon was adjusted to match age-specific incidence of colorectal cancer in China
before the introduction of screening in 2013.7 Stage distribution,® localisation of cancers in
the colorectum?®® and five-year relative survival®® after clinical diagnosis of a cancer were
based on Chinese literature. Additional assumptions of the MISCAN-Colon model are
presented in the Model Appendix.

SCREENING STRATEGIES

In this analysis, we will assess four screening modalities: the FIT as currently offered in the
Shanghai screening program (Shanghai FIT), the Shanghai FIT coupled with the risk assessment
(Shanghai FIT+RA) and a standardised and validated FIT taking either one-sample (FIT 1) or
two-samples (FIT 2, at least one-sample positive). For the validated tests, we considered five
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different cut-off values — 10, 15, 20, 30 and 40 micrograms of haemoglobin per gram faeces
(ug Hb/g, Table 2.1).

For each modality and cut-off value, we assessed multiple start ages (45, 50 or 55 years), stop
ages (70, 75 or 80 years) and intervals (annual, biennial and triennial). Individuals with a
positive screening test were invited to a diagnostic colonoscopy. Surveillance was based on
findings at diagnostic colonoscopy in accordance with the European Society of
Gastrointestinal Endoscopy Guidelines.?’ We elected to simulated surveillance consistent with
these guidelines because there is conflicting advice in China about the post diagnostic
colonoscopy pathway (including when to return to screening and the surveillance pathway),**
2124 3nd the Asia Pacific Consensus Group did not provide precise guidelines on interval of
surveillance, other than to suggest that such intervals should be tailored to the risk level.?® In

a sensitivity analysis, we assessed a surveillance pathway, derived from Chinese literature.?
22

We assumed 100% adherence to all screening, diagnostic and surveillance tests because this
allows for the determination of the optimal benefit of colorectal cancer screening. All
strategies were compared to a situation without screening.

In total, 324 unique screening strategies were evaluated. For each strategy, we simulated a
population of 10 million 45-year-olds, with life expectancy as observed in China in 2010.%° It
was assumed that no screening occurred before or after the screening start and stop ages.
Individuals were followed for life, until a maximum age of 100 years, commencing in 2015.

TEST CHARACTERISTICS

Although the Shanghai screening program reports that it is using a qualitative FIT with a pre-
set cut-off of 100 nanograms of haemoglobin per millilitre of faeces (equivalent to 20ug Hb/g
faeces),” laboratory tests have shown that the quantity of faeces in samples and diluents of
the test were not standardised, with the actual cut-off being lower than the pre-set cut-off.?’
Consequently, the characteristics and actual cut-off of the Shanghai FIT remain unknown.
Therefore, the test characteristics of the Shanghai FIT and the Shanghai FIT+RA (Table 2.1)
were fitted to the positivity and detection rates observed in the first three years of screening
in Pudong New Area, the largest district of Shanghai (Supplementary Methods Table 2.1). Data
was provided by the Pudong Centre for Disease Control (Pudong CDC).

The test characteristics of the validated FIT 1 and FIT 2 were fitted to the positivity and
detection rates of advanced neoplasia observed in the first screening round of two Dutch
randomised trials, which utilised the OC-Sensor micro (Eiken Chemical, Tokyo, Japan, Table
2.1).2831 To estimate the two-sample FIT test characteristics, we followed the approach
described in Goede and colleagues.3? The characteristics differ to those previously presented
as the natural history of the MISCAN-Colon model has been updated since this publication.33
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Table 2.1: Test characteristics of the faecal immunochemical tests and colonoscopy

Sensitivity (%) .
Specificity
Test Adenoma Adenoma Adenoma CRC early CRC late (%)
<5mm 6-9mm 210mm preclinical* preclinical ?

Shanghai FIT ® 0.0 8.7 20.3 44.6 78.9 87.4
Shanghai FIT + RA ® 0.0 9.4 33.0 74.2 93.1 79.3
One-sample FIT10 ¢ 0.0 11.0 39.4 65.5 90.0 96.1
One-sample FIT15 © 0.0 6.5 333 58.5 87.0 97.3
One-sample FIT20 ¢ 0.0 5.0 29.3 52.0 83.5 97.9
One-sample FIT30 ¢ 0.0 3.3 26.6 50.5 83.0 98.4
One-sample FIT40 ¢ 0.0 2.6 22.1 50.0 82.5 98.7
Two-sample FIT10 ¢ 0.0 16.2 63.3 75.0 93.5 94.1
Two-sample FIT15 ¢ 0.0 8.9 52.7 71.0 92.0 95.7
Two-sample FIT20 ¢ 0.0 7.1 46.9 66.0 90.0 96.7
Two-sample FIT30 ¢ 0.0 4.6 42.5 66.5 90.5 97.4
Two-sample FIT40 ¢ 0.0 4.9 12.5 66.0 90.0 97.7
Colonoscopy & 75.0 85.0 95.0 95.0 95.0 86.0

Abbreviations: CRC, colorectal cancer; FIT, faecal immunochemical test; RA, risk assessment; FIT10, faecal
immunochemical test, 10 ug Hb/g faeces cut-off value; FIT15, faecal immunochemical test, 15 ug Hb/g cut-off
value; FIT20, faecal immunochemical test, 20 ug Hb/g faeces cut-off value; FIT30, faecal immunochemical test,
30 ug Hb/g cut-off value; FIT40, faecal immunochemical test, 40 pg Hb/g cut-off value; ug Hb/g, micrograms of
haemoglobin per gram faeces

a. It wasassumed that the probability a colorectal cancer bleeds and thus the sensitivity of a FIT for
colorectal cancer depends on the time until clinical diagnosis.3*

b. Specificity and sensitivity based on the positivity rates and detection rates of advanced neoplasia observed
in the first screening round in Pudong, Shanghai. This data for this was provided by Pudong Centre for
Disease Control. Sensitivity for adenomas smaller than 5 mm was assumed to be 0% for all tests.

c. Specificity and sensitivity based on the positivity rates and detection rates of advanced neoplasia observed
in the first screening round of two Dutch randomised trials.?®3! Sensitivity for adenomas smaller than 5
mm was assumed to be 0% for all tests, at any cut-off level.

d. Atwo-sample FIT is considered positive when at least one-sample contains detectable blood at the
specified cut-off value.

e. Specificity for colonoscopy is based on Schroy et al, 2013.3° The lack of specificity with endoscopy reflects
the detection of non-adenomatous lesions, which, in the case of colonoscopy, leads to unnecessary
polypectomy, which is associated with an increased risk complications.

f.  Sensitivity of colonoscopy for the detection of adenomas and colorectal cancer within the reach of the
endoscope was obtained from a systematic review on miss rates observed in tandem colonoscopy
studies.3®

In all instances, the sensitivity and specificity of the test characteristics were estimated so that
simulated positivity rates and detection rates for (non-) advanced adenomas and cancer
matched the observed rates to within 1%.The test characteristics were adjusted to take into
account the effect of systematic false-positive and false-negative results (individuals who
always test positive but do not have adenomas or how test negative because of adenomas
which do not bleed).?”
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For colonoscopy, test characteristics were based on a systematic review of polyp miss rates in
tandem colonoscopy studies.3¢ The lack of specificity of colonoscopy reflects the detection of
benign hyperplastic polyps, which are not cancer precursors.>> Complications of colonoscopy
were measured as the number of perforations arising from colonoscopy.3®

COSTS OF SCREENING, SURVEILLANCE AND COLORECTAL CANCER CARE

Costs associated with colonoscopy, polypectomy, complications from colonoscopy and costs
of cancer treatment were obtained from Chinese literature (Table 2.2).1%:3%4! The costs of the
Shanghai FIT, FIT 1, FIT 2 and the risk assessment were provided by Pudong CDC. The costs of
all of the FITs were based on the current reimbursement funding arrangement. These costs
include the test kits, their distribution, return, and analysis and expenses in marketing. We
alsoincluded costs associated with colonoscopy, such as costs for following up individuals with
a positive screening test to encourage them to attend diagnostic colonoscopy and general
outpatient costs.'® All costs are presented in Chinese Renminbi (RMB, ¥) and where necessary
are standardised to 2019 prices using the consumer price index.*?

OUTCOMES

For all strategies, the model estimated colorectal cancer incidence, the number of colorectal
cancer deaths and the number of screening, diagnostic and surveillance tests required
between ages 45 and 80 years per 1,000 individuals. The benefits of screening were measured
as the reduction in colorectal cancer incidence and mortality and the number of life years
gained (LYG) per 1,000 individuals. The number of screening events and colonoscopies were
taken as measures of the burden of screening and for colonoscopy, both diagnostic and
surveillance colonoscopies were included. Harms of screening were measured as the number
of perforations arising from colonoscopy and the number of false positive tests (which is
defined as a positive screening test followed by a colonoscopy with no clinical findings).

COST-EFFECTIVENESS ANALYSIS

We conducted a cost-effectiveness analysis from the health care sector perspective, and
discounted both future costs and life-years using a standard annual rate of 3%.%3
Undiscounted results and results discounted to 5% are presented in the Supplementary
Results Table 2.2 and Figure 2.1). We plotted all of the screening strategies in a cost-
effectiveness plane and performed an incremental cost-effectiveness analysis to see which
strategies were efficient. The efficient strategy with the highest incremental cost effectiveness
ratio (ICER) below the willingness-to-pay (WTP) threshold was considered optimal. The WTP
threshold was set at three times the Chinese gross domestic product per capita in 2018
(¥193,931 RMB which is equal to $29,313 US)** for one LYG.
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Table 2.2: Costs associated with colorectal cancer screening and treatment.?

Cost parameter ¥
Per quantitative FIT — one-sample ®¢ 15.00
Per quantitative FIT — two-sample ¢ 25.00
Per qualitative FIT — two-sample ¢ 13.00
Per risk assessment ® 3.48
Per positive screening test ¢ 15.00
Per colonoscopy © 375.30
Per polypectomy f 654.83
Per perforation of colonoscopy & 19761.04
Treatment by stage and location "
Stage | CRC 35227.92
Stage Il CRC 37342.58
Stage Il CRC 37481.16
Stage IV CRC 38472.04
General outpatient cost 23.30

Abbreviations: CRC, Colorectal Cancer; FIT, faecal immunochemical test

a. Costs are from a health system perspective and do not include patient time costs. All costs are presented
in Chinese Renminbi (¥) and are indexed to 2019 prices.*?

b. Costs provided by Pudong Centre for Disease Control and are based on the current reimbursement funding

arrangement.

Costs for the FITs include the test kits, their distribution, return, and analysis and expenses in marketing.

These costs are provided to encourage those with positive screening test to attend diagnostic colonoscopy,

as well as support other activities related to colonoscopy.

Costs for colonoscopy are based on sources from China® and includes cost of bowel preparation.*

f. Costs polypectomy is based on sources from China® and includes costs of biochemical and pathological

testing.*! This cost is in addition to the cost for colonoscopy.

Costs for perforation during colonoscopy is based on sources from China.?®

Costs of cancer treatment are taken from the Chinese setting.'® 4°

i. Co-payment made by patients when seeing a doctor and undergoing a colonoscopy.*®

Q0

7@

SENSITIVITY ANALYSES

We conducted a series of sensitivity analyses to assess the robustness of our assumptions.
First, due to uncertainty about the performance of the validated FIT in the Chinese population,
we conducted an analysis where we adjusted the characteristics such that the sensitivity and
specificity were halfway between calibrated Shanghai FIT and validated FITs (Supplementary
Methods Table 2.2). Second, due to uncertainty about the actual cost of the validated FITs, we
explored the impact of varying its cost by assuming a 50% reduction and a two-fold increase
in its cost. All other costs were held constant. Third, quality-adjusted life years were excluded
from the main analysis because at present there is no available information on these measures
in the Chinese setting. Therefore, we assessed the impact of utilising international quality of
life measurements in a sensitivity analysis (Supplementary Methods Table 2.3).#> Fourth, we
assessed the impact of an alternative surveillance pathway, derived from Chinese literature
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(Supplementary Methods Figure 2.1).2%2? Finally, we assessed the impact of reducing the WTP
threshold to the Chinese gross domestic product per capita in 2018 (¥64,644 RMB which is
equal to $9,7701US) for one LYG.

RESULTS

BENEFITS OF SCREENING

MISCAN-Colon predicted that, compared to no screening, all screening strategies reduced
colorectal cancer incidence and mortality (Supplementary Results Table 2.1). In a situation
without screening, colorectal cancer incidence was 49 per 1,000 individuals with colorectal
cancer mortality at 11 per 1,000 individuals. Screening reduced colorectal cancer incidence by
16 to 53% (8 to 26 cases) and colorectal cancer mortality by 41 to79% (4 to 9 deaths),
depending on intensity of screening (Supplementary Results Table 2.1). In addition, screening
gained an additional 20 to 39 LYs. The current screening program (triennial screening with
Shanghai FIT+RA from ages 50-75 years) reduced colorectal cancer incidence by 19 cases (40%)
and mortality by 7 deaths (67%) and gained an additional 32 LY.

Annual screening with the Shanghai FIT+RA, from ages 45-80 years was the most effective
strategy at reducing colorectal cancer incidence, while annual screening with the FIT 2 with a
cut-off of 10 ug Hb/g from ages 45-80 years was the most effective at reducing colorectal
cancer mortality.

SCREENING BURDEN

In general, screening strategies with a shorter screening interval and a greater number of
years of screening required more screening tests than strategies with longer screening interval
for fewer years. For example, annual screening with FIT 1, with a cut-off of 40 ug Hb/g, from
45-80 years required the greatest number of screening tests (29,329 tests), while triennial
screening with the Shanghai FIT+RA, from ages 55-70 years required the least number of
screening tests (3,706 tests). The current screening program required 5,346 tests.

This pattern however, did not hold for the number of required colonoscopies. Although
triennial screening with FIT 1, with a cut-off of 40 pug Hb/g, from ages 55-70 years required the
least number of colonoscopies (265 colonoscopies) and annual screening with the Shanghai
FIT+RA, from 45-80 years required the greatest number of colonoscopies (2,609
colonoscopies), the order of strategies between this varied greatly. The current screening
program required 1,434 colonoscopies. In general, the screening strategies that utilised the
Shanghai FIT had a substantially greater colonoscopy requirement than those utilising the
validated tests.
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Figure 2.1: Costs and life years (discounted at 3%) per 1,000 45 year-olds of all 324 colorectal
cancer screening strategies and a strategy without screening, with the efficient frontier

connecting the economically efficient strategies.?

Abbreviations: FIT, faecal immunochemical test; ICER, incremental cost-effectiveness ratio, LY, life years; ug

Hb/g, micrograms of haemoglobin per gram faeces

Note: black circle highlights current screening program in Shanghai.

a. Discounted costs and life years gained reflect total costs and life years gained of a screening program,
accounting for time preference for present over future outcomes. Life years gained are plotted on the y-
axis, and total costs are plotted on the x-axis. Each possible screening strategy is represented by a point.
Strategies that form the solid line connecting the points lying left and upward are the economically rational
subset of choices. This line is called the efficient frontier. The inverse slope of the line represents the
incremental cost-effectiveness ratio of the connected strategies. Points lying to the right and beneath the
line represent the dominated strategies.
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SCREENING HARMS

Overall, the risk of screening related perforations was very low — ranging between 0.01-0.09
per 1,000 individuals. Complications were proportional to the number of colonoscopies, such
that those strategies with fewer colonoscopies had fewer complications. The number of false-
positive tests ranged from 21 to 1917 and was generally highest for the Shanghai FITs,
particularly with risk assessment.

COSTS AND COST-EFFECTIVENESS

Without screening the cost of diagnosing and treating colorectal cancer was ¥869,648 per
1,000 individuals. Screening increased costs by 1 to 66% (¥884,095 to ¥1,443,352). The current
screening program cost an additional ¥152,565, an increase of 18% (¥1,022,213).

Of the 324 screening strategies, 10 were on the efficient frontier (i.e. considered to provide
good value for money, Table 2.3, Figure 2.1). The efficient strategies all had a low cut-off (10-
15 pg Hb/g), and were an even mix of one- and two-sample tests. Screening start age varied
from a relatively short time period (50-70) years to the longest assessed period (45-80 years),
and the screening interval ranged from 1 to 3 years. All screening strategies using the Shanghai
FIT, either with or without the risk assessment, were dominated.

Using a WTP threshold of ¥193,931 per LYG, the optimal screening strategy was annual testing
with FIT 1, using a cut-off of 10 ug Hb/g from ages 45-80 years (ICER, ¥59,218). Annual
screening with FIT 2, using a cut-off of 10 ug Hb/g from ages 45-80 years was also on the
efficient frontier, but with an ICER, ¥739,677 per LYG, it would not be considered as cost
effective.

SENSITIVITY ANALYSES

Our results were robust to changes in the validated FIT characteristics, costs, the use of
international quality of life measurements and the adoption of a Chinese surveillance
pathway. For all of these analyses, the validated FITs outperformed the Shanghai FIT, both
with and without the risk assessment (Supplementary Results Table 2.2a-e and Figure 2.2a-e).
At the WTP threshold, the cost-effective strategies varied in terms of the test (FIT 1 and FIT 2)
and cut-off, however all strategies required annual testing from ages 45 to 80 years (Table
2.4). The Shanghai FIT+RA was on the efficient frontier when the Chinese surveillance pathway
was assessed, however, with an ICER of ¥750,686, it would not be considered cost effective.
When assessed against a lower WTP threshold, the optimal screening strategy remained the
same (annual testing with FIT 1, using a cut-off of 10 ug Hb/g from ages 45-80 years).
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DIScUSSION

This microsimulation analysis assessed the performance of the Shanghai FIT, with and without
the use of a risk assessment, compared to the use of validated one- and two-sample FITs. Our
results suggest that the screening tests currently used in the Shanghai screening program are
not the most cost effective as in all instances, they were outperformed by validated screening
tests. Although the Shanghai tests performed similarly terms of reductions in incidence and
mortality and gains in LYs, they were generally more expensive. In addition, they required
substantially more colonoscopies. Based on our results, the Shanghai screening program could
be optimised by utilising a validated, one-sample FIT, with a cut-off of 10 ug Hb/g, with
screening occurring annually from ages 45-80 years (Table 2.3). Although this strategy
increases the number of screening tests and costs compared to the screening program
currently implemented in Shanghai, these increases are outweighed by the reductions in
colonoscopy demand and associated harms, colorectal cancer incidence and mortality and
increase in the number of LYG.

Shanghai is one of the only regions in the world to implement a triennial screening program.®
This strategy was chosen after the completion of a comprehensive evaluation of the capacity
of health resources of the region.” This suggests that an alternative program could be
implemented if it did not exceed the demand of health services such as colonoscopy.
According to our analysis, the current program requires a colonoscopy capacity of 1,434 per
1,000 individuals, while our proposed cost-effective strategy reduces colonoscopy demand by
approximately 30% (to 1,104 colonoscopies). If colonoscopy demand was a key driver of the
selection of a triennial screening program, there are several cost-effective alternatives that
could be implemented. For example, whilst not considered to be cost effective (ICER:
¥739,677), annual screening of individuals from 45-80 years with a validated, two-sample FIT,
with a cut-off of 10 pug Hb/g results in a similar colonoscopy demand (1,456 colonoscopies).
Alternatively, to achieve the same number of LYG (21,514 per 1,000), a program of triennial
screening from 50-75 years with a validated, two-sample FIT, with a cut-off of 10 ug Hb/g
could be implemented. This strategy would half the colonoscopy demand (to 744
colonoscopies) at an ICER of ¥7,778. Other strategies could also be selected depending on
desired outcomes, however, all of these alternatives utilise a validated FIT.

The sub-optimal performance of the Shanghai screening tests is not surprising given their
characteristics (Table 2.2). Although the sensitivity of the Shanghai screening tests is
comparable to the validated screening tests, the specificity is considerably lower, especially
when the risk assessment is included. Low specificity increases the rate of false-positive tests*
and consequently, greater numbers of individuals are unnecessarily sent for colonoscopy. This
impacts the cost-effectiveness of the screening program by increasing the burdens, harms and
costs of screening. Shifting to a validated, quantitative FIT could help alleviate these issues
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while also providing an opportunity to assess stool haemoglobin concentrations which has
been demonstrated to be a strong predictor for future cancer risk.*’

The high rate of false positivity of the screening tests used in the Shanghai screening program
has been suggested as an explanation for the low uptake of diagnostic colonoscopy.” 13
Although failure to complete an appropriate follow-up test after a positive result further
undermines the benefits of screening, the situation is not unique to the Shanghai screening
program as sub-optimal compliance to diagnostic colonoscopy after a positive FIT has been
noted in several screening programs.*® Compliance to diagnostic colonoscopy is complex and
multidimensional.*>>! In China, the results of primary screening test, perceived severity of the
disease, personal or others experiences with colonoscopy and health care provider
recommendation have also been shown to influence compliance.° Cultural beliefs may also
play a significant role.>> This suggests that health literacy related to colorectal cancer
screening could be improved.

With compliance to diagnostic colonoscopy, and participation in screening in general, already
demonstrated to be low in Shanghai and other locations in China,® the optimal screening
strategy suggested by this investigation may not be optimal in practice. Screening programs
have to consider their “real world” application and as the effectiveness of a FIT screening
program relies heavily on participation, the implementation of an annual screening program
over an extended 35-year period may further diminish this already low participation rate.
Participation may be further diminished as a result of ‘screening fatigue’ — where motivation
to participate is reduced due to a false perception of decreased colorectal cancer risk after
several negative screening test results.>® >* As colorectal cancer risk increases with agel- % 5>
participation of older individuals is important. It has also been suggested that offering
screening to those aged 75-80 in Shanghai is potentially warranted as Shanghai is one of the
most ageing cities in China.’® Therefore, it may be pertinent to consider an alternative cost-
effective strategy such as annual screening from 50-80 years, utilising a validated, one-sample
FIT, with a cut-off of 10 pug Hb/g (ICER: ¥31,660) or triennial screening from 50-80 years,
utilising a validated, two-sample FIT, with a cut-off of 10 ug Hb/g (ICER: ¥ 14,254). Choosing
either of these strategies would substantially reduce the screening burden and costs and
would still result in comparable benefits.

There are three noteworthy limitations to our research. Firstly, there remains some
uncertainty about the accuracy of test characteristics and therefore the performance of the
validated FITs in the Chinese population. We therefore conducted a sensitivity analysis where
we reduced the performance of validated FITs. Our results were robust to this change in test
characteristics, although there was less difference in effectiveness, the analysis produced
similar results as base case. Secondly, we simulated surveillance in our main analysis
consistent with European Society of Gastrointestinal Endoscopy Guidelines,?° because there
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is conflicting advice in China about the post diagnostic colonoscopy pathway, (including when
to return to screening and the surveillance pathway).!> 2124 When we assumed surveillance
guidelines derived from Chinese literature, our results did not change significantly. Although
annual screening from 45 to 80 years with the Shanghai FIT and risk assessment was on the
efficient frontier, it was still not cost effective. Finally, there is limited information on
complications arising from colonoscopy in China which likely means our results provide an
underestimate of complications and their associated costs. However, given that the Shanghai
FIT, both with and without the risk assessment, had higher numbers of colonoscopy, we do
not feel that this would significantly alter our results. Fortunately, there is research underway
to address this gap in knowledge.>”

Despite these limitations, our research has important implications. Firstly, our results suggest
that the colorectal cancer screening program in Shanghai could achieve better outcomes and
costs could be reduced if the program was to switch to using a validated screening test. Based
on our results the most cost-effective strategy is annual testing with the validated one-sample
FIT, using a cut-off of 10 pug Hb/g and screening from ages 45-80 years. Secondly, although the
current screening program is not considered optimal based on our results, our findings
support the implementation of screening in Shanghai; even the use of sub-optimal screening
tests result in a reduction of colorectal cancer incidence and mortality in a cost-effective way
compared to no screening (CER, ¥4,801). Given the recent trend of rising colorectal cancer
incidence and mortality,’®*? coupled with the expectation that the burden is set to increase
as the Chinese economy grows,> >® efforts to reduce the impact of colorectal cancer are
important. Moreover, despite the use of these tests, the program already appears to be having
an impact on survival — individuals diagnosed with colorectal cancer who participated in the
screening program and were compliant with the screening policy experienced better survival
outcomes compared to those who did not participate.>® While this finding should be
interpreted with caution given the short follow-up time and the potential for lead-time and
length bias,*® it adds support to the benefits of screening in this population. Finally, our results
demonstrate that screening for colorectal cancer is a highly cost-effective method of reducing
the burden of colorectal cancer in Shanghai. This is particularly salient in China where out-of-
pocket expenses for treating cancer have been described as ‘catastrophic’ (defined as out-of-
pocket expenditure in access of 40% of annual household income) in China for both newly
diagnosed and end stage cancer.®% ¢ This finding may be relevant to other jurisdictions with
limited health resources who are considering implementing colorectal cancer screening.

CONCLUSION

Screening for colorectal cancer in Shanghai is an attractive and cost-effective option for
reducing the burden of colorectal cancer. Although the current screening program reduces
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incidence and mortality of colorectal cancer, a program utilising a standardised, validated FIT
could save more lives at a lower cost. In addition, addressing barriers to screening, such as
poor health literacy and financial concerns, may increase participation and therefore improve
the effectiveness of the screening program.
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SUPPLEMENTARY METHODS

DATA AND ASSUMPTIONS FOR OCCULT BLOOD SCREENING

We estimated the test characteristics of the Shanghai FIT and the Shanghai FIT+RA so that the
model predicted positivity and detection rates for advanced neoplasia are similar to those
observed in the first three years of screening in Pudong (2013-2015). These observed rates
were provided by the Pudong Centre for Disease Control (Supplementary Methods Table 2.1).
The algorithm used for this estimation is the Nelder-Mead Simplex method.®? This iterative
parameter search method constructs a simplex consisting of a number of sets of potential test
characteristics equal to the number of test characteristics plus one. For each set, the
goodness-of-fit (GOF) is computed and a better set (in terms of GOF) replaces the worst set.®3
Since the data consists of rates, the Poisson likelihood was used as the GOF during the
calibration.

PARAMETERS FOR THE SENSITIVITY ANALYSES

CHANGES TO TEST CHARACTERISTICS

We conducted a series of sensitivity analyses to assess the robustness of our assumptions.
Due to uncertainty about the performance of the validated FIT in the Chinese population, we
conducted an analysis where we adjusted the characteristics such that the sensitivity and
specificity were halfway between calibrated Shanghai FIT and validated FITs (Supplementary
Methods Table 2.2).

QUALITY-ADJUSTED LIFE YEARS

As information on quality-adjusted life years is scarce in the Chinese setting, they were
excluded from the main analysis. Therefore, we assessed the impact of utilising international
quality of life measurements in a sensitivity analysis (Supplementary Methods Table 2.3).4°

CHINESE SURVEILLANCE PATHWAY

Although there is conflicting advice in China about the post diagnostic colonoscopy pathway
(including when to return to screening and the surveillance pathway), we assessed the impact
of following a surveillance pathway derived from Chinese literature (Supplementary Methods
Figure 2.1).2122
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Supplementary Methods Table 2.2: Test characteristics of the validated faecal
immunochemical tests used in the sensitivity analysis.

Sensitivity (%) o
Specificity
Test Adenoma Adenoma Adenoma CRC early CRC late (%)
<5mm 6-9mm 210mm preclinical* preclinical ®
One sample FIT10® 12.4 9.9 29.9 54.8 84.5 91.7
One sample FIT15° 8.8 7.6 26.8 51.6 83.0 92.3
One sample FIT20® 7.9 6.8 24.8 48.3 81.2 92.7
One sample FIT30" 6.6 6.0 23.4 47.6 81.0 92.9 ~
One sample FIT40 " 6.1 5.6 9.9 47.3 80.7 93.1 5
Two sample FIT10 ¢ 12.4 12.4 41.8 59.8 86.2 90.8 §
Two sample FIT15 o< 8.8 8.8 36.5 57.8 85.5 91.6 S
Two sample FIT20 ¢ 7.9 7.9 33.6 55.3 84.5 92.0
Two sample FIT30 °¢ 6.6 6.6 314 55.6 84.7 924
Two sample FIT40 o< 6.1 6.1 12.4 55.3 84.5 92.6

Abbreviations: CRC, colorectal cancer; FIT10, faecal immunochemical test, 10 ug Hb/g faeces cut-off value; FIT15,

faecal immunochemical test, 15 pg Hb/g cut-off value; FIT20, faecal immunochemical test, 20 ug Hb/g faeces

cut-off value; FIT30, faecal immunochemical test, 30 pug Hb/g cut-off value; FIT40, faecal immunochemical test,

40 pug Hb/g cut-off value; ug Hb/g, micrograms of haemoglobin per gram faeces

a. It was assumed that the probability a CRC bleeds and thus the sensitivity of a FIT for CRC depends on the
time until clinical diagnosis.3*

b. Original specificity and sensitivity based on the positivity rates and detection rates of advanced neoplasia
observed in the first screening round of two Dutch randomised trials.?®3! This was then adjusted so that it
was halfway between this and the specificity and sensitivity of the Shanghai FIT. Sensitivity for adenomas
smaller than 5 mm was assumed to be 0% for all tests, at any cut-off level.

c. Atwo sample FIT is considered positive when at least one sample contains detectable blood at the
specified cut-off value.
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Supplementary Methods Table 2.3: International utility losses associated with colorectal
cancer screening and treatment.

Utility Losses

Per FIT 0
Per colonoscopy ° 0.00274
Per perforation during colonoscopy © 0.00548
Per LY with CRC Care % Initial Care Continuing Terminal Terminal
Care care care (Death OC)
(Death CRC)

Stage | 0.12 0.05 0.70 0.05
Stage Il 0.18 0.05 0.70 0.05
Stage lll 0.24 0.24 0.70 0.24
Stage IV 0.70 0.70 0.70 0.70

Abbreviations: CRC, Colorectal Cancer; FIT, faecal immunochemical test; OC, Other Cause; LY, Life Year

a. Theloss of quality of life associated with a particular event.

b. Equal to 2 days per colonoscopy at a utility of 0.5.

c. Perforations associated with colonoscopy were assumed to be equal to 4 days at a utility of 0.5.

d. Care for CRC was divided in three clinically relevant phases: the initial, continuing, and terminal care phase.
The initial care phase was defined as the first 12 months after diagnosis; the terminal care phase was
defined as the final 12 months of life; the continuing care phase was defined as all months in between. In
the terminal care phase, we distinguished between CRC patients dying from CRC and CRC patients dying
from another cause. For patients surviving less than 24 months, the final 12 months were allocated to the
terminal care phase and the remaining months were allocated to the initial care phase.

e. Utility losses for LYs with initial care were derived from a study by Ness and colleagues.*® For LYs with
continuing care for stage | and Il CRC, we assumed a utility loss of 0.05 QALYs; for LYs with continuing care
for stage Il and IV CRC, we assumed the corresponding utility losses for LYs with initial care. For LYs with
terminal care for CRC, we assumed the utility loss for LYs with initial care for stage IV CRC. For LYs with
terminal care for another cause, we assumed the corresponding utility losses for LYs with continuing care.
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Figure 2.1: Screening pathway as reported by Gong?! and surveillance pathway as reported in
Chinese clinical practice guidelines.??

Note: In the sensitivity analysis, the surveillance interval after finding a low risk adenoma is 3 years and after
finding a middle risk adenoma is 2 years.
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Supplementary Results Figure 2.1: Costs and life years gained (per 1,000 45-year-olds for all
324 colorectal cancer screening scenarios and a scenario without screening, assuming perfect
adherence. The efficient frontier connects the economically efficient strategies.?

a. Results are undiscounted.
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b. Results are discounted at 5%.
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ICER (¥) - 1820 4516 18476 22368 43223 81043 380124 1224423

Abbreviations: FIT, faecal immunochemical test; ICER, incremental cost-effectiveness ratio, LYs, life years; ug

Hb/g, micrograms of haemoglobin per gram faeces

a. Discounted costs and life years gained reflect total costs and life years gained of a screening program,
accounting for time preference for present over future outcomes. Life years gained are plotted on the y-
axis, and total costs are plotted on the x-axis. Each possible screening strategy is represented by a point.
Strategies that form the solid line connecting the points lying left and upward are the economically rational
subset of choices. This line is called the efficient frontier. The inverse slope of the line represents the
incremental cost-effectiveness ratio of the connected strategies. Points lying to the right and beneath the
line represent the dominated strategies.
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Supplementary Results Figure 2.2: Costs and life years gained (discounted at 3%) per 1,000
45-year-olds for all 324 colorectal cancer screening scenarios and a scenario without
screening. The efficient frontier connects the economically efficient strategies.?

a. Assuming perfect adherence and adjusted FIT characteristics.
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b. Assuming perfect adherence and a 50% decrease in the costs of the validated FITs.
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c. Assuming perfect adherence and a 200% increase in the costs of the validated FITs.
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d. Assuming perfect adherence and Chinese surveillance guidelines.
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e. Assuming perfect adherence and international quality of life estimates.
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Abbreviations: FIT, faecal immunochemical test; ICER, incremental cost-effectiveness ratio, LY, life years; QALY,

quality adjusted life years; ug Hb/g, micrograms of haemoglobin per gram faeces

a. Discounted costs and life years gained reflect total costs and life years gained of a screening program,
accounting for time preference for present over future outcomes. Life years gained are plotted on the y-
axis, and total costs are plotted on the x-axis. Each possible screening strategy is represented by a point.
Strategies that form the solid line connecting the points lying left and upward are the economically rational
subset of choices. This line is called the efficient frontier. The inverse slope of the line represents the
incremental cost-effectiveness ratio of the connected strategies. Points lying to the right and beneath the
line represent the dominated strategies.
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ABSTRACT

Objectives: To estimate the impact of various expansion scenarios of the National Bowel
Cancer Screening Program (NBCSP) on the number of bowel cancer deaths prevented and to
investigate the impact of the expansion scenarios on colonoscopy demand.

Design: MISCAN-Colon, a well-established, validated computer simulation model for bowel
cancer screening, was adjusted to reflect the Australian situation. In July 2013, we simulated
the effects of screening over a 50-year period, starting in 2006. The model parameters
included rates of participation in screening and follow up, rates of identification of cancerous
and pre-cancerous lesions, bowel cancer incidence, mortality and the outcomes of the NBCSP.
Five implementation scenarios, based on biennial screening using an immunochemical faecal
occult blood test, were developed and modelled. A sensitivity analysis that increased
screening participation to 60% was also conducted.

Participants: Australian residents aged 50 to 74 years.

Main outcome measures: Comparison of the impact of five implementation scenarios on the
number of bowel cancer deaths prevented and demand for colonoscopy.

Results: MISCAN-Colon calculated that in its current state, the NBCSP should prevent 35,169
bowel cancer deaths in the coming 40 years. Accelerating the expansion of the program to
achieve biennial screening by 2020 would prevent more than 70,000 deaths. If complete
implementation of biennial screening results in a corresponding increase in participation to
60%, the number of deaths prevented will increase across all scenarios.

Conclusion(s): The findings strongly support the need for rapid implementation of the NBCSP
Compared to the current situation, achieving biennial screening by 2020 could result in 100%
more bowel cancer deaths (approximately 35,000) being prevented in the coming 40 years.
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INTRODUCTION

With more than 14,000 newly diagnosed cases and approximately 4000 deaths each year,
bowel cancer, or colorectal cancer, is the second most commonly reported cancer and the
second most common cause of cancer related death in Australia.! Estimates show that one in
12 Australians are likely to develop bowel cancer before the age of 85 years,? making Australia
highly ranked in bowel cancer incidence by international comparisons.?

Screening for bowel cancer is an attractive and viable option based on the World Health
Organization’s criteria for a cancer screening program.* Screening using the faecal occult
blood test (FOBT) is well established as an effective way to reduce incidence and mortality of
bowel cancer in the general population.>®In 1999, the Australian National Health and Medical
Research Council (NHMRC) recommended biennial screening with the FOBT for those aged
over 50 years.® The National Bowel Cancer Screening Program (NBCSP), using the
immunochemical FOBT (FIT), commenced in 2006 but was limited in scope, only offering
screening to specific age cohorts (ages 55 and 65 years from 2006 and age 50 years from
2008).10

In the 2012-13 Budget, the Australian Government announced an on-going commitment to
the NBCSP and additional funding to expand the eligibility criteria.'* The funding was used to
add 60-year-olds in 2013 and will enable 70-year-olds to be included from 2015. The
announcement also indicated the Government’s intention to further expand the NBCSP to
meet NHMRC guidelines, stating that biennial screening would be progressively phased in and
achieved by 2034.1! In August 2013, the then Shadow Health Minister announced that under
a Coalition government, biennial screening for 50 to 74-year olds would be achieved by 2020.
In August 2013, the then shadow health minister, quoting the preliminary findings of this
research, announced that under a Collation government, biennial screening for 50-74-year-
olds would be achieved by 2020. The Coalition won the federal election in September 2013
and was expected to act on this commitment. In the 2014-15 Budget, the federal government
made an announcement committing to the full implementation of biennial screening for the
NBCSP by 2020.

We used micro-simulation modelling to estimate the impact and outcome of various
expansion scenarios in order to establish the best possible implementation of the NBCSP.

METHODS

MISCAN-CoLON MODEL

The MISCAN (Microsimulation Screening Analysis)-Colon model and the data sources that
inform the quantification of the model are described in the Model Appendix. In brief, the
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model simulates a large population of individuals from birth to death, first without and then
with screening for bowel cancer. The simulation of life history modelled several factors
including adenoma prevalence, size and multiplicity; progression of adenoma to cancer; stage
at diagnosis; and life expectancy after diagnosis.

Table 3.1: Modelled implementation scenarios showing the age cohorts added to the National
Bowel Cancer Screening Program in each year.

Implementation scenario

Year Current Slow Annual Multiple 5-year
2006 55/65 55/65 55/65 55/65 55/65
2007

2008 50 50 50 50 50
2009

2010

2011

2012

2013 60 60 60 60 60
2014

2015 70 70 70 70 70/72/74
2016 64/684
2017 72/74 72/74 72/74 54/58*
2018 68 64/68# 62/66
2019 68 64# 62/58/54 52/56"
2020 62/58 52/66

2021 68t 66 567

2022 54*

2023 66 52

2024 567

2025 64

2026

2027 62

2028

2029 58* # final year of screening for 65-year-olds
2030 * final year of screening for 55-year-olds
2031 56 A biennial screening achieved

2032

2033 54

2034

2035 527
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The model simulated the Australian population age distribution as at June 2011% and life
expectancy observed in 2009.3 The model was calibrated to match age-specific incidence of
bowel cancer as observed in Australia before the introduction of the NBCSP in 2006.%° Stage
distribution, localisation of cancers in the bowel and five-year relative survival after clinical
diagnosis of a cancer were based on Australian literature.?* 1

The validity of the MISCAN-Colon model has been successfully tested on the results of several
large screening and surveillance studies.>” 1618 The model has also been shown to explain
observed incidence and mortality trends in the United States, accounting for risk factor trends,
screening practice, and chemotherapy.®®

MODELLING PARAMETERS

SCENARIOS

Screening in the Australian population was simulated over 50 years starting in 2006 (the year
the NBCSP commenced), using five scenarios (Table 3.1). The “Current” scenario modelled the
existing screening program including the addition of 70-year-olds in 2015. The base scenario
(“Slow”) was based on a proposed implementation plan, as set out in the 2012-13 Budget.!?
In this scenario, one age cohort was added every two years, starting with 70-year-olds in 2015.
Subsequent age cohorts, from oldest to youngest, were added every other year. Full
implementation was achieved by 2035.

The other scenarios were accelerations of Slow, adding one age cohort (“Annual” scenario) or
two age cohorts (“Multiple” scenario) every year. In the fifth scenario (“5-year”)
implementation was completed within five years, commencing in 2015. Full implementation
of all scenarios was defined as being achieved when all those aged 50 to 74-years were invited
to screen on a biennial basis. Additional details about the criteria used can be found in
Supplementary Methods Table 3.1.

FOLLOW-UP AND SURVEILLANCE

For all scenarios, it was assumed that after a positive FIT result, a diagnostic colonoscopy was
offered. If no adenomas were found during the colonoscopy, the individual was invited to re-
screen with FIT after five years.?? Adenomas identified at colonoscopy were removed and the
individual entered surveillance according to the NHMRC-approved guidelines.?! It was
assumed that surveillance stopped at 75 years of age.

TEST CHARACTERISTICS

The test characteristics were adjusted to simulate FIT positivity and cancer detection rates
observed in the Queensland Bowel Cancer Screening Program between August 2006 and
December 2010.2% 23 This data set was chosen because of the unique and comprehensive
nature of data collected by the Queensland program. Sensitivity and specificity were chosen
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so that simulated FIT positivity rates and positive predictive values for cancer matched the
observed rates to within 0.1%. The sensitivity of FIT for cancer was split to account for the
variance in test sensitivity at different time points before clinical diagnosis (shortly before and
longer before). Additional assumptions of the MISCAN-Colon model can be found in Table 3.2.

Table 3.2: MISCAN-Colon Model Assumptions.

Parameter %
Sensitivity and specificity of FIT 2
Specificity (per person) 95.0
Sensitivity diminutive adenomas (1-5mm) 0.0
Sensitivity small adenomas (6-9mm) 9.0
Sensitivity large adenomas (210mm) 32.0
Sensitivity cancer long before clinical diagnosis 36.5
Sensitivity cancer shortly before clinical diagnosis 72.8
Simulated positivity rates ® and positive predictive values of FIT (observed values)
Overall FIT positivity rate ® 7.7 (7.7)
Positives without histopathologically confirmed adenomas or 47.4 (47.7)
cancer ¢
Positives with adenomas © 48.2 (48.0)
Positives with advanced adenomas © 25.6 (26.0)
Positives with confirmed cancer ¢ 4.4 (4.3)
Sensitivity of colonoscopy
Diminutive adenoma (1-5mm) 75.0
Small adenoma (6-9mm) 85.0
Large adenoma (>10mm) 95.0
Preclinical cancer 95.0
Uptake of rescreening
Previously attended 80.0
Previously not attended 15.0
Participation rates for follow-up colonoscopy and surveillance
Colonoscopy follow-up after positive FIT 74.0
Surveillance 80.0

Abbreviations: FIT, immunochemical faecal occult blood test; MISCAN, Microsimulation Screening Analysis

a. Sensitivity in the table constitutes the probability of an individual lesion to bleed and be detected. The overall
probability of a positive FIT result in a person depends on the person’s number and type of lesions and
probability of bleeding from other causes than adenomas and cancer. This latter probability is equal to the
lack of specificity.

b. Simulated positivity rate is the percentage of FIT results that were positive (ie, blood was detected in the
sample).

c. Positive predictive value is the percentage of positive FIT results that have a clinically significant finding (eg,
adenoma, advanced adenoma or cancer).
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PARTICIPATION

In each of the modelled implementation scenarios, those eligible were invited to participate
in screening. For all scenarios, age specific participation rates for uptake of FIT screening for
the first time and diagnostic colonoscopy following a positive FIT result were simulated based
on participation rates for July 2008-June 2011, as reported in the NBCSP Monitoring Report:
Phase 2*° (Supplementary Methods Table 3.2). Participation rates for ages between those
reported were linearly extrapolated. As rescreening within the NBSCP did not commence until
mid-2013, there are no data available on adherence with rescreening in the Australian setting.
Therefore, we used data from the United Kingdom on follow-up screening rounds, which
suggested that 80% of those who participated in the previous screening round would do so
again,®* and 15% of non-participants would take up the next offer to screen. Similarly,
attendance at surveillance colonoscopy was assumed to be 80%, based on data from US
clinical practice.?

OUTCOMES

For each scenario, the model estimated the number of bowel cancer deaths prevented and
colonoscopies required from 2006 to 2055. We then compared these results with the Current
and Slow scenarios. The number of colonoscopies required each year per scenario includes
colonoscopies that were a result of both a positive FIT result and surveillance colonoscopy.
Overall estimates, as well as estimates by calendar year and birth cohort, were calculated. Due
to space limitations, we will only present here the results of three scenarios — Current, Slow
and 5-year. The results for the other scenarios are available in Supplementary Results Table
3.1.

SENSITIVITY ANALYSES

As there is no target participation rate for the NBCSP, we used the sensitivity analysis to
explore the effect of a potential increase in screening participation rates to 60% once full
implementation was achieved. This participation rate was chosen because, on balance, it
appears to be achievable; both BreastScreen and the National Cervical Screening Program
have previously achieved similar rates of participation,! and bowel cancer screening has the
potential to achieve higher rates of participation as FIT is a convenient test that can be easily
performed in private.
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RESULTS

BOWEL CANCER DEATHS PREVENTED

Without expansion, the current NBCSP would prevent 35,169 bowel cancer deaths between
2015 and 2055. Completing implementation by 2035, as per the Slow scenario, would prevent
25,702 extra deaths between 2015 (the first year the scenarios diverge) and 2055 (Table 3.3,
see Supplementary Results Table 3.1 for results of all scenarios). Accelerating the
implementation, as per the 5-year scenario, with full implementation by 2020, prevented up
to 9,167 additional bowel cancer deaths (34,869 more deaths prevented compared with
Current scenario), clearly demonstrating that speed of implementation affects the number of
deaths prevented.

The annual distribution of deaths prevented when compared to the Slow showed that the
difference in bowel cancer deaths between the scenarios reached its peak between 2026 and
2031, with almost 400 more deaths prevented in 2026 in the 5-year scenario (Figure 3.1).
Although all scenarios simulate biennial screening (age 50-74 years) from 2035 onwards, the
number of deaths prevented differs between scenarios until after 2055, with the 5-year
scenario preventing the most deaths each year.

To ensure that no birth cohort was disadvantaged by the different scenarios, we conducted a
comparison of deaths prevented by year of birth. In all cases, additional deaths were
prevented in each birth cohort compared to Current. This was most notable in the 5-year
scenario.

COLONOSCOPY REQUIREMENT

The scenarios with a faster implementation also required more colonoscopies (Supplementary
Results Table 3.1). To prevent the additional 25,702 deaths between the Current and Slow
scenarios, 1,943,395 additional colonoscopies (85%) would be required. However, only a
further 701,117 colonoscopies (17% more than Slow) would be needed to prevent the
additional 9,167 deaths in the 5-year scenario. The overall number of colonoscopies required
per death prevented is 65 in the Current scenario, 69 in the Slow scenario and 70 in the 5-year
scenario, representing a good balance between burden and benefit.

Colonoscopy requirement over time (2015-2055) showed a distinct pattern related to the
speed of implementation — the faster the implementation, the greater the increase in
requirement. The greatest increase in colonoscopy requirement occurred during the
implementation of each scenario. From 2014 to 2015, the absolute increase in colonoscopy
requirement was largest, ranging from 6,887 for the Current scenario to 16,739 for the 5-year
scenario. Over time, the absolute increase in colonoscopy requirement reduced for all
scenarios, and at many time points, requirement was less than the previous year. There was
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a noticeable dip in the Slow scenario in 2022 and 2030, when the 55- and 65-year-old cohorts
were removed from the screening program.

Table 3.3: Summary of projected major outcomes by modelled implementation scenario,
2015-2055.

Implementation scenario

Outcome Current Slow 5-year
Total number of deaths prevented 35,169 60,871 70,038
Mean number of deaths prevented per year 879 1,522 1,750
Total number of colonoscopies per scenario 2,275,054 4,218,449 4,919,555
Number of colonoscopies per death prevented 65 69 70
Compared with Current
Additional deaths prevented - 25,702 34,869
Mean additional deaths prevented per year - 643 872
Additional colonoscopies ) 1,943,395 2,644,512
(% increase) (85%) (116%)
Compared with Slow
Additional deaths prevented - - 9,167
Mean additional deaths prevented per year - - 229
Additional colonoscopies ) ) 701,117
(% increase) (17%)
3000 -
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W Slow

T M Current
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Figure 3.1: Deaths prevented over time by selected screening scenarios compared with Slow,
2015-2055.
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SENSITIVITY ANALYSES

Once full biennial screening was achieved and participation increased to 60%, a substantial
increase in deaths prevented was seen in all scenarios. This was most notable for the 5-year
scenario, where over 54,000 additional deaths were prevented between 2015 and 2055
compared with Current scenario (Figure 3.2). The number of required colonoscopies also
increased for all scenarios: the most notable increase was in the 5-year scenario, where
approximately 4.35 million additional colonoscopies were required over the 40-year modelled
period. Results for all scenarios can be found in Supplementary Results Table 3.2.

100000 +

M Current

90000 -
W Slow

W 5-year
80000 -

70000 -
60000 -
50000 -

40000 -

Number of deaths prevented

30000 -

20000 -

10000 -

40% Participation 60% Participation

Figure 3.2: Total deaths prevented by selected screening scenario at 40% and 60%
participation, 2015-2055.
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DiscussION

Our research clearly shows that the choice of implementation scenario for the NBCSP affects
the number of deaths prevented. Based on current participation rates in the NBCSP, the Slow
scenario prevents more than 25,000 additional bowel cancer deaths compared with the
Current scenario. Accelerating the implementation, as per the 5-year scenario, increases this
number by about 40% to 34,869, with close to 100% more bowel cancer deaths prevented
than in the Current situation. This equates to a mean of 872 deaths prevented per year over
40 years (2015 to 2055), 229 per year more than the Slow scenario.

The sensitivity analysis highlighted that if, once fully implemented, participation reached 60%,
there is potential to prevent an additional 20,000 deaths in the 5-year scenario compared with
Slow, equating to about 500 additional deaths prevented per year over the 40-year period.

It is unsurprising that a faster implementation will result in greater numbers of deaths
prevented. A strength of our research is that it quantified the impact of different
implementation scenarios to establish their effect on deaths prevented. These results are
conservative estimates, as they are based on current rates of participation in the NBCSP which,
while varying across age cohorts, remain collectively low. While acceptability of FIT has been
reported to be as high as 83%,2° low participation may, in part, be due to the lack of
communication about the program and the difficulty in communicating a clear message about
participation when eligibility is limited.?” The assumed 60% participation in the sensitivity
analysis appears optimistic compared to the current rates of participation in bowel cancer
screening, but it is an unrealistic target participation rate.?® The convenience of the FIT
coupled with the reported high levels of acceptability suggest that the FIT has the potential to
reach more people, including those in regional and remote Australia. Given the current low
participation rates, a well-planned, comprehensive and long-term social marketing campaign
with support strategies including community and health professional education will be
required for the screening program to achieve an optimal level of participation — the
importance of which cannot be underestimated.

Colonoscopy requirement also increased with all expansion scenarios (Supplementary Results
Table 3.1). The calculations underpinning the modelled colonoscopy utilisation rely on
national guidelines for screening and colonoscopy utilisation.> 2! However, as these
assumptions do not necessarily reflect current practice, it was important to compare the
increase in requirement resulting from a fully implemented screening program with current
utilisation. Data from the Department of Human Services and Medicare Australia indicate that
current colonoscopy utilisation (which is recognised as an underestimate of colonoscopy
utilisation?®39) is markedly higher than the modelled required utilisation, even for a program
that is fully implemented within five years and achieves a participation rate of 60%.2° The
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NBCSP Quality Working Group reported that some colonoscopy utilisation in Australia is due
to its overuse as a primary screening and surveillance tool.3° While this may have some impact
on the mortality gains of the program, yield has been shown to be limited.3* A well-functioning
program should encourage better compliance with NHMRC guidelines for screening and
colonoscopic surveillance and, coupled with other appropriate strategies, should free up
capacity for an increased number of NBCSP-related procedures, a notion supported by the
NBCSP Quality Working Group.3® Recommendations for workforce, service capacity and
program quality assurance were beyond the scope of this project but were investigated by the
NBCSP Quality Working Group, and several of these recommendations have been or are in the
process of being implemented.3°

Our research considered the number of deaths prevented by bowel cancer screening and did
not take into account disability- or quality-adjusted life years gained. It is not expected that
this would greatly influence the results with respect to the speed of implementation.

While we did not investigate the cost-effectiveness of an expedited implementation, there is
a strong body of evidence to show that bowel cancer screening is highly cost effective, and in
light of the increasing treatment costs, there is some suggestion that screening might even be
cost-saving.'* 32 33 This indicates that a faster rollout may actually be desirable from a cost-
effectiveness perspective.

Implementing the NBCSP within a five year time frame from 2015 is not unrealistic, as both
the national breast and cervical cancer screening programs became fully operational within
five years.3* Moreover, while there is a substantial increase in colonoscopy requirement,
within the context of current utilisation, the demand for colonoscopy due to over-use as a
primary screening tool will likely decease.

Our analysis focused on the impact of accelerating the implementation of the NBCSP,
comparing the Current situation with the Slow scenario with full implementation by 2035 and
with the 5-year scenario with full implementation by 2020. The findings strongly support an
expedited implementation of the NBCSP, using the 5-year scenario as the benchmark, to
prevent maximum loss of life from bowel cancer.
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SUPPLEMENTARY METHODS

Supplementary Methods Table 3.1: Scenario Criteria.

The scenarios adhered to the following criteria:

the 72-year-old cohort and the 74-year-old cohorts were invited at the same time
because of the smaller population size of these two groups;

age cohorts were added in the following order given the higher incidence of bowel
cancer in the older cohorts: 70’s, followed by the 60’s, concluding with the 50’s;
cohort substitution was permitted when the 55- and 65-year-old cohorts were
removed, with screening being offered to an extra cohort; and

screening interval was at least two years and no more than five years apart (as is the
current screening interval). This was achieved for all scenarios except slow, where
there was a six-year screening interval associated with the removal of the 55- and 65-
year-old cohorts.
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SUPPLEMENTARY RESULTS

Supplementary Results Table 3.1: Summary of projected major outcomes by modelled
implementation scenarios, 2015-2055.

Implementation scenario

Outcome

Current Slow Annual Multiple Syear
Total number of deaths prevented 35,169 60,871 66,930 67,961 70,038
Mean number of deaths prevented per year 879 1522 1673 1699 1750
Total number of colonoscopies per scenario 2,275,054 4,218,449 4,713,117 4,803,501 4,919,566
Number of colonoscopies per death prevented 65 69 70 71 70
Additional deaths prevented compared to Current - 25,702 31,761 32,792 34,869
Compared to Current
Mean additional deaths prevented per year - 643 794 820 872
Additional colonoscopies ) 1,943,363 2,438,180 2,528,560 2,644,779
(%increase) (85%) (107%) (111%) (116%)
Compared to Slow
Additional deaths prevented - - 6059 7091 9167
Average additional deaths prevented per year - - 151 177 229
Additional colonoscopies ) ) 494,817 585,197 701,416
(%increase) (12%) (14%) (17%)

Supplementary Results Table 3.2: Summary of projected major outcomes by modelled
implementation scenario sensitivity analysis, 2015-2055.

Implementation scenario

Outcome

Current Slow Annual Multiple Syear
Total number of deaths prevented 35,169 69,520 83,002 86,137 89,519
Mean number of deaths prevented per year 879 1738 2075 2153 2238
Total number of colonoscopies per scenario 2,275,054 5,178.748 6,184,886 6,417,749 6,625,881
Number of colonoscopies per death prevented 65 74 75 75 74
Compared to Current
Additional deaths prevented - 34,351 47,833 50,968 54,350
Mean additional deaths prevented per year - 859 1196 1275 1359
Additional colonoscopies ) 2,903,694 3,909,833 4,142,695 4,350,827
(%increase) (128%) (172%) (182%) (191%)
Compared to Slow (60%)
Additional deaths prevented - - 13,482 16,617 20,000
Average additional deaths prevented per year - - 337 415 500
Additional colonoscopies 1,006,13 1,239,001 1,447,134

(%increase) ) (35%) (43%) (50%)
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ABSTRACT

Objective: To estimate benefits and harms of different colorectal cancer screening strategies,
stratified by (baseline) 15-year colorectal cancer risk.

Design: Microsimulation modelling study using Microsimulation SCreening ANalysis-Colon
(MISCAN-Colon).

Setting: A parallel guideline committee (BMJ Rapid Recommendations) defined the time
frame and screening interventions, including selection of outcome measures.

Population: Norwegian men and women aged 50-79 with varying 15-year colorectal cancer
risk (1%-7%).

Comparisons: Four screening strategies were compared with no screening: biennial or annual
faecal immunochemical test (FIT), or single sigmoidoscopy or colonoscopy at 100% adherence.

Main outcome measures: Colorectal cancer mortality and incidence, burdens, and harms over
15 years of follow-up. The certainty of the evidence was assessed using the GRADE approach.

Results: Over 15 years of follow-up, screening individuals aged 50-79 at 3% risk of colorectal
cancer with annual FIT or single colonoscopy reduced colorectal cancer mortality by 6 per
1,000 individuals. Single sigmoidoscopy and biennial FIT reduced it by 5 per 1,000 individuals.
Colonoscopy, sigmoidoscopy, and annual FIT reduced colorectal cancer incidence by 10, 8, and
4 per 1,000 individuals, respectively. The estimated incidence reduction for biennial FIT was 1
per 1,000 individuals. Serious harms were estimated to be between 3 per 1,000 (biennial FIT)
and 5 per 1,000 individuals (colonoscopy); harms increased with older age. The absolute
benefits of screening increased with increasing colorectal cancer risk, while harms were less
affected by baseline risk.

Results were sensitive to the setting defined by the guideline panel. Because to uncertainty
associated with modelling assumptions, we applied a GRADE rating of low certainty evidence
to all estimates.

Conclusions: Over a 15 year period, all screening strategies may reduce colorectal cancer
mortality to a similar extent. Colonoscopy and sigmoidoscopy may also reduce colorectal
cancer incidence, while FIT shows a smaller incidence reduction. Harms are rare and of similar
magnitude for all screening strategies.
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INTRODUCTION

Colorectal cancer is a public health issue, with an estimated 1.4 million new cases and 700,000
deaths worldwide in 2018.! Screening is intended to reduce colorectal cancer incidence and
mortality, and its effectiveness has been demonstrated in randomised controlled trials of
guaiac faecal occult blood testing (gFOBT) and sigmoidoscopy.2! Colonoscopy is likely to be
at least as effective as sigmoidoscopy since it reaches the whole large bowel, whereas
sigmoidoscopy reaches only the distal part of the large bowel. Faecal immunochemical testing
(FIT) is likely to be at least as effective as gFOBT, since both tests detect blood in stools, and
FIT demonstrates higher sensitivity and specificity.!> However, because of the lack of
published evidence from randomised trials for colonoscopy and FIT screening, it is not known
if they are more effective, compared to gFOBT and sigmoidoscopy.'3

Despite its benefits, colorectal cancer screening can be burdensome, and colonoscopy is
associated with rare but serious complications. In addition, screening performance depends
on the baseline risk of cancer for individuals. Few studies and guidelines have incorporated
how baseline risk affects the balance between benefits, burden, and harms of screening in the
past.

To elucidate these issues, we undertook microsimulation modelling as part of the BMJ Rapid
Recommendations project, a collaborative effort from the MAGIC research and innovation
programme (www.magicproject.org) and the BMJ. The aim of the Rapid Recommendations is
to respond to new, potentially practice changing, evidence and provide trustworthy practice
guidelines in a timely manner. The BMJ Rapid Recommendations project for colorectal cancer
screening was triggered by recent updates from three large randomised trials on
sigmoidoscopy screening with follow-up data of 15 years or longer.> > 4 In light of this new
evidence, we addressed the potential benefits and harms of colorectal cancer screening with
annual or biennial FIT or a single sigmoidoscopy or colonoscopy in the time frame of 15 years.
This work informed the parallel guideline published in a multi-layered electronic format on
bmj.com and MAGICapp.

METHODS

At the request of the guideline panel (Helsingen et al.?®), we applied the Microsimulation
SCreening ANalysis-Colon (MISCAN-Colon) model to simulate 15 years follow-up of population
cohorts aged 50-79 years. We estimated the benefits, burden, and harms of the following four
screening strategies: annual FIT, biennial FIT, a single sigmoidoscopy, and a single
colonoscopy. We compared the four screening strategies with each other, and with no
screening. We performed the analyses stratified by different levels of baseline colorectal
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cancer risk. Additionally, we determined screening benefits for men and women separately,
and screening harms for different age groups, as requested by the panel.

MISCAN-COLON MODEL

MISCAN-Colon is a well-established microsimulation model for colorectal cancer.®7 |n brief,
MISCAN-Colon simulates life histories of a large group of individuals from birth to death. In
addition, the model simulates the development of colorectal cancer through the adenoma
carcinoma sequence. As each simulated person ages, one or more adenomas may develop.
These adenomas can progress in size increasing from small (€5 mm) to medium (69 mm) to
large (210 mm). Some adenomas can develop into preclinical cancer, which may progress
through cancer stages | to IV. At any time during the development of the disease, the process
may be interrupted because a person dies of other causes. With screening, colorectal cancer
may either be prevented (by the detection and removal of adenomas) or detected at an earlier
stage with a more favourable prognosis. In this way, colorectal cancer incidence and/or
colorectal cancer mortality may be reduced. The model also estimates harms associated with
screening.

The quantification and model assumptions are described in detail in the Model Appendix. In
brief, the age-specific prevalence and multiplicity distribution of adenomas (the distribution
of the individual number of adenomas across the population) were calibrated using autopsy
studies.’®28 The duration of preclinical colorectal cancer (sojourn time) and the adenoma
dwell-time (the duration of progression of adenomas) were calibrated using rates of interval
cancers (cancers that are diagnosed between screening tests) and surveillance detected

cancers (cancers found during surveillance) in randomised gFOBT and sigmoidoscopy trials.®
8,29-33

For this study, we developed a MISCAN-Colon model version calibrated to the sex-, age-,
stage-, and localisation-specific colorectal cancer incidence and survival as observed in
Norway during the timeframe of the Norwegian Colorectal Cancer Prevention (NORCCAP) trial
(1999-2011) (Supplementary Methods, Part 1), using data provided by the Norwegian Cancer
Registry.3* Life expectancy was based on sex-specific lifetables for 2007, the middle of the
NORCCAP trial period, from Statistics Norway.3> We validated this model using the results of
one of the trigger publications: 15-year follow-up data from the NORCCAP trial.> The validation
methods and results are described in Supplementary Methods Part 2.

SIMULATED COHORTS

We simulated seven population cohorts consisting of men and women aged 50-79 years with
a 15-year colorectal cancer risk varying from 1% to 7%, using the same Norwegian sex-specific
MISCAN-Colon versions as we used for the validation. The age-specific onset of adenomas in
MISCAN-Colon for all ages was adjusted to match the 15-year colorectal cancer risk in the
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seven cohorts. The modelled risk levels were chosen to cover the majority of individuals under
consideration for this study (healthy people aged 50 to 79 years), but still with a manageable
number of risk levels. We used the range of risk levels found when applying the QCancer® risk
prediction model to the UK Biobank cohort as guidance.3® The simulated risk levels from 1%
to 7% cover approximately 90% of the colorectal cancer risk levels found in the UK Biobank
cohort (personal communication UK Biobank researcher Juliet Usher-Smith). We confirmed
that the chosen risk levels also cover the range of risk levels observed in the general
population, by comparing the risk levels with the 15 year colorectal cancer risk ranges found
in two large population-based cancer databases.?” 38 Data from the UK Biobank were also used
to validate the QCancer® prediction model for colorectal cancer. The QCancer® Calculator is
an open-access online tool that aims to predict individual colorectal cancer risk based on risk
factors such as medical history, lifestyle factors, and ethnicity.?® Individuals may predict their
15-year colorectal cancer risk with this calculator
(https://qgcancer.org/15yr/colorectal/index.php). Subsequently, they may use this predicted

colorectal cancer risk to look up the best risk-matching MISCAN-Colon predictions of screening
outcomes, to get a personal estimate of the magnitude of benefits and harms of colorectal
cancer screening. The clinical practice guideline presents relevant details.!®

SCREENING STRATEGIES

For each cohort, we assessed four colorectal cancer screening strategies during a 15-year
period: biennial FIT, annual FIT, a single sigmoidoscopy, and colonoscopy. All strategies were
compared with no screening. For FIT, we chose a cut-off of 20 ug Hb/g faeces since this is used
in many screening programmes.*® We assumed that individuals with a positive FIT result and
those with at least one adenoma (of any size) diagnosed at sigmoidoscopy screening were
referred for colonoscopy.

Sensitivity and specificity of the screening tests were based on diagnostic test accuracy studies
(Table 4.1).4%42 Age-specific risks for complications associated with colonoscopy were derived
from SEER-Medicare data (Table 4.1).%3*> Only complications requiring hospital admission
within 30 days after the colonoscopy were taken into account. Only colonoscopies with
polypectomies were considered to cause adverse effects. We included colorectal perforations
and bleedings, other gastrointestinal adverse events, cardiovascular adverse events, and
mortality related to screening procedure. The number of complications was calculated by
multiplying the number of colonoscopies with polypectomies by each complication risk. The
simulated cohorts were assumed to have no prior screening.
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Table 4.1. Key modelling assumptions used in the study.

Input parameter

Base-case assumption

References

Demography
All-cause mortality

Natural history
Adenoma onset

Adenoma progression
State transitions
State duration, years (total)
Cancer progression (preclinical)
Stage transitions
Stage durations, years

Colorectal cancer incidence (without exposure to

screening)
Colorectal cancer stage distribution
Colorectal cancer survival
Colonoscopy quality
Sensitivity (%) & f
adenomas 0-5mm
adenomas 6-9mm
adenomas 210mm
malignant neoplasia
Specificity (%)
Complete colonoscopy examination (%) ¢
Complication rates (%) ¢
with polypectomy
Perforations and bleeding
Other Gl adverse events
Cardiovascular events
Screening procedure related mortality
without polypectomy
Sigmoidoscopy quality
Sensitivity (%) f
adenomas 0-5mm
adenomas 6-9mm
adenomas 210mm
malignant neoplasia
Specificity (%) P
Complete examination (%) ©
Faecal immunochemical test (FIT) quality
Sensitivity (%) 2
adenomas 0-5mm
adenomas 6-9mm
adenomas 210mm
malignant neoplasia
short before clinical detection
long before clinical detection
Specificity (%) b

Norwegian lifetables 2007

Age-dependent (non-homogeneous

Poisson) f

Age-dependent
Exp(A=130)

Age-dependent
Exp(A=2.5)

Age-, stage- and location-dependent

Age- and location-dependent

Age-, stage- and location-dependent

75%

85%

95%

95%

100%

Men 93.5% / Women: 85.2%

Age-dependent (50-79 years)
0.2-0.9

0.2-0.8

0.1-0.7

0.008-0.04

75%

85%

95%

95%

98.2%

Men: 93.2% / Women: 83.8%

0
11.4
15.9

88.6
62.6
97.6

Statistics Norway3®

Norwegian Cancer Registry3*

Norwegian Cancer Registry34
Norwegian Cancer Registry3*

van Rijn et al*!
van Rijn et al*!
Holme et al*®

van Hees et al*

van Rijn et al*!
van Rijn et al4!

Buskermolen at al4”
Holme et al*®

Imperiale et al*2

Abbreviations: Poisson, Poisson distribution; Exp, exponential distribution

a. Sensitivity was defined as the probability of detecting an adenoma that was present at the time of test.
The lack of specificity indicates how many of the tests that did not detect adenomatous lesions resulted in a referral for
follow-up colonoscopy. The MISCAN-Colon model is a natural history microsimulation model simulating onset of
adenomas in some individuals, that may progress to colorectal cancer in some cases. The model does not explicitly
simulate the presence of blood in stool. To simulate FIT screening, we rather use estimates of per-person sensitivity and
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specificity by disease status based on a study by Imperiale et al. with a cut-off of 20 ug of haemoglobin per g of faeces.*?
We fitted per-lesion sensitivity and per-person specificity of the model to the per-person sensitivity and specificity
estimates found in the study. In the model, the probability for a person to test positive depends on the lack of specificity
and the per-lesion sensitivity for the lesions present in that individual.

c. Colonoscopy was considered complete if the cecum was reached. In the incomplete examinations, the endpoint was
assumed to be distributed uniformly over the colon/rectum.

d. We assumed that colonoscopy without polypectomy was not associated with a higher risk of complications. The risk of
complications for polypectomy was assumed to increase exponentially with age. Perforation and bleeding concerned
adverse events requiring blood transfusions; other Gl adverse events included paralytic ileus, nausea, vomiting and
dehydration, abdominal pain; and cardiovascular adverse events included myocardial infarction or angina, arrhythmias,
congestive heart failure, cardiac or respiratory arrest, or syncope, hypotension, or shock. The screening procedure
related mortality was derived from estimates of the incidence of perforation and case-fatality for perforation.43-45

e. Flexible sigmoidoscopy was considered complete if the junction of the sigmoid/colon descendens was reached. In the
incomplete examinations, the endpoint was assumed to be distributed uniformly over the rectosigmoid.

f.  More details regarding the calibrated natural history parameters and other model elements are provided in the Model
Appendix.

We simulated surveillance consistent with European Society of Gastrointestinal Endoscopy
Guidelines.*® Individuals with low risk findings (fewer than 3 low risk adenomas (<10mm
diameter) at primary screening) did not receive any surveillance, whereas individuals with high
risk findings were offered surveillance with colonoscopy after three years, and thereafter
colonoscopies repeated at intervals of three to five years depending on the findings.

As our aim is to provide individuals who are considering screening with estimates of the
possible benefits and harms of participation, we assumed 100% adherence to screening,
follow-up and surveillance for all analyses.

OUTCOMES

We distinguished the three screening-related outcome groups for the 15-year follow-up time
frame chosen by the BMJ Rapid Recommendation guideline panel: benefits of screening,
screening harms, and screening burden. For benefits of screening, we present model-
predicted colorectal cancer incidence and mortality, and all-cause mortality reduction. For
screening burden, we present the number of screening tests, number of individuals with at
least one colonoscopy (including screening colonoscopies), and number of individuals with at
least two colonoscopies (for example, individuals with at least one surveillance colonoscopy).
For screening harms, we present risk of screening related colorectal perforations and
bleedings, other gastrointestinal adverse events, cardiovascular adverse events, and mortality
related to screening procedure.

SENSITIVITY ANALYSES

As a one-way sensitivity analysis, we assessed results stratified by age and sex; and we
assessed outcomes with lifetime follow-up instead of 15-year follow-up.
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CERTAINTY OF EVIDENCE

We used the GRADE approach to address the certainty of the evidence.*® GRADE has not yet
produced detailed guidance for assessing certainty of evidence in modelling studies. To make
our assessment, we considered uncertainty associated with key inputs into the model.

GUIDELINE PANEL AND PATIENT INVOLVEMENT

According to the BMJ Rapid Recommendations process, a multiprofessional guideline panel
that included three patients who have experienced colorectal cancer screening provided
oversight to the study and identified the population and outcomes of interest.

RESULTS

The Rapid Recommendation panel suggests against screening if the risk is below a 15-year
colorectal cancer risk of 3% and suggests screening if the risk is above 3%.%° For simplification,
we only describe the estimates for individuals with the 3% risk level. Estimates for all other
risk levels are provided in the Table 4.2 and Figure 4.1.

BENEFITS OF SCREENING

MISCAN-Colon predicted that all screening strategies reduced colorectal cancer incidence and
mortality across all colorectal cancer risk groups (Figure 4.1a and b, Table 4.2). Colonoscopy
showed the largest reduction in colorectal cancer mortality, but the differences between the
screening strategies were small and the reduction may be similar for all strategies. For
instance, the model-predicted that, at 3% risk without screening, colorectal cancer mortality
was nine deaths per 1,000 individuals. There were six per 1,000 fewer colorectal cancer deaths
with colonoscopy and annual FIT (approximately 60% reduction) and five fewer deaths per
1,000 with sigmoidoscopy and biennial FIT screening (approximately 50% reduction).

Colonoscopy may be the most effective strategy in reducing colorectal cancer incidence,
followed by sigmoidoscopy (Figure 4.1b, Table 4.2). Colonoscopy was estimated to reduce
colorectal cancer incidence by 10 colorectal cancer cases and sigmoidoscopy by eight per
1,000 individuals (approximately 30% reduction); annual FIT had four fewer and biennial FIT
had one fewer incident cancer per 1,000 screened (approximately 10% and 5% reduction).

The estimated relative effects were similar across the different levels of baseline risk (1% to
7% over 15 years) for both colorectal cancer incidence and mortality, resulting in larger
absolute effects for colorectal cancer incidence and mortality for individuals with higher risk.
The model assumes that prevented colorectal cancer deaths lead to a corresponding
reduction in all-cause mortality. At 3% risk, the estimated relative reduction in all-cause
mortality was around 1.5% (Table 4.2), corresponding to a reduction of five per 1,000
individuals (all-cause mortality reduced from 328 to 323).
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SCREENING BURDEN

The two FIT strategies required the most screening tests (Figure 4.1c, Table 4.2). The number
of FIT rounds for the simulated cohort depended on the age of the individual at the first
screening and the screening interval. Individuals <65 years old at cohort entry received seven
rounds with biennial FIT and 15 rounds with annual FIT. However, many individuals received
fewer screening rounds: individuals >65 years at cohort entry because they stopped screening
after age 79; individuals that died within 15 years of follow-up; individuals that tested FIT
positive and were referred for a colonoscopy and therefore received screening according to
the surveillance guidelines. For individuals with a 3% colorectal cancer risk, we predicted that
approximately 8,700 tests were required with annual FIT screening, and 5,100 with biennial
FIT screening. Colonoscopy screening resulted in the highest number of individuals receiving
at least one colonoscopy, since all individuals received colonoscopy as a screening test (Figure
4.1d, Table 4.2). The number of individuals with at least two colonoscopies (that is, individuals
with at least one surveillance colonoscopy) was highest for colonoscopy regardless of
colorectal cancer risk (Table 4.2).

SCREENING HARMS

The risk of screening related mortality, colorectal perforations and bleedings, other serious
gastrointestinal adverse events, or cardiovascular adverse events was proportional to the
number of required colonoscopies (Figure 4.1e-g). In the 3% colorectal cancer risk group, the
predicted overall complication risk was lowest with biennial FIT screening (2.9 per 1,000) and
highest with colonoscopy screening (4.6 per 1,000) (Table 4.2).

SENSITIVITY ANALYSES

The model predicted similar reductions in cancer incidence and mortality for the screening
tests for men and women for all levels of 15-year baseline risk of colorectal cancer, except for
sigmoidoscopy, for which the model predicted that women may benefit slightly less than men
(Supplementary Results Part 1: Figure 4.1 and Part 2: Tables 4.1-12).

When results were stratified by age, annual FIT was more effective in reducing colorectal
cancer mortality than a single colonoscopy in younger individuals (50-59 years old). In older
individuals (aged 75-79 years), colonoscopy and sigmoidoscopy were more effective. In
addition, the estimated risk of complications increased more with age for the colonoscopy and
sigmoidoscopy screening strategies than for the FIT strategies, although the increase in risk in
absolute numbers was small (Supplementary Results Part 1: Figure 4.2 and Part 2: Tables 4.1-
12). For example, at 3% colorectal cancer risk, a single colonoscopy strategy resulted in
colorectal perforations and bleedings of 1.6 per 1,000 in men aged 50-54 years and of 3.4 per
1,000 in men aged 75-79 years.
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a. Number of colorectal cancer deaths prevented.
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Figure 4.1: MISCAN-Colon predictions of colorectal cancer mortality and incidence reduction,
screen tests, colonoscopies and complications per 1000 individuals, using FIT, flexible
sigmoidoscopy or colonoscopy. Results are stratified by colorectal cancer risk. Individuals
were followed-up during 15 years.
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When we considered lifetime follow-up, the model predicted larger absolute reductions in
colorectal cancer incidence and mortality for all screening strategies (Supplementary Results,
Figures 4.3 and 4.4), and less differences between annual FIT and colonoscopy. At younger
ages (50-64 years) the model predicted that annual FIT was more effective at reducing
colorectal cancer incidence and mortality than a single colonoscopy, although the difference
was small. For example, annual FIT screening prevented 43 lifetime colorectal cancer cases in
those aged 50-54 compared to 37 prevented cases with a single colonoscopy.

CERTAINTY OF EVIDENCE

We noted appreciable uncertainty associated with the following model inputs: a) all colorectal
cancers develop through adenomas; b) differences in colorectal cancer risk are caused by
differences in adenoma incidence; and c) adenoma dwell time. There is no high certainty data
to inform the model regarding these model inputs. Therefore, despite the predictive and
external validity of the model against the NORCCAP study (Supplementary Methods Part 2),
the panel considered all model estimates as low certainty evidence.

DiscussION

Our microsimulation model analysis suggests that all screening strategies reduce colorectal
cancer mortality during 15-years of follow-up, and colonoscopy, sigmoidoscopy, and annual
FIT may also reduce colorectal cancer incidence. The extent of absolute risk reduction varies
with baseline colorectal cancer risk. Few differences were observed when results were
stratified by sex. When outcomes were stratified by age, we observed that FIT screening
strategies were estimated to be more effective in younger individuals, while colonoscopy and
sigmoidoscopy were more effective in older individuals. FIT screening strategies required the
highest overall number of screening tests, and colonoscopy screening resulted in the highest
number of colonoscopies, regardless of colorectal cancer risk. Consequently, we observed the
highest probability of experiencing a complication in individuals who underwent screening
with a single colonoscopy, with increasing risk at older age groups.
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Colonoscopy may result in the largest reduction in colorectal cancer incidence, followed by
sigmoidoscopy and annual FIT. However, this finding was sensitive to the follow-up setting
defined by the guideline panel. The panel chose a 15-year follow-up period because this
allowed model predictions to be validated against trial data. With lifetime follow-up, the
model predicted that relative incidence and mortality reductions from screening would persist
for some more years, resulting in larger absolute numbers of prevented colorectal cancer
cases and deaths. This was especially true for FIT, where lifetime follow-up resulted in higher
estimates for colorectal cancer incidence reductions, making the test comparable to
colonoscopy. However, because longer term follow-up data from trials is lacking, lifetime
estimates are more uncertain and were thus not taken into account by the panel.

STRENGTHS AND LIMITATIONS OF THIS STUDY

Model predictions for colorectal cancer mortality and incidence reduction in this study are
considerably higher than those observed in randomised screening trials. These seemingly
discrepant results can be explained by our assumption of 100% adherence to screening tests,
work-up, and surveillance colonoscopies, whereas trial outcomes are the result of real-world
adherence patterns, which are considerably lower. When we replicated the NORCCAP trial
population including observed adherence patterns, MISCAN-Colon predictions for colorectal
cancer incidence and mortality reduction were in line with the trial results (Supplementary
Methods Part 2). Moreover, when we replicated the design of an Italian cohort study, the
model predicted reductions in colorectal cancer incidence and mortality resulting from FIT
screening that aligned well with those observed in that study (data not shown).>® We
acknowledge that 100% adherence gives estimates that are higher than what would be
expected in a population screening program, when adherence is never 100%. However, our
intention was to inform individuals about expected effectiveness when they (fully) participate
in screening rather than considering the impact of a screening program from a public health
perspective and assessing results at the population level. The aim of this study was to support
the BMJ Rapid Recommendation panel by comparing different screening strategies, stratified
by baseline 15-year colorectal cancer risk, using microsimulation modelling. A strength of this
work is that we validated our model using the recently published 15-year follow-up results of
the NORCCAP trial.> To our knowledge, this is the first modelling study to enable individuals
to directly link their individual colorectal cancer risk to their predicted benefits and harms of
colorectal cancer screening. Individuals can do this through determining their colorectal
cancer risk using a calculator, such as the QCancer® Calculator,? incorporating information on
age, sex, ethnicity, and other colorectal cancer risk factors. The QCancer® (10yr) Calculator
performed better than other prediction tools when externally validated against the UK
Biobank cohort. However, like the other colorectal cancer risk prediction tools, it is far from
perfect, and with an area under the curve of 0.67 in men and 0.65 in women, it poorly
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discriminates between those at a lower and those at a higher risk, which may lead to
misclassification of individual baseline colorectal cancer risk.5% 52

Our study has several limitations. First, MISCAN-Colon could not replicate the sex-specific
differences in colorectal cancer incidence and mortality reduction as observed in the
NORCCAP sigmoidoscopy screening trials®* (Supplementary Methods Part 2: Table 4.1),
despite the sex-specific adjustments to the model.> On the one hand, it may be that the dwell
time of adenomas differs between men and women, potentially because the proportion of
cancers in the proximal colon is higher in women. In MISCAN-Colon we did not assume sex-
specific or location-specific differences in duration because of insufficient information from
clinical studies or autopsy studies. On the other hand, the observed difference in screening
effectiveness of sigmoidoscopy between men and women is higher in the NORCCAP trial than
what was observed in the other sigmoidoscopy studies.>?

Second, at the request of the panel, we only modelled four screening strategies, and, for FIT,
applied only one cut-off value (20 pg Hb/g faeces). Applying lower or higher FIT cut-off values
may result in higher or lower colorectal cancer screening effectiveness. In view of the results
of diagnostic studies, there are also uncertainties regarding the additional benefit of using FIT
annually instead of biennially.>3

Third, it remains unknown whether differences in colorectal cancer risk among the population
are caused by variations in the number of adenomas, a faster adenoma progression to
malignancy, or a combination of the two. These variations may exist between men and
women, different ethnicities, different levels of genetic predisposition or different
environments. For this analysis, we assumed that differences in adenoma incidence cause
differences in colorectal cancer risk.

Fourth, in MISCAN-Colon we assumed that all cancers developed from precursors via a
common pathway. In the model description we refer to this as the adenoma carcinoma
pathway with adenoma being the precursor lesions. However, recent evidence suggested that
three distinct cancer pathways are relevant: about 60% to 70% of the cancers develop via the
conventional adenoma carcinoma sequence, 20% to 30% via the serrated polyp pathway, and
3% via the Lynch pathway.>* In the model, we calibrated the average time it takes for a
precursor to develop into colorectal cancer. Therefore, all precursor types are included in the
modelled mix of slow and rapid progressing lesions. Modelling one common pathway may
have consequences for the modelled results. For instance, we may overestimate the
effectiveness of FIT and sigmoidoscopy compared with colonoscopy. Evidence is accumulating
that FIT might be less sensitive for serrated polyps, and these polyps are usually located in the
right side of the colon.3” 38 42 55 These polyps may have higher malignant potential than
conventional adenomas. However, evidence for the malignant potential of the precursors
from the distinct pathways is not yet decisive.
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Fifth, this project focuses on the individual’s perspective rather than on the perspective of
public health professionals deciding on population-based screening programmes, which was
the reason for assuming 100% adherence to screening and follow-up for all screening options.
In population-based screening programs, adherence rates of the various screening options can
differ widely across countries.>®>® When public health professionals make decisions about
population-based screening programmes, they should also include evidence on the country-
specific adherence rate to determine which screening option is most suitable. In addition,
cost-effectiveness analyses should be performed. For public health professionals, a message
from this study still may lie in the finding that benefits of screening do not differ much
between the screening options.

Sixth, the estimated reduction in all-cause mortality is not observed in large randomised trials
of gFOBT and sigmoidoscopy screening, which have not shown a significant reduction of all-
cause mortality with screening. The BMJ Rapid Recommendations panel did not regard all-
cause mortality estimates from the model as clinically relevant when making their
recommendations.

Finally, we did not model probability bands. An important strength of this study is the large
number of simulations we have performed, with different screening strategies, background
colorectal cancer risks, age groups, and sex. The drawback is that to obtain probability bands
for all simulations in this article, would require 840,000 simulations, which is too
computationally expensive.

PoLICY IMPLICATIONS AND CONCLUSIONS

Notwithstanding the limitations, this modelling study addresses an important gap in current
knowledge on colorectal cancer screening. There is insufficient evidence from clinical studies
to determine which screen modality is most effective.'® Currently, three large randomised
trials are under way to assess the comparative effectiveness of colonoscopy and FIT,>® and
one on sigmoidoscopy versus FIT.>! Our results indicate that the difference in colorectal cancer
mortality reduction between screening modalities is substantially smaller than the differences
in colorectal cancer mortality between screening and no screening. To achieve sufficient
power to demonstrate these differences, the current colorectal cancer screening trials would
require very large sample sizes. It is therefore unlikely that a comparison of all evaluated
strategies will ever become available from randomised trials. Comparing screening modalities
stratified by baseline colorectal cancer risk, age, and sex is even more complicated. In these
cases, clinicians and patients must make choices on the basis of the best available evidence,
even if it is of low certainty.

Our belief is that our modelling results are generalisable to individuals across the Western
world. Although there may be some differences in life expectancy, age-specific colorectal
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cancer incidence, colorectal cancer stage distribution, and colorectal cancer survival
compared to Norway, we expect that these differences do not significantly affect relative
differences between screening modalities.

This study, together with the other publications in this BMJ Rapid Recommendations cluster,
supports patients and physicians in the process of shared decision making by quantifying
screening benefits, harms, and burdens on an individual level. For example, based on a certain
colorectal cancer risk threshold, some low risk individuals may conclude that the undesirable
consequences of screening outweigh the desirable consequences. Evaluating the modelling
results, we predicted that lifetime follow-up of screened individuals resulted in different
estimates of screening effectiveness compared to 15-year follow-up. This additional finding
encourages researchers to continue the follow-up in their randomised cohorts to evaluate
longer-term benefits of screening.

In conclusion, MISCAN-Colon predicted that all screening modalities reduce colorectal cancer
mortality during a 15-year follow-up period, regardless of colorectal cancer risk, age, and sex.
A single colonoscopy may be the most effective screening modality in preventing colorectal
cancer incidence during 15 years follow-up. Colonoscopy screening is also associated with the
highest risk for complications, but overall complication risks are low for colorectal screening.
These results will contribute to risk-based colorectal cancer screening recommendations in
this BMJ Rapid Recommendation project.®
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SUPPLEMENTARY METHODS
PART 1: CALIBRATION RESULTS OF THE MISCAN-COLON MICROSIMULATION
MODEL TO THE NORWEGIAN SETTING

Supplementary Methods Figure 4.1: Calibration results: Observed and model-predicted
colorectal cancer incidence rates by age and stage distribution for Norway.

a. Calibration results MISCAN-Colon female model.
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b. Calibration results MISCAN-Colon male model.

Stage distribution

age-specific CRC incidence rate (black: simulated; gray: observed)

in Norway 1999-2008

o 1999-2003
b=
g i
s
2 - L
o
w
& 8 -
P
g S
o
g
x o
2 S -
3 s
»
3
2
5 o
g 8
s o o~
= o 7
O
x
o o
g |
=
o
o | [
T T T T T T T T T T T T T o
30 35 40 45 50 55 60 65 70 75 80 85 90 Local Advanced

Age



Colorectal cancer screening with faecal immunochemical testing, sigmoidoscopy or colonoscopy | 159

Calibration results MISCAN-Colon combined model.

Stage distribution

age-specific CRC incidence rate (black: simulated; gray: observed)

in Norway 1999-2008

© _ 1999-2003
b=
o o ——
s L © | oty
3
>
o
o
3 o S
g 77
=
3 o |
£ P
o g |
g &
3
=] o
2 A
2
c 84
g -
o 4
o | —_—
T T T T T T T T T T T T T o
30 35 40 45 50 55 60 65 70 75 80 85 90 Local Advanced

Age

<
[
()
-
o
©
<
(@]




160 | Chapter 4

PART 2: VALIDATION OF THE MISCAN-COLON MICROSIMULATION MODEL
AGAINST THE NORCCAP SIGMOIDOSCOPY STUDY

METHODS

We used MISCAN-Colon to simulate Norwegian Colorectal Cancer Prevention (NORCCAP) trial
outcomes and compared predictions with those observed according to the same methodology
as previously described.! Primary validation targets were relative overall and distal colorectal
cancer incidence reduction and mortality reduction observed by Holme et al.,2 who described
the 15-year follow-up results of the NORCCAP trial. To simulate the NORCCAP trial, we
adjusted MISCAN-Colon to the demography and screening behaviour of the NORCCAP trial
population.

NORCCAP TriAL

In the NORCCAP trial, individuals between the ages of 50 and 65 years from two Norwegian
regions were randomly assigned to either a control group (n = 78,220) or an intervention
group that consisted of two arms (n = 10,283 and n = 10,289). Since there was no screening
program in place in Norway during the study period, the control group did not receive routine
colorectal cancer screening.? In the intervention arm, individuals were offered a once-only
sigmoidoscopy (arm 1, n = 10,283) or sigmoidoscopy with a qualitative faecal occult blood test
(FOBT) (arm 2, n =10,289).*

The trial was carried out in two phases; individuals born from 1935 to 1945 were selected and
randomized to undergo screening in 1999 and 2000 (i.e., 53—65 years old at time of screening),
and individuals born from 1946 to 1950 were selected and randomized to undergo screening
in 2001 (i.e., 49-54 years old at the time of screening). Individuals were followed until
colorectal cancer diagnosis, death, emigration, or 31 December 2015, whichever occurred
first.?2 The latest paper on long-term effects of the study made no distinction between the 2
different intervention arms. Therefore, we compared model outcomes with the overall results
of the intervention arms and will use the term intervention group when referring to both
intervention arms.

ADJUSTMENT OF MISCAN-COLON TO THE NORCCAP TRIAL

We used MISCAN-Colon to simulate a population with an age distribution comparable to the
NORCCAP trial (personal communication with research leader G. Hoff, 2016). colorectal cancer
incidence in the NORCCAP control group was 11% lower than incidence in the whole of
Norway. We therefore adjusted the model accordingly by lowering the age-specific onset of
adenomas by 11% for all ages. Comparing incidence rates observed in the NORCCAP trial, we
assumed that non-adherers had a slightly higher age-specific onset of adenomas for all ages
than individuals in the control group (relative risk of 1.05). In addition, age-specific onset in
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adherers was lowered for all ages to ensure that the overall colorectal cancer risk in the
intervention group did not differ from the colorectal cancer risk in the control group, taking
participation rate into account (relative risk of 0.97).

Control group and intervention group were simulated for 16 years according to trial design.
For the intervention group, we assumed age-specific participation rates for sigmoidoscopy,
FOBT and diagnostic colonoscopy as observed in the NORCCAP trial. Adherence for
surveillance colonoscopies was not reported in trial publications and was assumed to be 80%.
Test sensitivity of flexible sigmoidoscopy and follow-up colonoscopy and specificity of follow-
up colonoscopy were based on literature.> Test specificity of flexible sigmoidoscopy, faecal
occult blood test characteristics and reach of sigmoidoscopy and colonoscopy were based on
observations in the NORCCAP study.

VALIDATION TARGETS

Our primary validation targets were the overall and distal colorectal cancer incidence and
mortality rate and HRs of overall and distal colorectal cancer incidence and mortality at 14- to
16-year follow-up (depending on the year of trial inclusion) in the intervention group relative
to the control group. Model outcomes were considered consistent when predicted within 95%
confidence intervals (Cls) of the corresponding NORCCAP trial targets.

VALIDATION RESULTS

Overall, the MISCAN-Colon predictions for 15-year incidence and mortality reduction from a
once-only sigmoidoscopy in the NORCCAP trial were consistent with the trial results. The
simulated hazard ratio (HR) for incidence was 0.84 compared to an observed HR of 0.78 (95%
Cl: 0.70-0.87) (Table 4.1), while simulated and observed HR for mortality reduction were 0.72
and 0.79 (95% Cl: 0.65-0.96), respectively.

For males, MISCAN-Colon underestimated the impact of screening on colorectal cancer
incidence compared to the NORCCAP trial results (observed HR: 0.66, 95% Cl: 0.57-0.78;
simulated HR: 0.81), but MISCAN-Colon predictions of colorectal cancer mortality reduction
were consistent (observed HR: 0.63, 95% Cl: 0.47-0.83; simulated HR: 0.70). For females,
MISCAN-Colon predictions for colorectal cancer incidence reduction were in line with the trial
results (observed HR: 0.92, 95% Cl: 0.79-1.07; simulated HR: 0.85), but colorectal cancer
mortality reduction was overestimated (observed HR: 1.01, 95% Cl: 0.77-1.33; simulated HR:
0.76).
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SUPPLEMENTARY RESULTS

For consistency and completeness, we present outcomes for all combinations of colorectal
cancer risk, age and gender. However, with the current discriminatory performance of risk
calculators, many of these combinations will be obsolete or very rare. For example, according
to the QCancer risk calculator, the 15-year colorectal cancer risk in women aged 50 years
varies between 0.9% (9 per 1,000) without risk factors and 2.2% (22 per 1,000) with all risk
factors. Similarly, 15-year colorectal cancer risk in men aged 75 years varies between 6.4% (64
per 1,000) without any risk factors and 18.6% (186 per 1,000) with all risk factors. Thus, results
presented for 50-54y old women with a 7% colorectal cancer risk and 75-79y old men with 3%
colorectal cancer risk (and many other combinations) are currently not applicable.

PART 1: MISCAN-COLON PREDICTIONS STRATIFIED FOR COLORECTAL CANCER
RISK AND SEX. INDIVIDUALS WERE FOLLOWED-UP DURING 15 YEARS

Supplementary Results Figure 4.1: MISCAN-Colon predictions of colorectal cancer mortality
and incidence reduction per 1000 individuals, using FIT, flexible sigmoidoscopy or

colonoscopy. Results are stratified by CRC risk and sex. Individuals were followed-up during
15 years.

a. Colorectal cancer deaths prevented.
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b. Colorectal cancer cases prevented.
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Supplementary Results Figure 4.2: MISCAN-Colon predictions of complications per 1000
individuals, using FIT, flexible sigmoidoscopy or colonoscopy. Results are stratified by CRC risk
and age. Individuals were followed-up during 15 years.

a. Number of perforation complications.
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b. Number of abdominal complications.
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Cardiovascular events Cardiovascular events Cardiovascular events Cardiovascular events Cardiovascular events

Cardiovascular events

Number of cardiovascular complications.
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PART 3: MISCAN-COLON PREDICTIONS STRATIFIED FOR COLORECTAL CANCER
RISK, AGE AND SEX WITH LIFETIME FOLLOW-UP

Supplementary Results Figure 4.3: MISCAN-Colon predictions of colorectal cancer a)
mortality reduction and b) incidence reduction per 1000 individuals, using FIT, flexible
sigmoidoscopy or colonoscopy. Results were stratified for CRC risk. Individuals were followed
for a lifetime.
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Supplementary Results Figure 4.4: MISCAN-Colon predictions of colorectal cancer a)
mortality reduction and b) incidence reduction per 1000 individuals, using FIT, flexible
sigmoidoscopy or colonoscopy. Results were stratified for CRC risk and age. Individuals were
followed for a lifetime.
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. Colorectal cancer cases prevented.
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ABSTRACT

Background and Aims: Routine screening for colorectal cancer is typically recommended until
age 74 years. Although it has been proposed that screening stop age could be determined
based on sex and comorbidity, less is known about the impact of screening history. We
investigated the effects of screening history on selection of optimal age to stop screening.

Methods: We used the microsimulation model MISCAN-Colon to estimate harms and benefits
of screening with biennial faecal immunochemical tests by sex, comorbidity status, and
screening history. The optimal screening stop age was determined based on incremental
number needed for 1 additional life-year per 1000 screened individuals compared to threshold
provided by stopping screening at 76 years in the average-health population with perfect
screening history (attended all required screening, diagnostic and follow-up tests) to biennial
faecal immunochemical testing from age 50 years.

Results: For persons of age 76 years, 157 women and 108 men with perfect screening history
would need to be screened to gain 1 life-year per 1000 screened individuals. Previously
unscreened women with no comorbid conditions and no history of screening could undergo
aninitial screening through 90 years, whereas unscreened men could undergo initial screening
through 88 years, before this balance is reached. As screening adherence improved or as
comorbidities increased, the optimal age to stop screening decreased to a point that,
regardless of sex, individuals with severe comorbidities and perfect screening history should
stop screening at age 66 years or younger.

Conclusions: Based on the harm-benefit balance, optimal stop age for colorectal cancer
screening ranges from 66 years for unhealthy individuals with perfect screening history to 90
years for healthy individuals without prior screening. These findings can be used to assist
patients and clinicians in making decisions about screening participation.



Calculation of stop ages for colorectal cancer screening | 199

INTRODUCTION

Colorectal cancer screening guidelines typically recommend screening for colorectal cancer in
individuals at average risk between the ages of 50-74 years.! However, screening
recommendations based solely on age do not consider the heterogeneity of the population
and ignore other factors that play a role in the determination of harms and benefits of
screening. Risk of colorectal cancer, for example, is affected by several factors including family
history, sex, screening history, lifestyle, and comorbidity status.

Although some guidelines have recently suggested that screening could be offered to those
aged over 74 depending on screening history and comorbidity? 3 there is little practical
guidance on how to implement this. Previous studies investigating the impact of comorbidity
on screening stop age were conducted in a setting of opportunistic colonoscopy screening, or
assumed regular adherence to faecal immunochemical test (FIT) screening,*® however this
ignores the complexity and varied nature of screening history. In this analysis, we aimed to
address this gap in knowledge.

Using microsimulation modelling, we investigated the impact that age, sex, comorbidity
status, and screening history have on the possible benefits and harms of colorectal cancer
screening. We used this information to determine the optimal age to stop screening for
colorectal cancer and therefore provide recommendations for a more personalised approach
to colorectal cancer screening cessation.

METHODS

We used the Microsimulation Screening Analysis-Colon (MISCAN-Colon) model to estimate
the harms and benefits of undergoing one more screen by sex, age, comorbidity status, and
screening history. The harms and benefits for each cohort were then compared to the
average-health population, with perfect prior screening since age 50, having one more screen
at age 74 and 76 years of age. Optimal age to stop screening was considered to be the age
where the harm-benefit-ratio fell within this range.

MISCAN-CoLON

MISCAN-Colon is a well-established microsimulation model for colorectal cancer developed at
the Department of Public Health at Erasmus University Medical Centre (Rotterdam, the
Netherlands).” The structure, underlying assumptions and data sources used to calibrate the
model are described in detail in the Model Appendix. Briefly, the model simulates a large
population of individuals from birth to death, first without and then with screening for
colorectal cancer. As each simulated person ages, one or more adenomas may arise and some
can progress in size from small (<5 mm) to medium (6 to 9 mm) to large (= 10 mm). Medium
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and large adenomas can develop into preclinical cancer and subsequently progress through
stage | to IV. During each stage, symptoms may present and colorectal cancer may be
diagnosed. Survival after a clinical diagnosis is determined by the person’s age, the stage at
diagnosis, and the location of the cancer.®

The introduction of screening may alter the simulated life histories through detection and
removal of adenomas, which may prevent some cancer cases, or through detection of cancers
at an earlier stage with more favourable survival. MISCAN-Colon quantifies the effectiveness,
harms and costs of screening by comparing all simulated life histories with screening with the
corresponding life histories without screening.

MISCAN-Colon was calibrated to match colorectal cancer incidence and stage distribution in
Canada using incidence data from the Canadian cancer registry in 2001, which was prior to
the introduction of population-based screening.® Additional model assumptions can be found
in Table 5.1 and the Supplementary Methods.

SETTING

We assumed screening occurred in the Canadian setting. There is no national colorectal cancer
screening program in Canada. Cancer screening is funded, organised and delivered at the
provincial level and may co-exist with opportunistic screening. We therefore considered
screening was taking place within an organised colorectal cancer screening program,
commencing at age 50 years utilising biennial FIT, with opportunistic screening with
colonoscopy.

We assumed that after a positive FIT result, a diagnostic colonoscopy was offered. Adenomas
identified at screening or diagnostic colonoscopies were removed and the individual entered
colonoscopy surveillance at intervals dependent on adenoma findings according to the
surveillance recommendations from Ontario.° It was assumed that surveillance stopped at 85
years of age.

POPULATION

In the base-case analysis, we simulated 728 different cohorts of 10 million individuals varying
them by sex, age (66, 68, ..., 88, 90 years), comorbidity status (no, low, moderate, severe;
Table 5.2), and screening history with FIT (no, some, reasonable, most or perfect prior
screening) or colonoscopy (10 or 15 years prior). Simulated individuals were followed until
death.

COMORBIDITY CONDITION SPECIFIC LIFETABLES

To develop Canadian specific comorbidity life tables, we took hazard ratios from comorbidity
specific life tables from the United States!! compared to the average life table, and applied
these ratios to the 2010-2012 Canadian life tables!? (Supplementary Methods Figures 5.1a-f).
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We assumed that comorbid conditions influenced non-cancer life expectancy but did not
influence cancer risk, progression, treatment, survival or complications.

SCREENING HISTORY

As adherence to screening varies, we assessed five prior screening scenarios with FIT: 1) no
prior screening; 2) some prior screening; 3) reasonable prior screening; 4) most prior
screening; 5) perfect prior screening. In the no prior screening scenario, we assumed that no
colorectal cancer screening of any kind had occurred. Then, screening participation was
increased stepwise by 25%, until perfect prior participation was achieved (Table 5.1). We
considered adherence to screening to be randomly assigned across the lifespan and not
dependent on participation in the previous screening round. In addition, we assessed
screening with colonoscopy 10 and 15 years prior to the investigated stop age.

Attendance at diagnostic colonoscopy was assumed to be 79% for men and 78% for women
based on observed rates in Ontario in 2015,3 and if adenomas were diagnosed and removed,
we assumed 80% adherence to surveillance guidelines.'* This was altered in the perfect prior
screening scenario, where we assumed that individuals had perfect adherence to diagnostic
colonoscopy and any subsequent surveillance. To provide estimates for harms and benefits
for a person considering screening, we assumed 100% participation in the screening,
diagnostic and surveillance tests for the current screening episode.

TEST CHARACTERISTICS OF FIT AND COLONOSCOPY

We used the test characteristics of OC-Sensor (OC-Sensor Eiken Chemical co., Tokyo, Japan)
based on data from the Dutch colorectal cancer screening program (Table 5.1).1> Although
Canadian provinces use different tests (including OC-Sensor and NS-Prime (Alfesa Pharma,
Osaka, Japan)), FITs with similar positivity rates have been shown to perform similarly.*®*” We
considered an overall positivity of 7.5% which equated to a cut-off level of 23 micrograms of
haemoglobin per gram of faeces (ug Hb/g faeces) (Table 5.1). The FIT characteristics were
adjusted to take into account the effect of systematic false-positive and false-negative results
(that is, individuals without adenomas who test positive and adenomas do not bleed).8

The test characteristics of colonoscopy were based on a systematic review of polyp miss rates
in tandem colonoscopy studies.® The lack of specificity of colonoscopy reflects the detection
of hyperplastic polyps, which are not cancer precursors.?’ Complications of colonoscopy,
including bleeding, perforation and death, were based on Canadian literature.?% 2
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Table 5.1: Model Inputs: Test characteristics and participation assumptions associated with
colorectal cancer screening.

Test characteristics
Specificity and sensitivity of FIT 2

Specificity (per person) 96.7%
Sensitivity adenoma 1-5mm 0.0%
Sensitivity adenoma 6-9mm 17.6%
Sensitivity adenoma 10+ mm 34.0%
Sensitivity cancer long before clinical diagnosis 29.5%
Sensitivity cancer shortly before clinical diagnosis ° 66.0%
Specificity and sensitivity of colonoscopy
Specificity 86%
Sensitivity adenoma 1-5mm 75%
Sensitivity adenoma 6-9mm 85%
Sensitivity adenoma 10+ mm 95%
Sensitivity preclinical cancer 95%
Complication of colonoscopy ©
Fatal perforation f 0.0074%
Bleeding & 0.1640%
Perforation & 0.0850%
Other " 0.3310%

Participation
Participation in previous screening episodes

No prior screening 0%
Some prior screening 25%
Reasonable prior screening 50%
Most prior screening 75%
Perfect prior screening 100%
Colonoscopy 10 years prior 0%
Colonoscopy 15 years prior 0%
Participation in current screening episode 100%
Participation with diagnostic colonoscopy
Males 79%
Females 78%
Participation in surveillance ’ 80%

Abbreviations: FIT, faecal immunochemical test; gFOBT, guaiac faecal occult blood test

a. Specificity and sensitivity of FIT derived from data from the Dutch colorectal cancer screening program?®
and were adjusted to an overall positivity of 7.5% which equated to a cut-off level of 23 ug Hb/g faeces.

b. We assume that faecal screening is more sensitive in cancers towards the end of the occult bleeding period
as they progress towards becoming symptomatic (i.e. visible bleeding) and clinically detectable.?

c. Specificity for colonoscopy is based on Schroy et al, 2013.2° The lack of specificity with endoscopy reflects
the detection of non-adenomatous lesions, which, in the case of colonoscopy leads to unnecessary
polypectomy, which is associated with an increased risk complications.

d. Sensitivity of colonoscopy for the detection of adenomas and colorectal cancer within the reach of the
endoscope was obtained from a systematic review on miss rates observed in tandem colonoscopy
studies.®

e. Complications are conditional on polypectomy, and we assume that polypectomy is only performed if
colonoscopy is positive.
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f.  Risk of dying from colonoscopy were based on Canadian literature.?? A death was attributed to
colonoscopy if it occurred within 30 days following an index colonoscopy.

g. Complications of colonoscopy were based on Canadian literature.?> 22 A complication is considered as
individuals who were admitted to hospital with colonoscopy related events during the 30 days following
the index colonoscopy.

h. Other events include post-polypectomy syndrome, cardiac events, syncope/hypotension, gastrointestinal
symptomes, splenic/hepatic hematoma, fall/injury, thrombophlebitis, hyponatremia, oesophageal variceal
haemorrhage, and various other symptoms.

i.  The participation with diagnostic colonoscopy after a positive faecal test is taken from Cancer Quality
Council of Ontario®® and is the same for all screening scenarios except under the assumption of perfect
adherence to screening.

j. The participation rate for colonoscopy surveillance was assumed to be 80%, based on data from US clinical
practice'* and is the same for all screening scenarios except under the assumption of perfect adherence to
screening where we assume 100% adherence to surveillance.

Table 5.2: Overview of comorbidity levels and associated conditions.

Conditions included ?

No comorbid conditions None of the conditions listed for mild, moderate or severe

Low comorbid conditions Myocardial infarction (M), ulcer or rheumatologic disease

Moderate comorbid Peripheral vascular disease, cerebrovascular disease paralysis, diabetes, or

conditions combinations of mild conditions (with or without diabetes)

Severe comorbid AIDS, Chronic Obstructive Pulmonary Disease, cirrhosis, chronic hepatitis,

conditions chronic renal failure, dementia, congestive heart failure, or combinations of at
least one moderate condition (except diabetes) with any mild or moderate
condition

Abbreviations: AIDS, acquired immune deficiency syndrome
a. Comorbid conditions previously specified in Lansdorp-Vogelaar and colleagues, 2014.%

ANALYSES AND OUTCOMES

For each cohort, we compared the harms and benefits of participating in FIT screening versus
no further screening at their current age, considering sex, comorbidity status and screening
history. The benefits of screening are provided as life years gained (LYG) and cancer deaths
prevented (CDP) per 1000 women or men of a given age. Harms are expressed as the number
of: i) colonoscopies; ii) complications from colonoscopy; iii) false-positive test results (i.e.
negative diagnostic colonoscopies after positive FIT results); and iv) over-diagnosed cancer
cases (i.e. cancers that would not have caused symptoms during a person’s lifetime). The
balance between harms and benefits is presented as the incremental number needed to
screen per life-year gained (NNS/LYG). We also provide details on the incremental number
needed to screen per CDP and the incremental number of colonoscopies per LYG and per CDP.
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REFERENCE SCENARIO

To identify the optimal age to stop screening, we first established an acceptable balance of
harms and benefits based on current screening recommendations (acceptable threshold) and
then determined a threshold where the balance was no longer considered acceptable (upper
threshold). To do this, we simulated a cohort of individuals aged 74 and 76 years with average
health and life expectancy, who had perfectly adhered to biennial FIT screening, diagnostic
and surveillance colonoscopies from age 50. We used this threshold because it is currently
recommended and thus deemed acceptable.

The acceptable threshold was determined by assessing the harms and benefits FIT screening
at age 74 compared to stopping screening at age 72. The upper threshold was determined by
similarly evaluating a cohort of 76-year-olds, undergoing screening at age 76 compared to
stopping screening at age 74 years. For each comorbidity level and screening history, the
optimal age to stop screening was considered to be the age where the harm-benefit-ratio fell
within the range between the acceptable and upper thresholds. Where no value or two values
fell within the range, the age closest to the acceptable threshold was chosen.

SENSITIVITY ANALYSES

To assess the generalisability of our results, we conducted several sensitivity analyses to
assess the impact of alternative screening histories. In the first instance we assessed historical
screening using the less sensitive Hemoccult 11,3 a guaiac faecal occult blood test (gFOBT,
Supplementary Methods Table 5.1), with FIT administered in the current screening episode.
Secondly, we assessed historical screening where FIT was administered in the current and
previous two screening episodes, but prior to that gFOBT was administered.

We also assessed scenarios of annual screening with FIT and 10-yearly screening with
colonoscopy in accordance with practice in the US. Finally, we assessed the base case
screening scenario using a FIT with a lower cut-off (15 ug Hb/g faeces) and therefore a higher
overall positivity rate (9%). In these scenarios the acceptable thresholds were adjusted
accordingly.

RESULTS

THRESHOLD RANGE TO STOP SCREENING

Screening 1000 women with average health and life expectancy at age 74 years (compared to
stopping screening at 72 years), under the assumption of perfect prior screening with FIT since
age 50, gained 6.9 LYs and prevented 0.9 colorectal cancer deaths (Table 5.3). In addition,
there were 17.3 false-positive test results, 35.9 colonoscopies, 0.3 over-diagnosed cases of
colorectal cancer and 0.1 complications of colonoscopy. Under these assumptions, 145
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needed to be screened to gain one life year (acceptable threshold). An additional screen at
age 76 (compared to stopping at 74 years) yielded fewer benefits thereby increasing the
NNS/LYG to 157 (upper threshold (Figure 5.1a)). Screening in men followed the same pattern
asin women, however, in general the gains in life years were higher, resulting in an acceptable
and upper NNS/LYG threshold of 94 and 108 respectively (Table 5.3, Figure 5.1b).

SCREENING BASED ON SEX, COMORBIDITY, AND SCREENING HISTORY

Compared to perfectly screened 74-year-old women with average health, those with no
comorbid conditions enjoyed greater benefits (7.8 LYG and 1.0 CDP). Although harms were
similar, they experienced slightly less (0.2) over-diagnosed colorectal cancers (Supplementary
Results Table 5.1a). This resulted in a more favourable balance between the harms and
benefits (NNS/LYG: 129 (Figure 5.1a)). As comorbidity increased, the harms of screening also
increased while the benefits decreased, worsening the harm-benefit ratio as indicated by the
increased NNS/LYG (Supplementary Results Table 5.1a-g).

Women aged 74 years with no comorbid conditions and without prior screening, yielded
substantially greater benefits (38.1 LYG and 4.9 CDP) than women aged 74 years with average
health and perfect prior screening due to their increased risk and longer life-expectancy. This
resulted in a substantially lower NNS/LYG (26.0) in this group (Figure 5.1c, Supplementary
Results Table 5.1e). However, this group also experienced a noteworthy increase in harms.
For example, there was 60% increase in the number of false-positive tests, a more than four-
fold increase in the number of colonoscopies and over-diagnosed colorectal cancer cases and
a more than six-fold increase in the number of complications of colonoscopy. As adherence to
prior screening improved, both the harms and benefits of screening decreased, however
benefits decreased to a greater extent, which resulted in an increase in the NNS/LYG
(Supplementary Results Table 5.1b-f, Supplementary Results Figures 5.1a-e). In general, for
women with a colonoscopy 10 years prior, the harms outweighed the benefits at or before
the age of 74 years (Supplementary Results Table 5.1f). For women with a colonoscopy 15
years prior, the harms outweighed the benefits at or after the age of 74 years except for those
with severe comorbidities (Supplementary Results Table 5.1g).

Screening in men followed the same pattern as in women, although in general they
experienced both greater harms and greater benefits. However, as the benefits increased to
a greater extent, the NNS/LYG was lower (Figures 5.1b and d, Supplementary Results Tables
5.2a-g, Supplementary Results Figures 5.2a-e).
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Figure 5.1: Number needed to screen per life year gained by age and comorbidity level, for

women (a, c) and men (b, d) with perfect prior FIT screening (a, b) and no prior screening (c,
d).
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Abbreviations: NNS/LYG, number needed to screen to gain one life year

Each line represents the number needed to screen per life year gained over the ages 66 to 90 years for each level
of comorbidity. The solid horizontal line represents the threshold for the number needed to screen per life year
gained for screening in the average health population until the age of 74 years (acceptable threshold). The
dashed line represents the threshold for the number needed to screen per life year gained for screening in the
average health population until the age of 76 years (upper threshold). The recommended colorectal cancer
screening stop age is defined by this range. Where two ages fall within the threshold range, the lowest of the
two values is selected. Where no values fall within the threshold range, the age closest to the lowest level is
selected. The vertical dashed lines indicate the age for each comorbidity group where screening provides a
balance of harms and benefits similar to those aged 74 years with average health.



Calculation of stop ages for colorectal cancer screening | 209

AGE OF LAST SCREEN BASED ON SEX, COMORBIDITY, AND SCREENING HISTORY

Men and women without comorbidities who had previously been screened with FIT and those
with no or some prior FIT screening, regardless of comorbidity status, could screen past the
recommended stop age, with age of last screen ranging from 76-90 years (Table 5.4). Those
with severe comorbid conditions should consider having a last screening episode before the
recommended stop age (66-70 years), unless they had no, some or reasonable prior screening,
in which case they should continue to screen up to or past the recommended stop age (74-86
years).

For those who had a colonoscopy 10 years prior to the investigated stop age, regardless of sex
or comorbidity, the last screening episode should occur at or before the age of 74 years. While
for those who had a colonoscopy 15 years ago, screening stop age was dependent on both sex
and comorbidity status and ranged from 66-83 years (Table 5.4).

SENSITIVITY ANALYSES

Our results were robust to alterations in screening history with biennial gFOBT and FIT: the
pattern of age of last screening remained the same as in the base-case scenario, however, the
ages were slightly older (Supplementary Results Tables 5.3a-c, Supplementary Results Tables
Table 5.5). For annual FIT screening, the stop ages were slightly lower. For colonoscopy
screening, screening should stop earlier than the recommended screening stop age for those
with severe comorbidities and at or just after the recommended screening stop age for those
with no comorbidities (Supplementary Results Table 5.4).
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Table 5.4: Suggested age of last screening episode for colorectal cancer based on the number
needed to screen to gain one life year, by sex, comorbidity status and prior screening with
biennial faecal immunochemical testing or colonoscopy. The faecal immunochemical test had
a positivity of 7.5% (23 ug Hb/g faeces).

Screening History?® / Women Men
Comorbidity status® No Low Mod Sev No Low Mod Sev
Perfect Prior Screening with FIT 78 72 72 66 76 76 72 66
Most Prior Screening with FIT 84 82 78 70 80 80 76 70
Reasonable Prior Screening with FIT 86 84 82 76 82 82 78 74
Some Prior Screening with FIT 88 86 86 80 84 84 82 78
No Prior Screening 90 90 90 86 88 88 86 82
Colonoscopy 10 years prior 74 68 66 <66 73 72 69 <66
Colonoscopy 15 years prior 83 76 74 68 80 78 75 66

Abbreviations: FIT, faecal immunochemical test; Mod, moderate; Sev, severe

Key: Blue — stop screening later than recommended in guidelines; Green — stop screening in line with guidelines;

Red — stop screening earlier than recommended in guidelines

a. Detailed descriptions of screening history are found in Table 5.1. In brief, perfect prior screening assumes
100% attendance in prior screening rounds, most prior screening assumes 75% attendance in prior screening
rounds, reasonable prior screening assumes 50% attendance in prior screening rounds, some prior screening
assumes 25% attendance in prior screening rounds and no prior screening assumes no attendance in prior
screening rounds. For colonoscopy we assume screening occurred 10 and 15 years prior to the investigated
stop age.

b. Detailed descriptions of comorbid conditions are found in Table 5.2. In brief there are four categories: no
comorbidity, low comorbidity, moderate comorbidity and severe comorbidity.

DISCUSSION

According to our analysis, several groups may benefit from screening past the recommended
stop age. For example, individuals without comorbidity, those who are screening naive or who
had a colonoscopy 15 years ago and are without severe comorbidities could undergo
screening until between 76-90 years of age. Screening these individuals after the
recommended stop age presents an opportunity to reduce their risk of colorectal cancer and
maximise the benefits of screening while maintaining an appropriate balance of harms. For
others, such as those with severe comorbidity and most to perfect prior FIT screening,
screening could stop earlier than currently recommended. This earlier than recommended
stop age also applies to those with a colonoscopy 10 years prior, except for women without
comorbidity. Continued screening in these individuals provides fewer benefits and increases
unnecessary harms and burden compared to the average health population.
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Our results are in line with previous findings that individuals with lower comorbidity and less
intensive screening history will benefit from screening past the recommended stop age.* >
However, our investigation builds on previous research by more comprehensively assessing
the impact of screening history on optimal age to stop screening. This approach is more in
keeping with “real life”, where exposure to prior colorectal tests may be quite varied.

There are four noteworthy limitations to this investigation. First, rates of participation in prior
screening were determined a priori and do not necessarily reflect what is happening in
practice. More accurate data on actual patterns of adherence would be a useful addition.
Second, by assuming that the population was at average risk for colorectal cancer, we did not
consider the probable variation in risk. Colorectal cancer risk is affected by genetic profile,
family history, lifestyle factors (such as smoking and obesity)?* 2> and comorbid conditions (i.e.
diabetes increases risk?®). As these factors are likely to affect both the harms and benefits of
screening, we believe they should be incorporated into future research. Third, our life tables
came from a statistical analysis of administrative data provided by SEER and included a broad
range of diseases such as AIDS which may seem less relevant than other diseases. However,
that statistical analysis showed that having AIDS resulted in a higher probability of dying.
Furthermore, the life tables do not include mortality for cancers, therefore our results may
underestimate other-cause mortality rates and the harm-benefit ratio, but not the
comparisons of the comorbid condition groups to the average health population. Finally, we
did not include quality of life in our outcome measures. However, the purpose of this analysis
was to separately assess the harms, burden and benefits of screening to allow individuals to
make their own decisions about screening participation. Had we presented this, we would
expect similar results as the thresholds would also have shifted.

Notwithstanding these limitations, there are several important implications of this
investigation. Firstly, using MISCAN-Colon, a well-established, validated model for colorectal
cancer screening,” we have developed a complex algorithm incorporating age, sex,
comorbidity status, and screening history that allows for a comprehensive assessment of
individuals within the population. In addition, by using life tables, which were based on
administrative data and personal factors such as age, sex, comorbidity, and screening history,
which are generally found in health administrative data, in the future screening participation
recommendations could potentially be automated for use in the clinical setting (for example
in a clinical decision support system).

Our results provide detailed guidance for clinicians and patients when discussing screening
participation. For example, if a clinician was meeting with a 72-year-old women patient who
has cardiovascular disease (considered as a moderate level of comorbidity) and who has
participated 50% of prior screening rounds, our results indicate that she could participate in
another screening round, as the benefits still outweigh the harms. However, for a man patient
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aged 74 with chronic obstructive pulmonary disease (a severe comorbid condition) who has
previously participated in 75% of screening episodes, our results indicate that the benefits of
screening may no longer outweigh the potential harms, and he should consider stopping
screening at this time. This guidance is based on the metric of NNS/LYG. However, should
clinicians prefer to use another metric, they are available in the Supplementary Results. For
example, using the balance of NNSc/CDP, our 72-year-old women noted above may consider
stopping screening because this balance of harms and benefits is no longer favourable.
Decisions to participate in screening should depend on individual patient preferences and our
results help to facilitate this decision-making in an informed way. Furthermore, they can assist
policy makers who are designing or updating existing colorectal cancer screening programs
and guidelines, and addresses concerns that this evidence has been lacking for FIT-based
screening programs.?’

CONCLUSION

There is a growing body of evidence highlighting the benefits of personalising screening to
optimise benefits and reduce harms. By providing reliable information about the possible
benefits, harms and burden of screening, our results facilitate an evidence-based approach
for formulating guidelines and making informed decisions about screening participation. Our
research suggests that varying screening stop age from <66 to 90 years depending on age, sex,
comorbidity status and screening history is a more efficient approach and results in better
patient outcomes than one that is based on age alone. These results may assist patients and
clinicians to make informed decisions about screening participation and could be used to
inform future colorectal cancer screening program guidelines.
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SUPPLEMENTARY METHODS

Supplementary Methods Table 5.1: Screen test characteristics.

Screen test Sensitivity (%) Specificity
Adenoma Adenoma Adenoma CRC.e.arIy CRC. I.ate (%)
<5mm 6-9mm >10mm preclinical preclinical ®
FIT15°® 0.0 21.6 38.8 31.1 67.7 95.5
FIT23° 0.0 17.6 34.0 29.5 66.0 96.7
gFOBT (Hemoccult 1) © 0.0 1.3 6.5 18.2 50.8 98.0
Colonoscopy %&f 75.0 85.0 95.0 95.0 95.0 86.0

Abbreviations: CRC, colorectal cancer; FIT23, faecal immunochemical test, 23 ug Hb/g faeces cut-off value (7.5%

positivity); FIT15, faecal immunochemical test, 15 pg Hb/g cut-off value (9% positivity)

a.  We assume that occult blood screening is more sensitive in cancers as they progress towards becoming
symptomatic (visible bleeding) and clinically detectable.?® For preclinical cancers which will become
symptomatic within the same stage, assumed test sensitivity is higher.

Specificity and sensitivity of FIT derived from the Dutch colorectal cancer screening program.’

c. Specificity and sensitivity of gFOBT based on a prior calibration of the MISCAN model to three large gFOBT

screening trials.?

d. Sensitivity of colonoscopy for the detection of adenomas and CRC within the reach of the endoscope was
obtained from a systematic review on miss rates observed in tandem colonoscopy studies.*®

e. The lack of specificity with endoscopy reflects the detection of non-adenomatous lesions, where the non-
adenomatous lesions are removed and therefore induce polypectomy and biopsy or lead to (unnecessary)
referral with sigmoidoscopy. The evidence synthesis reported no specificity for endoscopy for any
adenoma. Specificity for colonoscopy is therefore based on Schroy et al, 2013.2°

f.  We assume the same test characteristics for diagnostic colonoscopy as for screening colonoscopy.
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SUPPLEMENTARY RESULTS

Supplementary Results Table 5.1: Benefits and harms of screening 1,000 females by age and
comorbidity under varying prior screening assumptions with biennial faecal immunochemical
testing or colonoscopy. The faecal immunochemical test had a positivity of 7.5% (23 ug Hb/g
faeces).

a. Perfect prior screening with biennial FIT.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive i [¢ i Complicati years deaths NNS/LYG ~ NNS/CDP  NNSC/LYG  NNSc/CDP
tests cases gained __prevented
L Screen through age 74 (vs. 72) 17.3 0.3 35.8 0.1 6.9 0.9 145 1141 5.2 40.8
< Screen through age 76 (vs. 74) 19.0 0.3 37.6 0.1 6.4 0.9 157 1147 5.9 431
Screen through age 66 19.1 0.1 46.6 0.1 12.0 11 83 923 39 43.0
Screen through age 68 17.5 0.1 409 0.1 10.7 1.0 93 965 3.8 39.5
Screen through age 70 286 0.1 513 0.1 10.4 11 9% 930 49 4717
Screen through age 72 17.4 0.2 38.9 0.1 8.6 1.0 116 1006 4.5 39.2
Z  Screenthrough age 74 17.3 0.2 36.2 0.1 7.8 10 128 1042 4.6 37.7
3 Screen through age 76 19.0 0.2 38.2 0.1 73 1.0 138 1024 53 39.1
g Screen through age 78 16.8 03 335 0.1 6.8 10 146 1009 49 338
8 screen through age 80 27.0 0.4 4556 0.1 6.8 11 147 918 6.7 419
2 Screen through age 82 16.3 0.6 34.9 0.1 6.0 11 167 925 5.8 323
Screen through age 84 16.2 0.7 35.9 0.1 5.1 1.0 197 958 7.1 34.4
Screen through age 86 17.7 0.9 39.8 0.1 4.0 0.9 249 1057 9.9 421
Screen through age 88 16.0 11 37.2 0.1 29 0.8 344 1237 12.8 46.0
Screen through age 90 26.3 13 495 0.1 2.0 0.7 503 1506 24.9 74.5
Screen through age 66 19.1 0.1 453 0.1 10.5 10 95 1026 43 46.4
Screen through age 68 175 0.2 395 0.1 8.9 0.9 112 1114 4.4 44.0
Screen through age 70 28.6 0.2 50.2 0.1 8.6 0.9 116 1077 5.8 54.1
Screen through age 72 17.4 0.2 37.9 0.1 75 0.9 134 1138 5.1 432
Screen through age 74 17.3 03 35.6 0.1 6.2 0.8 161 1232 57 438
g Screenthroughage 76 18.9 03 375 0.1 5.7 0.8 174 1214 65 455
E  Screen throughage 78 16.8 0.4 333 0.1 5.6 0.9 178 1146 5.9 382
S Screen through age 80 27.0 05 4556 0.1 5.6 10 178 1034 8.1 47.1
S Screenthrough age 82 16.3 07 34.6 0.1 5.1 10 195 1037 6.8 359 A
Screen through age 84 16.2 0.8 35.6 0.1 41 0.9 241 1100 8.6 39.2 e
Screen through age 86 17.7 1.0 39.6 0.1 36 0.9 280 1129 111 44.8 )
Screen through age 88 16.0 12 36.7 0.1 26 0.7 378 1344 13.8 493 °
Screen through age 90 26.3 13 492 0.1 18 0.6 548 1617 26.9 79.5 @©
Screen through age 66 19.1 0.2 44.1 0.1 93 0.9 108 1124 4.8 49.6 6
Screen through age 68 17.5 0.2 39.1 0.1 83 0.9 120 1166 4.7 456
Screen through age 70 286 0.2 49.8 0.1 8.0 0.9 124 1129 6.2 56.3
£ Screen through age 72 17.4 03 37.2 0.1 6.4 0.8 155 1260 5.8 46.9
3 screenthroughage74 17.4 03 35.4 0.1 5.6 0.8 179 1331 63 471
2  Screen through age 76 18.9 0.4 37.1 0.1 5.0 0.8 199 1324 7.4 49.2
8 screen through age 78 16.8 05 331 0.1 47 0.8 211 1279 7.0 424
£ Screenthrough age 80 27.0 0.6 453 0.1 47 0.8 213 1178 9.7 53.4
§  Screen through age 82 16.3 0.8 343 0.1 4.1 0.8 242 1185 83 40.7
S Screenthrough age 84 16.3 1.0 35.4 0.1 35 0.8 285 1245 10.1 44.0
Screen through age 86 17.7 11 39.3 0.1 2.8 07 361 1351 14.2 53.1
Screen through age 88 16.1 13 36.4 0.1 2.0 06 492 1595 17.9 58.1
Screen through age 90 26.3 14 487 0.1 1.4 05 690 1881 33.6 916
Screen through age 66 19.1 0.2 214 0.1 7.2 0.7 140 1425 5.8 59.1
Screen through age 68 175 03 36.8 0.1 6.1 07 163 1522 6.0 56.0
Screen through age 70 286 03 475 0.1 5.6 07 179 1521 85 722
> Screen through age 72 17.4 0.4 35.0 0.1 45 0.6 222 1717 7.8 60.1
screen through age 74 17.4 0.4 33.7 0.1 39 0.6 254 1792 8.6 60.3
€ screen through age 76 19.0 05 35.7 0.1 36 06 280 1774 10.0 633
£ Screenthrough age 78 16.8 0.6 322 0.1 32 06 309 1737 10.0 55.9
@ Screen through age 80 27.0 0.8 445 0.1 32 06 311 159 13.9 710
£ Screen through age 82 16.3 1.0 335 0.1 27 0.6 373 1643 125 55.1
®  Screen through age 84 16.2 12 344 0.1 23 06 437 1722 15.1 59.2
Screen through age 86 17.7 14 38.2 0.1 17 05 574 1926 21.9 735
Screen through age 88 16.1 15 35.4 0.1 14 05 737 2141 26.1 75.9

Screen through age 90 26.2 1.7 47.6 0.1 0.9 0.4 1078 2675 51.3 127.4
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b.

Most prior screening with biennial FIT.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG ~ NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 17.3 03 35.8 0.1 6.9 0.9 145 1141 5.2 40.8
< Screen through age 76 (vs. 74) 19.0 0.3 37.6 0.1 6.4 0.9 157 1147 5.9 43.1
Screen through age 66 20.0 0.2 63.5 0.2 17.0 1.6 59 642 37 40.8
Screen through age 68 19.2 0.2 56.7 0.2 15.7 15 64 655 3.6 371
Screen through age 70 223 0.2 57.4 0.2 145 15 69 657 4.0 37.7
Screen through age 72 225 0.3 56.1 0.2 125 1.4 80 696 45 39.1
z Screen through age 74 214 0.3 50.5 0.2 11.2 1.4 89 725 4.5 36.6
E Screen through age 76 203 0.4 48.3 0.2 10.0 14 100 739 4.8 35.7
E Screen through age 78 19.0 0.5 43.2 0.1 9.4 14 106 729 4.6 315
S Screen through age 80 20.1 0.6 44.7 0.1 9.1 15 110 687 49 30.8
2 Screen through age 82 20.5 0.8 46.6 0.2 7.9 1.4 127 699 5.9 32.6
Screen through age 84 201 11 47.5 0.2 6.9 1.4 144 708 6.9 336
Screen through age 86 194 13 48.0 0.2 5.5 13 182 774 8.7 371
Screen through age 88 18.7 16 48.1 0.2 4.0 11 250 901 12.0 433
Screen through age 90 19.0 1.9 48.9 0.2 2.9 0.9 348 1074 17.0 52.6
Screen through age 66 20.0 0.2 613 0.2 15.1 1.4 66 708 4.1 43.5
Screen through age 68 19.2 0.3 54.7 0.2 131 13 76 755 4.2 413
Screen through age 70 22.2 0.3 55.4 0.2 122 13 82 758 4.5 42.0
Screen through age 72 225 0.3 54.5 0.2 10.6 13 94 795 5.1 433
;g Screen through age 74 21.4 0.4 49.3 0.2 9.0 12 111 841 5.5 415
-.g Screen through age 76 20.2 0.5 47.3 0.1 7.9 1.1 126 872 6.0 41.2
g Screen through age 78 18.9 0.6 43.0 0.1 7.8 12 129 832 5.5 35.8
_: Screen through age 80 20.0 0.7 44.5 0.1 7.5 13 133 780 5.9 34.7
s Screen through age 82 205 1.0 46.3 0.2 6.8 13 146 784 6.8 36.3
Screen through age 84 20.1 12 47.2 0.2 5.7 13 175 799 82 37.7
Screen through age 86 19.4 1.4 47.7 0.2 4.9 12 203 825 9.7 39.4
Screen through age 88 18.7 18 47.3 0.2 3.6 1.0 276 985 13.0 46.5
Screen through age 90 19.1 2.0 48.5 0.2 2.6 0.9 378 1143 18.3 55.4
Screen through age 66 20.0 0.3 59.5 0.2 132 13 76 784 45 46.6
Screen through age 68 19.2 03 53.9 0.2 12.2 13 82 793 4.4 42.8
Screen through age 70 22.2 0.3 54.8 0.2 114 1.2 88 800 4.8 43.9
Z Screen through age 72 225 0.4 53.4 0.2 9.2 11 109 889 5.8 47.5
g Screen through age 74 21.4 0.4 49.0 0.1 8.2 11 123 904 6.0 44.3
E Screen through age 76 20.2 0.6 46.7 0.1 6.9 1.1 145 951 6.8 44.4
8 Screen through age 78 19.0 0.7 42.7 0.1 6.5 11 153 931 6.5 39.7
% Screen through age 80 20.0 0.9 44.2 0.1 6.2 11 161 893 7.1 39.4
2 Screen through age 82 205 11 46.0 0.1 5.6 11 180 888 83 40.8
En Screen through age 84 20.1 14 46.8 0.2 4.9 11 205 896 9.6 42.0
Screen through age 86 19.4 1.6 47.1 0.2 38 1.0 261 976 123 45.9
Screen through age 88 18.7 1.9 46.9 0.2 2.8 0.9 358 1175 16.8 55.1
Screen through age 90 19.0 2.2 47.8 0.2 2.1 0.7 471 1337 22.5 63.9
Screen through age 66 20.0 0.4 54.9 0.2 103 1.0 97 981 53 53.9
Screen through age 68 19.2 0.4 49.9 0.2 9.0 1.0 112 1043 5.6 52.1
Screen through age 70 222 0.5 51.0 0.2 7.9 0.9 127 1079 6.5 55.1
> Screen through age 72 225 0.6 50.0 0.1 6.3 0.8 158 1202 7.9 60.0
f‘é Screen through age 74 21.4 0.7 46.2 0.1 5.6 0.8 179 1246 8.2 57.5
g Screen through age 76 20.2 0.8 44.6 0.1 5.0 0.8 201 1249 9.0 55.7
E Screen through age 78 19.0 0.9 413 0.1 4.5 0.8 224 1267 93 52.4
; Screen through age 80 20.0 12 43.0 0.1 4.2 0.8 238 1209 10.2 52.0
s Screen through age 82 20.5 14 44.8 0.1 3.7 0.8 270 1191 121 53.3
2 Screen through age 84 201 17 45.4 0.2 3.2 0.8 315 1228 143 55.7
Screen through age 86 19.4 2.0 45.6 0.2 25 0.7 407 1383 18.6 63.0
Screen through age 88 18.7 23 45.6 0.2 1.9 0.6 532 1559 24.2 711
Screen through age 90 19.0 2.5 46.3 0.2 14 0.5 707 1839 32.8 85.2
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c. Reasonable prior screening with biennial FIT.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive i [ i Complicati years deaths NNS/LYG ~ NNS/CDP  NNSC/LYG  NNSc/CDP
tests cases gained __prevented
,  Screen through age 74 (vs. 72) 173 03 35.8 0.1 6.9 0.9 145 1141 5.2 40.8
< screen through age 76 (vs. 74) 19.0 03 37.6 0.1 6.4 0.9 157 1147 5.9 431
Screen through age 66 21.9 0.2 82.1 03 21.7 2.0 46 500 3.8 41.0
Screen through age 68 211 03 73.9 0.2 203 2.0 49 503 36 37.2
Screen through age 70 219 03 71.2 0.2 19.0 2.0 53 502 3.8 35.8
Screen through age 72 224 0.4 69.6 0.2 16.3 19 61 531 43 37.0
Z  Screenthrough age 74 224 0.4 63.1 02 143 18 70 561 4.4 354
3 screenthroughage 76 219 05 60.4 02 13.0 18 77 567 4.6 34.2
S screenthroughage 78 209 06 53.4 02 12.0 1.8 83 566 4.4 302
8 screen through age 80 206 0.8 52.7 0.2 11.4 1.8 88 550 4.6 289
2 screen through age 82 206 1.0 53.9 02 9.7 18 103 565 5.6 304
Screen through age 84 20.7 13 55.5 0.2 8.5 17 118 577 6.5 320
Screen through age 86 205 16 562 02 6.9 16 145 625 8.2 351
Screen through age 88 202 2.0 57.0 0.2 5.1 14 196 710 11.2 40.4
Screen through age 90 202 2.4 57.2 0.2 35 1.1 288 880 16.5 50.3
Screen through age 66 21.9 03 79.1 03 19.1 1.8 52 550 4.1 435
Screen through age 68 211 0.4 70.8 0.2 16.9 17 59 581 4.2 411
Screen through age 70 21.9 0.4 68.3 0.2 15.8 17 63 580 43 39.6
Screen through age 72 224 05 67.1 0.2 13.7 16 73 610 4.9 40.9
£ Screenthrough age 74 225 06 61.4 0.2 11.4 15 88 669 5.4 411
g Screenthroughage 76 218 0.7 59.1 0.2 103 15 97 671 5.7 39.6
£ Screenthroughage 78 20.9 0.7 53.0 0.2 9.8 15 102 653 5.4 346
S screen through age 80 206 1.0 52.4 02 9.3 16 108 625 56 328
S Screenthrough age 82 20.6 12 53.5 0.2 8.4 16 119 630 6.4 337
Screen through age 84 207 15 55.0 02 7.0 15 143 651 7.8 358
Screen through age 86 205 18 56.1 0.2 6.2 15 162 667 9.1 37.4
Screen through age 88 20.2 22 55.9 02 46 13 216 773 12.1 432
Screen through age 90 202 2.6 56.7 0.2 3.2 1.1 312 940 17.7 53.3
Screen through age 66 219 03 76.4 0.2 16.9 16 59 607 4.5 46.4
Screen through age 68 211 0.4 69.7 0.2 15.7 16 64 613 4.4 2.7
Screen through age 70 219 0.4 67.3 0.2 14.6 16 69 615 4.6 414
Z  Screen through age 72 25 05 65.7 0.2 121 15 83 665 5.4 437
2 screenthroughage74 225 06 60.9 0.2 10.3 14 97 707 5.9 43.0
2 Screen through age 76 218 07 58.3 0.2 9.0 14 112 739 65 43.0
8 screen through age 78 209 0.9 52.5 0.2 8.2 1.4 121 736 6.4 38.7
£ Screenthrough age 80 20.6 11 52.0 0.2 7.8 1.4 129 711 6.7 37.0
£ Screen through age 82 206 13 53.1 02 6.7 14 148 728 7.9 38.6
S Screenthroughage 84 207 17 54.6 0.2 5.9 14 169 736 9.2 401 0
Screen through age 86 205 20 55.3 02 4.9 13 206 783 114 433 e
Screen through age 88 202 25 55.4 0.2 36 11 280 923 15.5 51.2 9
Screen through age 90 20.2 2.8 55.8 0.2 2.6 0.9 389 1094 21.7 61.1 o
Screen through age 66 21.9 05 69.9 0.2 13.0 13 77 768 5.4 53.7 ©
Screen through age 68 212 06 63.9 0.2 115 13 87 799 55 51.0 6
Screen through age 70 219 0.7 61.5 02 10.2 12 98 827 6.0 50.9
.. Screen through age 72 224 0.8 60.4 0.2 8.4 11 120 908 72 54.9
B screen through age 74 225 0.9 56.8 0.2 7.2 1.0 139 960 7.9 54.6
€ screenthroughage 76 21.8 1.0 55.1 02 6.4 1.0 156 972 8.6 53.5
E  Screen through age 78 209 12 50.6 0.2 55 1.0 182 1017 9.2 515
@ Screen through age 80 206 15 50.3 02 53 1.0 190 969 95 48.7
$  Screen through age 82 20.6 18 515 0.2 4.4 1.0 225 991 116 51.0
“  Screen through age 84 20.7 22 52.7 02 3.8 1.0 261 1015 13.8 53.5
Screen through age 86 205 25 53.2 0.2 3.0 0.9 332 1118 17.7 59.4
Screen through age 88 202 2.9 53.7 0.2 24 0.8 416 1250 223 67.1

Screen through age 90 20.2 3.2 53.9 0.2 1.7 0.7 582 1496 313 80.6




220 | Chapter 5

d.

Some prior screening with biennial FIT.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive [ years deaths NNS/LYG ~ NNS/CDP  NNSC/LYG  NNSc/CDP
tests cases gained __prevented
S Screen through age 74 (vs. 72) 173 0.3 35.8 0.1 6.9 0.9 145 1141 5.2 40.8
< screen through age 76 (vs. 74) 19.0 03 37.6 0.1 6.4 0.9 157 1147 5.9 43.1
Screen through age 66 24.2 0.3 117.5 0.4 30.8 2.9 32 348 3.8 40.9
Screen through age 68 238 0.4 107.1 0.4 285 2.8 35 351 3.8 37.6
Screen through age 70 23.7 0.4 1029 0.4 27.5 29 36 344 37 354
Screen through age 72 238 05 100.5 0.4 234 27 43 364 43 36.6
Z  Screenthrough age 74 238 0.6 90.4 03 209 26 48 377 43 34.1
3 screenthrough age 76 235 0.7 86.3 03 18.8 26 53 387 4.6 334
g Screenthroughage 78 22.9 0.9 74.6 03 17.4 26 57 390 43 29.1
8 screen through age 80 225 11 72.4 03 16.1 26 62 385 4.5 27.9
2 Screen through age 82 221 15 73.1 03 13.7 25 73 397 53 29.1
Screen through age 84 21.9 19 73.9 03 115 24 87 420 6.4 311
Screen through age 86 21.9 2.4 74.5 03 9.2 22 109 459 8.1 34.2
Screen through age 88 218 2.9 75.3 03 7.0 19 143 520 10.7 39.1
Screen through age 90 21.7 3.4 75.0 03 4.9 16 204 621 15.3 46.6
Screen through age 66 24.2 0.4 1127 0.4 27.0 26 37 385 2.2 43.4
Screen through age 68 238 05 1017 0.4 236 25 42 406 43 413
Screen through age 70 23.7 0.6 97.7 03 226 25 4 401 43 39.2
Screen through age 72 238 07 96.3 03 19.9 24 50 415 4.8 39.9
£ Screenthrough age 74 238 0.8 87.3 03 16.8 22 60 447 5.2 39.0
g Screenthroughage76 235 1.0 84.1 03 14.8 22 67 462 5.7 38.8
£ Screenthroughage 78 22.9 11 73.9 03 14.1 22 71 454 53 335
S screen through age 80 226 14 71.9 03 13.2 23 76 439 55 316
S Screenthrough age 82 222 17 723 03 11.8 22 85 446 6.1 322
Screen through age 84 21.9 22 73.1 03 9.4 2.1 106 479 7.8 35.0
Screen through age 86 21.9 25 74.1 03 8.2 2.0 122 493 9.0 36.6
Screen through age 88 218 32 73.7 03 6.4 18 157 563 116 415
Screen through age 90 21.7 3.6 74.2 03 4.6 15 219 662 16.2 49.1
Screen through age 66 24.2 05 1083 0.4 239 2.4 42 423 45 45.8
Screen through age 68 238 05 100.1 03 220 23 45 429 45 43.0
Screen through age 70 23.7 0.6 96.2 03 209 23 48 426 4.6 410
Z  Screenthrough age 72 238 0.8 93.8 03 17.3 22 58 462 5.4 433
2 screenthroughage74 238 0.9 86.2 03 15.0 21 67 487 5.8 420
2 Screenthrough age 76 235 11 82.7 03 12.9 2.0 77 507 6.4 419
8 screen through age 78 229 12 73.2 03 11.9 2.0 84 508 6.1 37.2
£ Screenthrough age 80 226 16 71.2 03 111 2.0 %0 498 6.4 354
£ Screen through age 82 222 19 716 03 95 2.0 106 512 7.6 36.7
S Screenthrough age 84 21.9 24 723 03 8.0 18 125 541 9.0 39.1
Screen through age 86 21.9 29 72.9 03 6.4 17 156 584 114 426
Screen through age 88 218 35 73.0 03 4.9 15 204 668 14.9 48.8
Screen through age 90 21.7 3.9 72.9 03 3.6 13 274 778 20.0 56.7
Screen through age 66 24.1 0.7 98.2 03 18.6 19 54 534 53 524
Screen through age 68 23.7 0.8 90.7 03 16.3 18 61 558 56 50.6
Screen through age 70 23.7 1.0 87.0 03 14.6 17 69 577 6.0 50.2
.. Screen through age 72 238 11 84.9 03 11.9 16 84 633 7.1 53.7
B screen through age 74 238 13 79.2 03 10.6 15 9 652 75 516
€ screen through age 76 235 15 76.8 03 96 15 104 664 8.0 51.0
E Screen through age 78 22.9 17 70.0 03 8.2 15 122 685 8.6 47.9
@ Screen through age 80 226 2.1 68.4 03 75 15 133 673 9.1 46.0
£ Screen through age 82 222 25 68.9 03 6.2 14 162 708 11.2 48.7
“  Screen through age 84 21.9 3.1 69.5 03 5.2 14 191 741 133 514
Screen through age 86 21.9 36 69.7 03 41 12 244 823 17.0 57.4
Screen through age 88 218 4.1 703 03 32 11 308 905 216 63.6
Screen through age 90 21.7 4.6 69.9 03 24 0.9 413 1066 28.9 74.5
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e. No prior screening with biennial FIT.
HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive C C years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG  NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 17.3 0.3 35.8 0.1 6.9 0.9 145 1141 5.2 40.8
< Screen through age 76 (vs. 74) 19.0 0.3 37.6 0.1 6.4 0.9 157 1147 5.9 43.1
Screen through age 66 27.8 0.6 190.3 0.7 48.8 4.7 20 214 3.9 40.8
Screen through age 68 27.7 0.7 1796 0.7 47.8 4.8 21 208 3.8 373
Screen through age 70 27.7 0.8 178.7 0.7 46.6 5.0 21 199 3.8 35.5
Screen through age 72 27.5 1.0 180.1 0.7 41.3 4.9 24 203 4.4 36.6
Z Screen through age 74 273 1.2 165.0 0.7 38.2 4.9 26 204 4.3 337
g Screen through age 76 26.9 1.4 161.2 0.7 35.3 4.9 28 203 4.6 32.8
E Screen through age 78 26.3 1.7 1374 0.6 325 4.9 31 205 4.2 28.2
8 Screen through age 80 25.9 2.1 1325 0.6 30.1 4.9 33 204 4.4 27.0
2 Screen through age 82 25.6 2.8 1355 0.6 25.8 4.8 39 210 53 28.4
Screen through age 84 25.2 36 137.8 0.6 220 4.6 45 218 6.3 30.1
Screen through age 86 25.0 4.6 1394 0.6 17.8 4.2 56 236 7.8 329
Screen through age 88 248 5.7 140.0 0.6 133 3.7 75 269 10.5 37.6
Screen through age 90 24.7 6.9 140.0 0.6 9.4 3.1 106 318 14.8 44.5
Screen through age 66 27.8 0.7 181.2 0.7 43.1 4.2 23 237 4.2 42.9
Screen through age 68 27.7 09 169.5 0.6 39.1 4.1 26 241 43 40.9
Screen through age 70 27.7 1.1 168.8 0.6 38.5 43 26 231 4.4 39.1
Screen through age 72 27.5 13 1716 0.7 35.2 43 28 231 49 39.7
;‘E Screen through age 74 27.3 1.5 158.6 0.6 30.6 4.2 33 241 5.2 38.2
-g Screen through age 76 26.9 19 155.6 0.6 279 4.2 36 241 5.6 374
g Screen through age 78 26.4 21 135.7 0.6 26.2 4.2 38 238 5.2 323
_: Screen through age 80 25.9 25 1315 0.6 248 4.3 40 233 5.3 30.6
E Screen through age 82 25.6 33 1338 0.6 221 4.2 45 236 6.0 315
Screen through age 84 25.2 4.1 136.0 0.6 17.8 4.0 56 250 7.6 34.0
Screen through age 86 25.0 4.9 1384 0.6 15.7 39 64 256 8.8 35.4
Screen through age 88 248 6.2 136.2 0.6 12.0 3.4 83 293 11.3 40.0
Screen through age 90 24.7 7.3 138.1 0.6 8.8 3.0 114 338 15.7 46.6
Screen through age 66 278 0.8 1738 0.6 379 38 26 261 4.6 45.4
Screen through age 68 27.7 1.0 166.4 0.6 36.4 39 27 255 4.6 42.4
Screen through age 70 27.7 11 165.9 0.6 35.8 4.1 28 244 4.6 40.5
E Screen through age 72 274 1.4 166.5 0.7 30.7 39 33 256 5.4 426
g Screen through age 74 27.3 1.7 156.6 0.6 275 3.9 36 259 5.7 40.6
E Screen through age 76 26.9 2.1 152.7 0.6 243 38 41 265 6.3 40.5
S Screen through age 78 26.4 2.4 1340 0.6 223 38 45 266 6.0 35.7
g Screen through age 80 25.9 29 129.7 0.6 209 3.8 48 263 6.2 341
% Screen through age 82 25.6 37 1321 0.6 17.7 3.7 56 272 7.5 359
ED Screen through age 84 25.2 4.6 1341 0.6 15.0 35 66 284 8.9 38.1
Screen through age 86 25.0 5.6 1354 0.6 123 33 82 304 111 41.2
Screen through age 88 24.8 6.8 134.4 0.6 9.2 29 108 350 14.6 47.0
Screen through age 90 24.7 7.9 135.0 0.6 7.0 2.5 143 397 19.4 53.5
Screen through age 66 27.8 1.2 155.8 0.6 29.3 3.0 34 330 5.3 51.4
Screen through age 68 27.7 1.4 1485 0.6 26.9 3.0 37 333 5.5 49.5
Screen through age 70 27.6 1.7 1473 0.6 248 3.0 40 331 5.9 48.8
o Screen through age 72 275 2.0 1478 0.6 21.2 2.8 47 351 7.0 51.9
f‘é Screen through age 74 27.3 2.4 1413 0.6 19.1 2.8 52 355 7.4 50.2
g Screen through age 76 26.9 2.8 139.6 0.6 17.6 28 57 352 79 49.2
E Screen through age 78 26.4 33 126.4 0.5 15.1 2.7 66 365 8.4 46.1
; Screen through age 80 259 4.0 1234 0.5 14.1 2.8 71 358 8.7 44.2
s Screen through age 82 25.6 4.8 1256 0.5 11.6 2.7 86 373 10.8 46.9
d Screen through age 84 25.2 5.9 127.1 0.6 9.9 2.6 101 390 12.9 49.6
Screen through age 86 25.0 7.0 127.6 0.6 7.7 23 129 429 16.5 54.7
Screen through age 88 24.8 8.0 128.0 0.6 6.1 2.1 163 472 20.9 60.5
Screen through age 90 24.7 9.2 127.7 0.6 4.6 1.8 219 544 27.9 69.4
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f.

Colonoscopy 10 years prior.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive & years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG ~ NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 173 03 35.8 0.1 6.9 0.9 145 1141 52 40.8
< screen through age 76 (vs. 74) 19.0 0.3 37.6 0.1 6.4 0.9 157 1147 5.9 43.1
Screen through age 66 30.8 0.1 52.7 0.1 8.6 0.7 117 1403 6.1 73.9
Screen through age 67 30.8 0.1 52.3 0.1 8.4 0.7 119 139% 6.2 73.0
Screen through age 68 30.8 0.1 50.7 0.1 8.2 0.7 121 1378 6.2 69.9
Screen through age 69 30.8 0.1 50.7 0.1 8.1 0.7 124 1338 6.3 67.9
Screen through age 70 30.8 0.1 50.5 0.1 7.9 0.7 127 1335 6.4 67.4
Screen through age 71 30.7 0.1 50.5 0.1 7.4 0.7 134 1354 6.8 68.4
Screen through age 72 30.7 0.1 50.4 0.1 7.1 0.7 140 1348 7.1 68.0
Screen through age 73 30.7 0.1 48.6 0.1 6.9 0.7 145 1362 7.0 66.2
Screen through age 74 30.6 0.1 48.7 0.1 6.7 0.7 150 1356 7.3 66.0
Screen through age 75 306 0.2 48.5 0.1 6.4 0.7 156 1368 7.6 66.4
z Screen through age 76 303 0.2 48.8 0.1 6.0 0.7 165 1367 8.1 66.7
E Screen through age 77 30.1 0.2 49.0 0.1 5.9 0.7 170 1343 8.4 65.8
E Screen through age 78 29.9 0.2 46.9 0.1 57 0.8 176 1324 8.2 62.1
S Screen through age 79 29.7 0.3 47.4 0.1 5.6 0.8 178 1284 8.4 60.9
2 Screen through age 80 29.5 0.3 47.5 0.1 5.5 0.8 181 1237 8.6 58.7
Screen through age 81 293 0.3 48.1 0.1 53 0.8 188 1222 91 58.7
Screen through age 82 29.0 0.4 48.8 0.1 53 0.9 188 1167 9.2 57.0
Screen through age 83 28.8 0.4 483 0.1 51 0.9 195 1160 9.4 56.0
Screen through age 84 286 0.5 49.1 0.1 5.2 0.9 193 1105 9.5 54.2
Screen through age 85 28.5 0.6 49.6 0.1 51 0.9 197 1078 9.8 53.4
Screen through age 86 28.5 0.6 49.4 0.1 4.4 0.8 228 1178 112 58.1
Screen through age 87 28.6 0.6 49.2 0.1 3.8 0.8 264 1280 13.0 62.9
Screen through age 88 28.7 0.7 49.2 0.1 33 0.7 304 1392 15.0 68.4
Screen through age 89 287 0.7 49.1 01 2.9 0.7 344 1481 16.9 72.7
Screen through age 90 28.8 0.7 48.7 0.1 2.5 0.6 403 1610 19.6 78.4
Screen through age 66 30.8 0.1 51.7 0.1 7.6 0.6 132 1542 6.8 79.7
Screen through age 67 30.8 0.1 51.3 0.1 7.2 0.6 139 1544 7.1 79.3
Screen through age 68 30.8 0.1 49.8 0.1 6.8 0.6 147 1580 73 78.7
Screen through age 69 30.8 0.1 49.9 0.1 6.8 0.7 148 1529 7.4 76.3
Screen through age 70 30.8 0.1 49.7 0.1 6.5 0.7 154 1524 77 75.7
Screen through age 71 30.7 0.1 49.4 0.1 5.8 0.6 171 1595 8.5 78.8
Screen through age 72 30.7 0.2 49.7 0.1 6.2 0.7 162 1512 8.1 75.1
Screen through age 73 30.7 0.2 48.1 0.1 5.7 0.6 174 1559 8.4 75.0
Screen through age 74 30.7 0.2 48.3 0.1 5.5 0.6 181 1552 8.7 74.9
Screen through age 75 30.6 0.2 48.0 0.1 5.4 0.6 185 1561 8.9 75.0
% Screen through age 76 30.4 0.2 483 0.1 49 0.6 205 1589 9.9 76.8
-g Screen through age 77 30.1 0.2 48.6 0.1 4.9 0.6 206 1550 10.0 753
g Screen through age 78 29.9 0.3 46.7 01 4.6 0.7 216 1534 10.1 717
= Screen through age 79 29.7 0.3 47.1 0.1 4.7 0.7 215 1463 10.1 68.9
s Screen through age 80 295 0.3 47.3 0.1 4.6 0.7 216 1372 10.2 65.0
Screen through age 81 293 0.4 48.0 0.1 4.5 0.7 222 1353 10.7 64.9
Screen through age 82 29.0 0.4 48.7 0.1 4.6 0.8 215 1290 10.5 62.8
Screen through age 83 28.8 0.5 48.2 0.1 4.6 0.8 216 1241 104 59.8
Screen through age 84 28.6 0.6 48.9 0.1 4.4 0.8 229 1235 11.2 60.4
Screen through age 85 28.5 0.6 49.4 0.1 47 0.9 214 1153 10.6 56.9
Screen through age 86 28.5 0.6 49.3 0.1 4.0 0.8 251 1250 124 61.7
Screen through age 87 286 0.7 49.0 0.1 35 0.7 289 1359 14.2 66.6
Screen through age 88 28.7 0.7 48.9 0.1 3.0 0.7 330 1487 16.1 72.7
Screen through age 89 28.7 0.7 49.1 0.1 27 0.6 364 1551 17.9 76.1
Screen through age 90 28.8 0.8 48.6 0.1 2.3 0.6 432 1690 21.0 82.0
Screen through age 66 30.8 0.1 50.9 0.1 6.8 0.6 148 1668 75 84.9
Screen through age 67 30.8 0.1 50.8 01 6.4 0.6 155 1659 7.9 84.3
Screen through age 68 30.8 0.1 49.6 0.1 6.2 0.6 160 1655 8.0 82.1
Screen through age 69 30.8 0.1 49.6 0.1 6.2 0.6 162 1629 8.0 80.8
Screen through age 70 30.8 0.1 49.4 0.1 6.1 0.6 164 1588 8.1 78.5
Screen through age 71 30.7 0.2 49.3 0.1 5.6 0.6 178 1626 8.8 80.1
Screen through age 72 30.7 0.2 49.1 0.1 5.4 0.6 184 1644 9.0 80.8
Screen through age 73 30.7 0.2 47.8 0.1 5.2 0.6 193 1667 9.2 79.7
Screen through age 74 30.6 0.2 48.0 0.1 5.0 0.6 200 1658 9.6 79.6
Zz Screen through age 75 30.6 0.2 47.9 0.1 4.7 0.6 215 1680 103 80.4
E Screen through age 76 304 0.2 48.1 0.1 4.3 0.6 232 1701 11.2 81.8
E Screen through age 77 30.1 0.3 48.2 0.1 4.2 0.6 239 1690 115 81.5
8 Screen through age 78 29.9 0.3 46.6 0.1 4.0 0.6 253 1669 11.8 77.8
% Screen through age 79 29.7 03 47.0 0.1 4.0 0.6 252 1608 119 75.6
2 Screen through age 80 29.5 0.4 47.1 0.1 3.9 0.6 258 1577 121 74.3
§ Screen through age 81 29.3 0.4 47.8 01 3.8 0.7 263 1511 12,6 722
Screen through age 82 29.0 0.5 48.4 0.1 3.8 0.7 261 1440 12.6 69.7
Screen through age 83 28.8 0.6 48.1 0.1 37 0.7 274 1424 131 68.4
Screen through age 84 28.7 0.6 48.7 0.1 37 0.7 269 1387 131 67.6
Screen through age 85 285 0.7 49.3 0.1 37 0.8 274 1322 13.5 65.1
Screen through age 86 28.5 0.7 49.1 0.1 33 0.7 307 1419 151 69.7
Screen through age 87 28.6 0.8 48.8 0.1 2.8 0.6 363 1573 17.7 76.8
Screen through age 88 28.7 0.8 48.8 0.1 25 0.6 397 1667 19.4 81.3
Screen through age 89 28.7 0.8 48.7 0.1 23 0.6 440 1756 21.4 85.6
Screen through age 90 28.8 0.8 48.4 0.1 2.0 0.5 507 1893 24.5 91.6
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Severe comorbidity

Screen through age 66
Screen through age 67
Screen through age 68
Screen through age 69
Screen through age 70
Screen through age 71
Screen through age 72
Screen through age 73
Screen through age 74
Screen through age 75
Screen through age 76
Screen through age 77
Screen through age 78
Screen through age 79
Screen through age 80
Screen through age 81
Screen through age 82
Screen through age 83
Screen through age 84
Screen through age 85
Screen through age 86
Screen through age 87
Screen through age 88
Screen through age 89
Screen through age 90

30.8
30.8

30.8
308
30.7
30.7

306
30.6
30.4
30.1

29.7
29.5
293

288
28.6
285
28.6

28.7
28.7
28.8

49.2
48.9

48.0
47.8
47.7
47.5

46.8
46.7
46.9
47.2

46.4
46.5
47.1

47.5
48.2
48.6
48.5

484
48.3
47.9

9.3
10.1

10.7
11.0
11.6
125

13.0
14.0
14.7
15.8

16.2
16.6
18.0

18.5
18.2
18.7
215

26.0
299
33.6

101.1
102.9
101.7
99.8
99.0
99.4
103.3
102.1
99.0
101.7
102.5
102.1
100.1
96.1
933
94.9

87.6
843
82.1
88.7

98.8
105.5
114.5
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g. Colonoscopy 15 years prior.

HARMS BENEFITS BALANCE
False- Over- Lfe-years Cancer
positive c . deaths NNS/LYG ~ NNS/CDP  NNSc/LYG ~ NNSc/CDP
tests cases gained prevented
L Screen through age 74 (vs. 72) 173 03 35.8 0.1 6.9 0.9 145 1141 5.2 40.8
< Screen through age 76 (vs. 74) 19.0 03 37.6 0.1 6.4 0.9 157 1147 5.9 43.1
Screen through age 66 312 0.1 61.7 0.1 122 1.0 82 1022 5.1 63.1
Screen through age 67 312 0.1 60.8 0.1 117 1.0 86 1029 5.2 62.5
Screen through age 68 313 0.1 58.0 0.1 113 1.0 88 1039 5.1 60.3
Screen through age 69 31.4 0.1 57.5 0.1 10.9 1.0 91 1035 53 59.5
Screen through age 70 314 0.1 56.6 0.1 103 0.9 97 1054 55 59.7
Screen through age 71 314 0.1 56.5 0.1 9.8 0.9 102 1063 5.7 60.1
Screen through age 72 313 0.2 56.2 0.1 9.4 0.9 106 1073 6.0 60.3
Screen through age 73 313 0.2 53.8 0.1 9.1 0.9 110 1080 5.9 58.1
Screen through age 74 313 0.2 53.8 0.1 9.0 0.9 112 1064 6.0 57.2
Screen through age 75 312 0.2 53.5 0.1 8.7 0.9 115 1066 6.2 57.0
Z  Screenthrough age 76 30.9 0.2 53.7 0.1 8.4 1.0 118 1051 6.4 56.4
2 Screenthrough age 77 30.7 03 53.9 0.1 8.2 1.0 123 1034 6.6 55.7
E Screen through age 78 30.5 03 513 0.1 8.1 1.0 124 1017 6.3 522
8 Screen through age 79 303 03 518 0.1 8.1 1.0 124 981 6.4 50.8
2 Screen through age 80 30.1 0.4 51.8 0.1 7.9 11 126 950 65 49.3
Screen through age 81 29.9 0.4 52.3 0.1 73 1.0 137 969 72 50.7
Screen through age 82 29.7 0.5 52.9 0.1 7.0 1.0 142 965 75 511
Screen through age 83 29.6 05 52.6 0.1 65 10 153 975 8.1 513
Screen through age 84 29.4 0.6 53.3 0.1 63 1.0 158 962 8.4 513
Screen through age 85 29.3 0.7 53.7 0.1 5.9 1.0 170 982 9.1 52.7
Screen through age 86 29.0 0.8 54.4 0.1 57 1.0 177 983 9.6 53.4
Screen through age 87 28.9 0.9 55.0 0.2 55 1.0 182 980 10.0 53.9
Screen through age 88 287 1.0 54.4 0.2 5.2 1.0 191 1003 10.4 54.6
Screen through age 89 285 11 55.1 0.2 53 1.0 189 980 10.4 53.9
Screen through age 90 28.4 12 55.4 0.2 5.1 1.0 195 997 10.8 55.2
Screen through age 66 312 0.1 60.4 0.1 10.7 0.9 93 1111 56 67.1
Screen through age 67 31.2 0.1 59.4 0.1 10.0 0.9 100 1140 5.9 67.8
Screen through age 68 313 0.2 56.9 0.1 9.6 0.9 104 1159 5.9 65.9
Screen through age 69 313 0.2 56.4 0.1 9.4 0.9 107 1154 6.0 65.1
Screen through age 70 314 0.2 55.6 0.1 8.8 0.8 114 1177 63 65.4
Screen through age 71 314 0.2 55.2 0.1 8.0 0.8 125 1233 6.9 68.1
Screen through age 72 313 0.2 55.3 0.1 82 0.8 122 1192 6.7 65.9
Screen through age 73 313 0.2 53.2 0.1 7.6 0.8 131 1232 7.0 65.5
Screen through age 74 313 0.2 53.2 0.1 7.4 0.8 135 1206 72 64.2
Screen through age 75 31.2 03 52.9 0.1 73 0.8 138 1214 73 64.2
£ | Sscreenthroughage76 31.0 03 53.0 0.1 6.9 0.8 145 1201 7.7 63.7
S Screenthrough age 77 30.7 03 53.4 0.1 6.9 0.9 144 1166 7.7 622
g Screen through age 78 305 03 511 0.1 6.7 0.9 150 1154 7.7 58.9
S Screenthrough age 79 303 0.4 514 0.1 6.7 0.9 149 1111 7.7 57.1
S Screenthrough age 80 30.1 0.4 517 0.1 6.7 0.9 150 1064 7.7 55.0
Screen through age 81 29.9 05 52.2 0.1 6.1 0.9 163 1086 85 56.7
Screen through age 82 29.7 0.6 52.7 0.1 6.2 0.9 162 1057 85 55.8
Screen through age 83 29.6 0.6 52.5 0.1 5.9 1.0 169 1042 8.9 54.8
Screen through age 84 29.4 0.7 53.1 0.1 5.4 0.9 184 1066 9.8 56.7
Screen through age 85 29.3 0.8 53.5 0.1 55 1.0 182 1044 9.7 55.8
Screen through age 86 29.1 0.9 54.3 0.1 52 1.0 191 1032 10.4 56.1
Screen through age 87 28.9 1.0 54.8 0.2 5.0 1.0 200 1046 11.0 57.3
Screen through age 88 28.7 11 54.0 0.2 4.8 0.9 207 1072 11.2 57.9
Screen through age 89 285 11 55.0 02 5.0 1.0 199 1018 10.9 56.0
Screen through age 90 28.4 12 55.3 0.2 4.9 1.0 203 1032 11.2 57.0
Screen through age 66 31.2 0.2 59.3 0.1 9.6 0.8 104 1211 6.2 719
Screen through age 67 312 0.2 58.6 0.1 9.2 0.8 109 1218 6.4 713
Screen through age 68 313 0.2 56.5 0.1 9.0 0.8 112 1210 63 68.3
Screen through age 69 313 0.2 56.0 0.1 8.7 0.8 115 1211 65 67.9
Screen through age 70 314 0.2 55.3 0.1 83 0.8 121 1225 6.7 67.7
Screen through age 71 314 0.2 55.0 0.1 7.7 0.8 129 1258 7.1 69.2
Screen through age 72 313 0.2 54.8 0.1 73 0.8 137 1279 75 70.1
Screen through age 73 313 0.2 52.9 0.1 7.0 0.8 144 1306 7.6 69.1
Screen through age 74 313 03 53.0 0.1 6.8 0.8 148 1282 7.8 68.0
Z  Screenthrough age 75 312 03 52.7 0.1 6.2 0.8 161 1323 85 69.7
3 screenthroughage 76 30.9 03 52.8 0.1 6.0 0.8 166 1303 8.8 68.7
g Screen through age 77 30.7 0.4 52.9 0.1 6.0 0.8 165 1271 8.7 67.3
8 screen through age 78 305 0.4 51.0 0.1 5.9 0.8 170 1241 8.7 63.2
£ screenthroughage 79 303 0.4 513 0.1 5.9 0.8 170 1213 87 623
§  Screen through age 80 301 0.5 514 0.1 5.8 0.8 173 1187 8.9 61.0
S Screenthroughage 81 29.9 0.6 52.0 0.1 53 0.8 190 1208 9.9 62.8
Screen through age 82 29.7 0.6 52.4 0.1 5.1 0.8 196 1193 103 62.6
Screen through age 83 29.6 07 52.3 0.1 47 0.8 211 1203 111 63.0
Screen through age 84 29.4 0.8 53.0 0.1 4.8 0.8 210 1179 111 62.5
Screen through age 85 29.3 0.9 53.3 0.1 4.4 0.8 226 1183 12.1 63.1
Screen through age 86 29.1 1.0 54.0 0.1 44 0.9 229 1175 124 63.5
Screen through age 87 28.9 11 54.5 02 4.2 0.8 236 1188 12.9 64.7
Screen through age 88 28.7 12 53.8 02 4.1 0.8 244 1198 13.2 64.5
Screen through age 89 28.6 13 54.5 02 4.3 0.9 234 1149 12.7 626
Screen through age 90 28.4 14 54.9 0.2 4.3 0.9 233 1134 12.8 62.3
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Screen through age 66 311 0.2 56.7 0.1 74 0.7 135 1503 7.6 85.3
Screen through age 67 31.2 0.2 56.1 0.1 7.0 0.7 144 1528 8.1 85.7
Screen through age 68 31.2 0.3 543 0.1 6.7 0.6 150 1558 8.1 84.5
Screen through age 69 313 03 53.9 01 6.5 0.6 155 1554 83 83.7
Screen through age 70 314 03 53.1 0.1 6.0 0.6 167 1590 89 84.5
Screen through age 71 313 03 53.0 0.1 5.7 0.6 176 1611 93 85.5
Screen through age 72 313 03 52.7 0.1 52 0.6 191 1665 10.1 87.8
Screen through age 73 313 0.4 51.6 0.1 49 0.6 202 1672 10.4 86.2
Screen through age 74 312 0.4 51.6 0.1 4.9 0.6 203 1628 10.5 84.0
> Screen through age 75 31.2 0.4 51.3 0.1 4.8 0.6 210 1648 10.8 84.6
i Screen through age 76 31.0 0.4 515 0.1 4.7 0.6 213 1628 11.0 83.8
g Screen through age 77 307 0.5 51.6 0.1 4.4 0.6 226 1630 11.7 84.1
5 Screen through age 78 305 05 50.2 0.1 4.2 0.6 235 1608 11.8 80.8
@ Screen through age 79 30.2 0.6 50.6 0.1 4.3 0.7 232 1529 11.7 77.4
% Screen through age 80 301 0.7 50.8 0.1 4.2 0.7 237 1498 12.0 76.0
v Screen through age 81 29.9 0.7 51.2 0.1 39 0.6 258 1540 13.2 78.9
Screen through age 82 29.7 0.8 51.7 0.1 37 0.7 272 1525 14.1 78.8
Screen through age 83 296 0.9 51.6 01 35 0.7 283 1511 14.6 78.0
Screen through age 84 29.4 1.0 52.3 0.1 35 0.7 290 1495 15.1 78.1
Screen through age 85 293 11 52.5 0.1 33 0.7 306 1499 16.1 78.8
Screen through age 86 29.1 12 53.2 0.1 32 0.7 315 1493 16.8 79.5
Screen through age 87 28.9 13 53.9 0.2 32 0.7 310 1458 16.7 78.6
Screen through age 88 287 1.4 53.2 0.1 32 0.7 314 1458 16.7 776
Screen through age 89 28.6 15 53.7 0.2 33 0.7 304 1411 16.4 75.8
Screen through age 90 28.5 1.6 54.1 0.2 3.4 0.7 295 1379 16.0 74.7

Abbreviations: Av, average health; NNS/LYG, number needed to screen to gain one life-year; NNS/CDP, number
needed to screen to prevent one cancer death; NNSc/LYG, number needed to scope to gain one life-year;
NNSc/CDP, number needed to scope to prevent one cancer death

Details of comorbid conditions are found in Table 5.2.

Shaded row represents the age for each comorbidity group at which screening provided similar harms and
benefits as provided by the threshold of NNS/LYG for females with perfect screening history with biennial FIT
and with average life expectancy at age 74.
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Supplementary Results Table 5.2: Benefits and harms of screening 1,000 males by age and
comorbidity under varying prior screening assumptions with biennial faecal immunochemical
testing or colonoscopy. The faecal immunochemical test had a positivity of 7.5% (23 ug Hb/g
faeces).

a. Perfect prior screening with biennial FIT.

HARMS BENEFITS BALANCE
Over- Life- Cancer
[ i Complicati years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG ~ NNSc/CDP
cases gained  prevented
s Screen through age 74 (vs. 72) 0.6 47.4 0.2 10.6 15 94 659 4.5 313
< Screen through age 76 (vs. 74) 0.7 50.3 0.2 9.2 14 108 690 5.4 34.7
Screen through age 66 03 58.2 0.2 18.6 18 54 550 31 32.0
Screen through age 68 03 52.5 0.2 17.2 18 58 546 31 28.7
Screen through age 70 0.4 63.9 0.2 17.2 19 58 514 3.7 32.8
Screen through age 72 0.4 52.2 0.2 14.2 18 70 556 37 29.0
Zz Screen through age 74 0.5 48.5 0.2 12.1 1.7 82 590 4.0 28.6
E Screen through age 76 0.6 51.4 0.2 10.8 1.6 93 616 4.8 317
E Screen through age 78 0.7 42.5 0.2 8.9 15 112 670 4.8 285
S Screen through age 80 0.8 52.9 0.2 75 14 134 729 71 38.6
2 Screen through age 82 0.9 415 0.1 5.8 1.2 172 846 7.2 35.1
Screen through age 84 1.0 41.4 0.1 4.6 11 218 949 9.0 393
Screen through age 86 1.2 44.8 0.2 33 0.9 299 1125 134 50.4
Screen through age 88 13 40.2 0.1 24 0.7 420 1385 16.9 55.7
Screen through age 90 1.4 50.7 0.2 1.7 0.6 600 1735 30.4 88.0
Screen through age 66 03 56.9 0.2 17.1 17 59 588 33 334
Screen through age 68 0.4 51.2 0.2 153 17 65 596 33 30.5
Screen through age 70 0.4 62.9 0.2 15.6 18 64 548 4.0 345
Screen through age 72 0.5 51.1 0.2 123 16 81 608 4.1 311
;‘E Screen through age 74 0.6 48.2 0.2 112 1.6 89 623 43 30.0
-g Screen through age 76 0.7 51.0 0.2 10.7 1.6 94 624 4.8 318
g Screen through age 78 0.8 42.4 0.1 7.6 14 131 739 5.6 313
- Screen through age 80 0.9 52.8 0.2 6.7 13 148 776 7.8 41.0
s Screen through age 82 1.0 415 0.1 53 11 189 873 7.9 36.2
Screen through age 84 1.0 41.2 0.1 4.5 1.0 223 973 9.2 40.1
Screen through age 86 12 44.7 0.2 31 0.8 322 1191 144 53.2
Screen through age 88 13 40.0 0.1 23 0.7 428 1392 171 55.7
Screen through age 90 1.4 50.7 0.2 1.6 0.6 640 1780 32.5 90.2
Screen through age 66 0.4 55.2 0.2 14.8 15 68 645 37 356
Screen through age 68 0.4 50.1 0.2 13.8 1.6 73 639 36 32.0
Screen through age 70 0.5 61.2 0.2 12.7 1.6 79 631 4.8 38.6
Zz Screen through age 72 0.6 49.2 0.2 10.1 14 99 701 4.9 345
g Screen through age 74 0.7 46.8 0.2 9.0 14 111 730 52 341
g Screen through age 76 0.8 49.7 0.2 76 13 132 774 6.6 385
8 Screen through age 78 0.9 41.9 0.1 6.0 11 167 874 7.0 36.6
% Screen through age 80 1.0 523 0.2 4.9 1.0 206 957 10.8 50.1
2 Screen through age 82 12 40.8 0.1 3.7 0.9 271 1123 11 45.9
En Screen through age 84 12 40.6 0.1 3.0 0.8 329 1255 134 51.0
Screen through age 86 1.4 44.1 0.2 24 0.7 409 1408 18.0 62.0
Screen through age 88 1.4 39.6 0.1 17 0.6 589 1738 233 68.8
Screen through age 90 1.6 49.5 0.1 1.1 0.4 917 2341 45.4 115.9
Screen through age 66 0.6 50.2 0.2 9.9 11 101 894 5.0 44.9
Screen through age 68 0.7 45.5 0.2 9.0 11 111 909 51 413
Screen through age 70 0.8 56.9 0.2 8.3 11 121 899 6.9 51.1
> Screen through age 72 0.9 45.0 0.2 6.6 1.0 152 991 6.8 44.6
f‘é Screen through age 74 1.0 43.4 0.2 5.7 1.0 176 1046 7.6 45.4
'E Screen through age 76 12 46.4 0.2 4.6 0.9 217 1132 10.0 52.5
E Screen through age 78 12 40.2 0.1 38 0.8 265 1265 10.7 50.9
; Screen through age 80 1.4 50.9 0.2 31 0.7 322 1377 16.4 70.0
% Screen through age 82 15 393 0.1 23 0.6 428 1622 16.8 63.8
@ Screen through age 84 15 39.2 0.1 2.0 0.6 491 1737 193 68.1
Screen through age 86 17 42.7 0.1 16 0.5 643 1976 275 84.5
Screen through age 88 1.7 38.0 0.1 1.0 0.4 958 2514 36.4 95.6
Screen through age 90 1.8 48.7 0.1 0.8 0.3 1279 2972 62.3 144.8
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Most prior screening with biennial FIT.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive i [ i Complicati years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG ~ NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 153 0.6 47.4 0.2 10.6 15 94 659 4.5 313
< Screen through age 76 (vs. 74) 17.4 0.7 50.3 0.2 9.2 1.4 108 690 5.4 34.7
Screen through age 66 18.1 0.4 74.6 0.3 24.4 24 41 414 31 30.9
Screen through age 68 17.3 0.5 703 0.2 236 25 42 397 3.0 27.9
Screen through age 70 19.9 0.6 72.6 0.3 22.7 26 44 387 3.2 281
Screen through age 72 19.9 0.7 72.8 03 19.5 25 51 406 3.7 29.6
z Screen through age 74 18.8 0.8 66.3 0.2 16.9 23 59 427 39 283
5 Screen through age 76 18.1 0.9 64.6 0.2 15.0 23 67 441 43 28.5
E Screen through age 78 17.3 11 56.2 0.2 12.7 2.1 79 475 4.4 26.7
8 Screen through age 80 18.6 12 56.5 0.2 10.6 1.9 94 514 53 29.1
2 Screen through age 82 19.2 1.4 57.0 0.2 83 17 121 591 6.9 337
Screen through age 84 18.8 1.5 56.4 0.2 6.7 15 149 647 8.4 36.5
Screen through age 86 18.4 18 55.4 0.2 4.9 13 205 780 114 43.2
Screen through age 88 17.9 2.0 53.9 0.2 3.7 11 273 924 14.7 49.8
Screen through age 90 18.5 2.1 53.5 0.2 2.5 0.9 397 1156 21.3 61.8
Screen through age 66 18.1 05 726 0.3 224 23 45 444 3.2 322
Screen through age 68 17.3 0.5 68.6 0.2 21.0 23 48 433 33 29.7
Screen through age 70 19.9 0.6 711 0.2 20.7 24 48 414 3.4 29.4
Screen through age 72 19.9 0.7 713 0.2 16.9 23 59 440 4.2 314
;‘E Screen through age 74 18.8 0.8 65.9 0.2 15.7 22 64 449 4.2 29.6
-.g Screen through age 76 18.1 0.9 64.1 0.2 14.8 22 67 451 4.3 28.9
g Screen through age 78 17.3 1.2 56.1 0.2 10.8 1.9 92 525 5.2 29.4
_: Screen through age 80 18.6 13 56.4 0.2 9.5 18 105 551 5.9 311
s Screen through age 82 19.2 1.4 57.0 0.2 76 16 132 609 7.5 347
Screen through age 84 18.8 1.6 56.3 0.2 6.5 15 153 664 8.6 37.4
Screen through age 86 18.4 1.8 55.2 0.2 4.6 12 220 816 121 45.0
Screen through age 88 17.9 2.0 53.7 0.2 3.6 11 280 925 15.0 49.7
Screen through age 90 18.5 2.2 53.5 0.2 2.3 0.8 429 1190 22.9 63.6
Screen through age 66 181 0.5 70.1 0.2 19.4 2.0 52 491 3.6 34.4
Screen through age 68 17.3 0.6 66.8 0.2 18.7 2.1 54 469 36 313
Screen through age 70 19.9 0.8 68.5 0.2 17.0 21 59 471 4.0 323
Z Screen through age 72 19.9 0.9 68.5 0.2 14.0 2.0 72 502 4.9 34.4
g Screen through age 74 18.8 1.0 63.9 0.2 12.6 1.9 79 525 5.1 335
E Screen through age 76 18.1 1.2 62.1 0.2 10.4 1.8 96 561 6.0 348
8 Screen through age 78 17.3 1.4 55.3 0.2 8.6 1.6 117 618 6.5 342
g Screen through age 80 18.6 1.6 55.7 0.2 6.9 15 145 672 8.1 375
2 Screen through age 82 19.2 1.8 56.0 0.2 52 13 192 787 10.7 441
ED Screen through age 84 18.8 1.9 55.4 0.2 4.5 12 224 852 124 47.2 N
Screen through age 86 18.4 21 54.2 0.2 36 1.0 281 967 153 52.5 -
Screen through age 88 18.0 23 53.1 0.2 26 0.9 382 1157 203 61.4 3
Screen through age 90 18.5 2.5 51.7 0.2 1.6 0.6 616 1542 31.9 79.7 o
Screen through age 66 181 0.9 62.6 0.2 13.0 15 77 676 4.8 423 ©
Screen through age 68 17.2 1.0 59.9 0.2 122 15 82 671 4.9 40.2 6
Screen through age 70 19.9 1.2 62.4 0.2 11.2 1.5 89 661 5.6 41.2
o Screen through age 72 19.9 13 62.3 0.2 9.2 14 109 710 6.8 44.3
f‘é Screen through age 74 18.8 15 58.9 0.2 79 13 126 755 7.4 44.4
g Screen through age 76 181 17 57.4 0.2 6.3 12 158 824 9.0 47.3
E Screen through age 78 17.4 1.9 52.8 0.2 5.4 11 186 891 9.9 47.1
; Screen through age 80 18.6 2.1 53.6 0.2 4.5 1.0 220 969 11.8 51.9
s Screen through age 82 19.2 23 53.6 0.2 33 0.9 306 1147 16.4 61.5
o Screen through age 84 189 2.4 53.4 0.2 29 0.9 340 1169 182 62.4
Screen through age 86 18.4 25 52.3 0.2 23 0.7 440 1362 23.0 71.2
Screen through age 88 18.0 2.7 50.7 0.2 1.6 0.6 629 1676 319 85.0
Screen through age 90 18.5 2.8 50.4 0.2 1.1 0.5 871 1995 43.9 100.4
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c. Reasonable prior screening with biennial FIT.
HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive C years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG  NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 15.3 0.6 47.4 0.2 10.6 1.5 94 659 4.5 313
< Screen through age 76 (vs. 74) 17.4 0.7 50.3 0.2 9.2 14 108 690 5.4 34.7
Screen through age 66 19.7 0.5 91.7 0.3 29.2 29 34 344 3.1 316
Screen through age 68 18.9 0.6 86.8 0.3 29.0 3.1 35 325 3.0 28.2
Screen through age 70 19.5 0.7 87.0 0.3 28.0 3.2 36 314 31 27.3
Screen through age 72 20.0 0.8 88.0 0.3 24.1 3.0 42 329 3.7 29.0
Z Screen through age 74 19.8 1.0 81.0 03 212 29 47 340 38 275
g Screen through age 76 19.5 1.2 79.2 0.3 18.9 2.8 53 353 4.2 279
E Screen through age 78 19.0 14 68.8 0.3 16.1 2.6 62 379 43 26.1
8 Screen through age 80 19.1 1.6 67.3 0.3 13.4 2.4 75 409 5.0 275
2 Screen through age 82 19.2 1.9 67.5 03 10.6 2.2 94 462 6.4 312
Screen through age 84 19.5 21 67.8 03 8.8 2.0 114 502 7.7 34.0
Screen through age 86 19.5 24 67.0 0.3 6.4 1.7 157 599 10.5 40.1
Screen through age 88 193 2.7 65.5 0.3 4.7 1.4 211 713 13.8 46.7
Screen through age 90 19.6 2.9 64.7 0.2 3.3 1.1 302 879 19.6 56.9
Screen through age 66 19.7 0.6 89.1 03 26.9 2.7 37 368 33 328
Screen through age 68 18.9 0.7 84.4 0.3 25.6 2.8 39 355 33 299
Screen through age 70 19.5 0.8 85.2 0.3 25.7 3.0 39 335 33 28.5
Screen through age 72 20.0 0.9 85.8 0.3 20.9 2.8 48 358 4.1 30.7
;‘E Screen through age 74 19.8 1.1 80.5 0.3 19.5 2.8 51 359 4.1 289
-.g Screen through age 76 19.5 1.2 78.5 03 18.7 2.8 54 359 4.2 28.2
g Screen through age 78 19.0 15 68.5 0.3 13.7 24 73 420 5.0 288
_: Screen through age 80 19.1 1.7 67.2 0.3 12.1 23 83 435 5.6 29.2
s Screen through age 82 19.2 1.9 67.3 0.3 9.6 2.1 104 480 7.0 323
Screen through age 84 19.5 2.2 67.5 0.3 8.6 1.9 117 514 7.9 34.7
Screen through age 86 19.5 25 66.8 03 5.9 1.6 169 630 11.3 42.1
Screen through age 88 19.4 2.7 65.2 0.3 4.6 1.4 216 718 141 46.9
Screen through age 90 19.5 2.9 64.7 0.2 3.1 1.1 323 899 20.9 58.2
Screen through age 66 19.7 0.7 85.9 0.3 234 2.5 43 404 3.7 34.7
Screen through age 68 18.9 0.8 823 03 228 2.6 a4 384 3.6 316
Screen through age 70 19.5 1.0 819 0.3 21.0 2.6 48 383 3.9 314
E Screen through age 72 20.0 1.1 822 0.3 17.3 2.4 58 413 4.8 34.0
g Screen through age 74 19.8 13 77.7 0.3 15.5 24 64 422 5.0 328
E Screen through age 76 19.5 1.5 76.1 0.3 13.1 2.2 76 448 5.8 34.1
S Screen through age 78 19.0 1.8 67.4 03 10.8 2.0 93 491 6.2 331
% Screen through age 80 19.1 2.1 66.3 0.3 8.7 1.9 115 531 7.6 35.2
% Screen through age 82 19.2 24 66.2 0.3 6.6 1.6 151 620 10.0 41.0
En Screen through age 84 19.5 25 66.4 0.3 5.8 1.5 172 658 11.4 437
Screen through age 86 19.5 2.8 65.6 0.3 4.7 1.4 213 740 14.0 48.6
Screen through age 88 19.4 3.0 64.4 0.2 34 1.1 294 883 18.9 56.9
Screen through age 90 19.5 3.4 62.2 0.2 2.1 0.8 470 1190 29.2 74.0
Screen through age 66 19.7 11 76.1 0.3 15.7 1.8 64 565 4.9 43.0
Screen through age 68 18.9 13 73.2 0.3 15.0 1.8 67 541 4.9 39.6
Screen through age 70 19.5 1.5 73.4 03 135 19 74 538 5.4 39.5
> Screen through age 72 20.0 1.7 74.0 0.3 11.4 1.7 88 580 6.5 429
f‘é Screen through age 74 19.8 19 71.0 0.3 9.8 1.6 102 607 7.3 43.1
g Screen through age 76 19.5 2.2 69.6 0.3 8.0 15 125 659 8.7 459
E Screen through age 78 19.0 25 64.1 0.2 6.7 1.4 148 711 9.5 45.6
; Screen through age 80 19.0 2.7 63.3 0.2 5.6 1.3 178 771 11.3 48.8
s Screen through age 82 19.2 3.0 63.1 0.2 4.2 11 235 876 149 55.3
d Screen through age 84 19.5 3.1 63.5 0.2 3.8 1.1 261 906 16.6 57.6
Screen through age 86 19.5 3.4 63.0 0.2 3.0 1.0 333 1042 21.0 65.7
Screen through age 88 193 3.7 61.3 0.2 21 0.8 479 1281 29.3 78.4
Screen through age 90 19.6 3.8 60.5 0.2 1.5 0.7 649 1522 39.3 92.1
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Some prior screening with biennial FIT.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive [ [ years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG ~ NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 153 0.6 47.4 0.2 10.6 15 94 659 4.5 313
< Screen through age 76 (vs. 74) 17.4 0.7 50.3 0.2 9.2 1.4 108 690 5.4 34.7
Screen through age 66 21.7 0.6 1220 0.4 379 3.8 26 263 3.2 321
Screen through age 68 21.2 0.8 116.7 0.4 37.0 4.0 27 249 3.2 29.1
Screen through age 70 211 0.9 116.8 0.4 36.7 42 27 236 3.2 276
Screen through age 72 21.0 11 1181 0.4 321 4.1 31 246 3.7 29.1
z Screen through age 74 209 14 108.8 0.4 284 3.9 35 254 38 27.6
5 Screen through age 76 20.8 1.6 106.7 0.4 25.6 3.8 39 261 4.2 27.8
E Screen through age 78 207 19 92.4 0.4 223 3.6 45 274 4.2 25.4
S Screen through age 80 20.7 23 90.2 0.4 18.7 3.4 53 295 4.8 26.6
2 Screen through age 82 20.6 2.7 90.3 0.4 14.9 3.0 67 330 6.0 29.8
Screen through age 84 20.6 3.0 91.0 0.4 12.4 2.8 81 358 73 325
Screen through age 86 20.8 3.5 90.2 0.4 9.2 2.4 109 417 9.8 37.6
Screen through age 88 209 4.0 89.1 0.4 6.9 2.0 145 492 129 43.8
Screen through age 90 20.9 4.4 87.4 0.4 4.9 1.6 206 607 18.0 53.1
Screen through age 66 217 0.7 1184 0.4 346 35 29 282 3.4 334
Screen through age 68 21.2 0.9 1134 0.4 329 37 30 271 34 30.7
Screen through age 70 21.0 11 1141 0.4 33.6 4.0 30 253 3.4 28.8
Screen through age 72 21.0 13 115.0 0.4 28.0 37 36 267 41 30.8
;‘E Screen through age 74 20.9 15 107.9 0.4 26.3 37 38 267 4.1 28.8
-.g Screen through age 76 20.8 17 105.7 0.4 253 3.8 40 266 4.2 28.1
g Screen through age 78 20.7 21 92.0 0.4 18.9 33 53 304 4.9 28.0
_: Screen through age 80 207 25 90.0 0.4 16.9 3.2 59 314 53 28.2
s Screen through age 82 20.6 2.8 90.2 0.4 13.6 2.9 74 340 6.6 30.7
Screen through age 84 20.6 31 90.6 0.4 121 2.7 83 367 7.5 333
Screen through age 86 20.8 36 89.7 0.4 8.5 23 118 441 10.6 39.6
Screen through age 88 209 4.0 88.7 0.4 6.8 2.0 148 493 131 43.7
Screen through age 90 20.9 4.4 87.4 0.4 4.6 16 218 618 19.0 54.0
Screen through age 66 217 0.9 1136 0.4 303 3.2 33 311 3.8 353
Screen through age 68 21.2 1.0 1102 0.4 293 3.4 34 295 38 32.6
Screen through age 70 21.0 13 109.2 0.4 27.2 3.4 37 291 4.0 31.8
Z Screen through age 72 21.0 1.6 109.5 0.4 22.7 3.2 44 311 4.8 34.0
g Screen through age 74 21.0 18 103.7 0.4 211 3.2 47 312 4.9 32.4
E Screen through age 76 20.8 21 102.0 0.4 17.9 3.0 56 331 57 338
8 Screen through age 78 20.7 25 90.4 0.4 14.9 2.8 67 354 6.1 32.0
g Screen through age 80 20.7 3.0 88.6 0.4 124 2.6 80 382 7.1 33.8
2 Screen through age 82 20.6 34 88.3 0.4 9.4 23 106 442 9.4 39.0
ED Screen through age 84 20.6 37 88.8 0.4 8.3 2.2 120 464 10.6 41.2
Screen through age 86 20.8 4.1 87.9 0.4 6.7 19 148 515 13.0 45.3
Screen through age 88 209 4.5 87.2 0.4 4.9 1.6 202 611 176 53.2
Screen through age 90 20.9 5.1 83.8 03 3.2 1.2 308 806 25.8 67.5
Screen through age 66 217 14 99.8 0.4 203 23 49 432 4.9 43.1
Screen through age 68 21.2 17 96.8 0.4 19.0 2.4 53 422 51 40.8
Screen through age 70 211 2.0 96.8 0.4 17.5 2.4 57 414 5.5 40.1
o Screen through age 72 21.0 23 97.5 0.4 14.8 23 67 436 6.6 42.5
f‘é Screen through age 74 21.0 2.7 93.7 0.4 131 2.2 76 452 71 42.4
g Screen through age 76 20.8 3.1 92.5 0.4 11.0 2.1 91 480 8.4 44.4
E Screen through age 78 20.7 35 85.4 0.3 9.3 19 108 516 9.2 44.1
; Screen through age 80 20.7 39 84.1 03 8.0 1.8 126 548 10.6 46.1
s Screen through age 82 20.6 43 83.8 03 6.0 16 167 628 14.0 52.7
o Screen through age 84 20.6 4.6 84.4 03 5.5 16 182 638 154 53.9
Screen through age 86 20.8 5.0 84.1 03 43 14 233 728 19.6 61.2
Screen through age 88 209 5.4 823 03 3.0 11 333 894 27.4 735
Screen through age 90 20.9 5.7 81.1 0.3 2.3 1.0 428 1031 34.7 83.6
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e. No prior screening with biennial FIT.
HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive C years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG  NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 15.3 0.6 47.4 0.2 10.6 1.5 94 659 4.5 313
< Screen through age 76 (vs. 74) 17.4 0.7 50.3 0.2 9.2 1.4 108 690 5.4 34.7
Screen through age 66 249 0.9 180.6 0.7 53.3 5.4 19 184 3.4 33.2
Screen through age 68 24.6 11 177.2 0.7 53.4 5.8 19 171 33 30.3
Screen through age 70 24.4 14 1815 0.7 54.3 6.3 18 159 33 28.8
Screen through age 72 24.0 1.8 187.7 0.7 48.5 6.2 21 161 3.9 30.1
Z Screen through age 74 238 22 175.8 0.7 44.4 6.2 23 161 4.0 283
g Screen through age 76 23.6 2.7 175.7 0.7 40.5 6.2 25 162 43 28.5
E Screen through age 78 234 33 1523 0.7 35.7 5.9 28 168 43 25.7
8 Screen through age 80 233 4.0 149.9 0.7 315 5.8 32 174 4.8 26.0
2 Screen through age 82 23.2 4.9 1533 0.7 25.1 5.2 40 193 6.1 29.6
Screen through age 84 231 5.5 157.2 0.7 216 4.9 46 203 73 319
Screen through age 86 23.1 6.6 158.4 0.7 16.4 43 61 232 9.6 36.8
Screen through age 88 23.1 7.7 158.8 0.7 12.6 3.8 79 266 12.6 42.2
Screen through age 90 23.1 8.6 159.0 0.7 9.1 3.2 110 315 17.5 50.1
Screen through age 66 249 1.1 174.8 0.7 48.8 5.1 20 197 3.6 34.4
Screen through age 68 24.6 13 1714 0.7 47.2 53 21 187 3.6 321
Screen through age 70 24.4 1.6 176.6 0.7 49.6 5.9 20 169 3.6 29.9
Screen through age 72 24.0 2.0 182.2 0.7 421 5.7 24 176 43 32.0
;‘E Screen through age 74 23.8 24 1743 0.7 41.0 5.9 24 169 43 29.5
-.E Screen through age 76 236 29 173.8 0.7 40.0 6.0 25 165 43 28.8
g Screen through age 78 234 3.6 1515 0.7 304 5.4 33 186 5.0 28.2
_: Screen through age 80 233 43 1494 0.7 28.5 5.4 35 185 5.2 27.7
E Screen through age 82 23.2 5.0 153.0 0.7 229 5.0 44 199 6.7 30.4
Screen through age 84 23.1 5.7 156.4 0.7 21.0 4.8 48 208 7.4 326
Screen through age 86 231 6.9 157.4 0.7 15.3 4.1 66 245 10.3 38.5
Screen through age 88 231 7.7 158.0 0.7 12.4 3.8 81 265 12.8 41.9
Screen through age 90 23.1 8.7 158.7 0.7 8.6 3.1 117 321 18.5 51.0
Screen through age 66 249 1.2 167.4 0.6 42.8 4.6 23 217 3.9 36.3
Screen through age 68 24.6 1.5 166.1 0.6 42.2 4.9 24 204 39 338
Screen through age 70 24.4 19 168.3 0.7 40.3 5.1 25 195 4.2 329
E Screen through age 72 24.1 24 1729 0.7 344 49 29 203 5.0 35.1
g Screen through age 74 23.8 29 166.9 0.7 329 5.1 30 198 5.1 33.0
E Screen through age 76 23.6 35 167.1 0.7 283 49 35 206 5.9 343
S Screen through age 78 234 4.2 148.2 0.6 24.0 4.6 42 218 6.2 323
% Screen through age 80 233 5.1 146.8 0.6 20.7 4.4 48 225 7.1 33.0
% Screen through age 82 23.2 6.1 1493 0.7 15.9 3.9 63 258 9.4 38.5
En Screen through age 84 23.1 6.7 152.9 0.7 143 3.8 70 265 10.7 40.5
Screen through age 86 231 7.6 1535 0.7 12.0 3.5 83 289 12.8 44.4
Screen through age 88 231 8.7 154.7 0.7 9.0 3.0 111 332 17.2 51.4
Screen through age 90 23.1 10.0 150.4 0.7 6.0 2.3 168 427 25.3 64.3
Screen through age 66 249 2.0 1453 0.6 28.8 33 35 302 5.1 439
Screen through age 68 24.6 2.4 1443 0.6 27.4 35 36 290 5.3 41.8
Screen through age 70 24.4 3.0 147.5 0.6 259 36 39 278 5.7 41.1
> Screen through age 72 24.0 3.6 1515 0.6 225 35 45 288 6.7 436
f‘é Screen through age 74 23.8 4.2 1484 0.6 20.5 35 49 289 7.2 428
g Screen through age 76 23.6 5.0 1494 0.6 17.2 33 58 302 8.7 45.2
E Screen through age 78 234 5.8 1383 0.6 14.8 3.2 67 316 9.3 438
; Screen through age 80 233 6.7 138.0 0.6 13.2 3.1 76 324 10.5 44.7
s Screen through age 82 232 7.7 140.2 0.6 10.1 2.7 99 366 13.9 51.3
d Screen through age 84 23.2 8.4 144.1 0.6 9.4 2.7 107 366 15.4 52.7
Screen through age 86 23.1 9.3 145.4 0.7 7.6 25 131 406 19.1 59.0
Screen through age 88 23.1 10.4 144.1 0.7 5.5 21 182 481 26.3 69.3
Screen through age 90 23.2 11.1 144.5 0.7 4.2 1.8 236 551 34.1 79.6
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f. Colonoscopy 10 years prior.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive i [¢ i Complicati years deaths NNS/LYG ~ NNS/CDP  NNSC/LYG  NNSc/CDP
tests cases gained __prevented

_  Screen through age 74 (vs. 72) 15.3 0.6 47.4 0.2 10.6 15 9 659 45 313

< Screen through age 76 (vs. 74) 17.4 0.7 50.3 0.2 9.2 1.4 108 690 5.4 34.7
Screen through age 66 27.8 0.2 64.1 0.2 15.9 14 63 691 4.0 44.3
Screen through age 67 27.9 0.2 63.3 0.2 15.0 14 67 708 4.2 448
Screen through age 68 280 0.2 60.3 0.2 14.2 14 70 722 4.2 436
Screen through age 69 28.1 0.2 59.7 0.2 135 14 74 738 4.4 44.0
Screen through age 70 28.2 0.2 58.9 0.2 13.1 1.4 77 741 45 436
Screen through age 71 283 03 58.7 0.2 11.9 13 84 785 49 46.1
Screen through age 72 28.3 0.3 58.5 0.2 11.2 12 89 801 5.2 46.8
Screen through age 73 283 03 55.8 0.1 10.6 12 9 812 53 453
Screen through age 74 283 03 55.9 0.1 10.0 12 100 829 5.6 463
Screen through age 75 283 03 55.6 0.1 9.6 12 104 832 5.8 463

Z  Screenthrough age 76 283 0.4 55.7 0.1 8.7 11 115 872 6.4 485

2 Screenthrough age 77 283 0.4 55.7 0.1 8.1 11 123 892 6.9 49.7

& Screenthroughage 78 283 0.4 52.5 0.1 76 11 131 922 6.9 48.4

8 screen through age 79 283 0.4 52.6 0.1 7.1 1.0 141 956 7.4 50.3

2 Screen through age 80 284 05 52.6 0.1 6.6 10 152 970 8.0 51.0
Screen through age 81 284 05 52.6 0.1 5.8 10 172 1047 9.0 55.1
Screen through age 82 285 05 525 0.1 5.4 0.9 186 1098 9.8 57.7
Screen through age 83 285 0.6 50.8 0.1 48 09 208 1162 10.6 59.0
Screen through age 84 286 05 50.8 0.1 45 0.8 222 1185 113 60.3
Screen through age 85 286 0.6 50.7 0.1 41 0.8 246 1260 125 63.9
Screen through age 86 28.7 0.6 50.7 0.1 36 07 278 1343 14.1 68.0
Screen through age 87 288 0.6 50.6 0.1 32 07 310 1452 15.7 735
Screen through age 88 28.9 0.7 50.5 0.1 29 07 350 1525 17.7 77.0
Screen through age 89 29.0 0.7 50.4 0.1 25 0.6 402 1648 20.2 83.0
Screen through age 90 29.1 0.7 50.1 0.1 23 0.6 444 1746 22.2 87.4
Screen through age 66 27.8 0.2 62.9 0.2 14.5 14 69 737 43 46.4
Screen through age 67 27.9 0.2 62.5 02 14.1 13 71 744 4.4 46.5
Screen through age 68 280 03 59.5 0.2 12.7 13 79 781 47 46.4
Screen through age 69 281 03 59.3 0.2 12.9 13 77 761 4.6 45.1
Screen through age 70 28.2 03 58.3 0.2 12.1 13 82 779 4.8 454
Screen through age 71 28.2 0.3 58.4 0.2 11.4 12 88 804 5.1 46.9
Screen through age 72 28.2 03 57.9 02 9.9 12 101 851 5.8 493
Screen through age 73 28.2 03 55.6 0.1 95 11 105 871 5.9 48.4
Screen through age 74 283 03 55.7 0.1 93 12 107 865 6.0 48.2
Screen through age 75 283 0.4 55.5 0.1 9.4 12 106 844 5.9 46.8

g Screen through age 76 283 0.4 55.5 0.1 86 11 116 887 6.4 49.2 0

E  Screenthroughage77 283 0.4 55.5 0.1 7.7 11 130 926 7.2 513 e

£ Screenthroughage 78 283 0.4 52.4 0.1 6.7 1.0 150 995 7.9 52.1 9

S Screenthrough age 79 283 05 52.5 0.1 6.2 10 162 1036 85 54.4 o

S Screenthrough age 80 283 05 52.6 0.1 6.1 1.0 165 1015 8.6 53.4 _::B
Screen through age 81 284 05 52.6 0.1 55 0.9 182 1078 9.6 56.7 o
Screen through age 82 285 05 525 0.1 5.0 0.9 200 1122 10.5 58.9
Screen through age 83 285 0.6 50.8 0.1 45 0.8 220 1203 11.2 610
Screen through age 84 286 0.6 50.8 0.1 4.4 0.8 225 1210 114 614
Screen through age 85 286 0.6 50.8 0.1 45 0.8 222 1190 113 60.4
Screen through age 86 28.7 0.6 50.6 0.1 3.4 07 298 1405 15.1 711
Screen through age 87 288 0.7 50.5 0.1 32 07 316 1468 16.0 74.2
Screen through age 88 28.9 0.7 50.5 0.1 2.8 06 357 1539 18.0 7.7
Screen through age 89 29.0 07 50.3 0.1 24 06 419 1687 211 84.9
Screen through age 90 29.1 0.7 50.0 0.1 2.2 0.6 461 1772 23.1 88.6
Screen through age 66 27.8 03 61.6 0.2 12.8 12 78 801 4.8 49.3
Screen through age 67 27.9 03 60.8 0.2 11.9 12 84 828 5.1 50.3
Screen through age 68 28.0 0.3 58.5 0.2 11.3 12 88 841 5.2 49.3
Screen through age 69 28.1 03 57.8 02 10.5 12 % 869 55 50.3
Screen through age 70 28.2 03 57.1 02 9.9 11 101 882 57 50.4
Screen through age 71 28.2 03 56.9 0.1 9.1 11 109 923 6.2 525
Screen through age 72 28.2 0.4 56.7 0.1 83 10 120 955 6.8 54.2
Screen through age 73 28.2 0.4 54.9 0.1 8.1 10 123 961 6.7 52.8
Screen through age 74 28.2 0.4 54.9 0.1 7.8 10 129 974 7.1 535

Z  Screenthrough age 75 283 0.4 54.8 0.1 7.0 10 142 1004 7.8 55.0

2 screenthroughage 76 283 05 54.7 0.1 63 0.9 158 1063 8.6 58.2

g Screen through age 77 283 05 54.7 0.1 5.9 0.9 170 1090 93 59.6

8 screen through age 78 283 05 52.1 0.1 53 0.9 188 1146 9.8 59.7

£ screenthroughage 79 283 05 523 0.1 47 0.8 211 1204 11.0 63.0

§  Screen through age 80 283 0.6 52.2 0.1 46 08 216 1195 113 624

S Screenthrough age 81 284 0.6 52.2 0.1 4.1 0.8 244 1278 12.7 66.7
Screen through age 82 285 0.7 52.2 0.1 37 07 269 1366 14.1 713
Screen through age 83 285 07 50.6 0.1 33 07 303 1450 15.3 733
Screen through age 84 286 07 50.6 0.1 33 07 303 1429 15.3 724
Screen through age 85 286 0.7 50.5 0.1 31 0.7 324 149 16.3 755
Screen through age 86 28.7 0.7 50.4 0.1 2.8 0.6 354 1577 17.8 79.5
Screen through age 87 288 0.7 50.3 0.1 24 06 417 1742 21.0 87.6
Screen through age 88 28.9 0.8 50.3 0.1 22 06 450 1803 226 90.7
Screen through age 89 29.0 0.8 50.2 0.1 19 05 522 1953 26.2 98.0

Screen through age 90 29.1 0.8 49.6 0.1 1.6 0.5 615 2149 30.5 106.5
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Severe comorbidity

Screen through age 66
Screen through age 67
Screen through age 68
Screen through age 69
Screen through age 70
Screen through age 71
Screen through age 72
Screen through age 73
Screen through age 74
Screen through age 75
Screen through age 76
Screen through age 77
Screen through age 78
Screen through age 79
Screen through age 80
Screen through age 81
Screen through age 82
Screen through age 83
Screen through age 84
Screen through age 85
Screen through age 86
Screen through age 87
Screen through age 88
Screen through age 89
Screen through age 90

27.9
28.0
28.1
28.2
28.2
28.2
28.2

283
28.3
28.3
28.3

283
28.4
28.4

285
28.6
28.6
28.7

289
29.0
29.1

57.6
57.1

54.8
54.2
54.0
53.8

52.7
52.7
52.8
52.8
51.2
51.3
51.3
513
51.2
50.0
50.1
50.0
50.0

49.7
49.6
49.2

116
126
133
144
150
164
178
186
198
212
247
263
282
298

362
403
452
420
433
499
566
638
692
749

1093
1129
1157
1185
1191
1261
1291
1306
1330
1352
1433
1476
1531
1564
1592
1686
1764
1886
1797
1837
1989
2149
2268
2364
2476

62.9
64.4

64.9
64.6
68.1
69.5

70.2
713
75.6
779
78.4
80.2
817
86.5

94.2
90.0
91.9
99.3
107.1
112.8
117.4
1219
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g. Colonoscopy 15 years prior.

HARMS BENEFITS BALANCE
False- Over- Life- Cancer
positive i & i Complicati years deaths NNS/LYG ~ NNS/CDP  NNSc/LYG ~ NNSc/CDP
tests cases gained  prevented
s Screen through age 74 (vs. 72) 153 0.6 47.4 0.2 10.6 15 94 659 4.5 313
< Screen through age 76 (vs. 74) 17.4 0.7 50.3 0.2 9.2 1.4 108 690 5.4 34.7
Screen through age 66 283 0.3 72.8 0.2 18.7 17 53 581 3.9 42.3
Screen through age 67 281 0.3 74.2 0.2 193 18 52 550 3.9 40.8
Screen through age 68 27.9 0.3 729 0.2 19.9 19 50 517 3.7 37.7
Screen through age 69 27.7 0.4 74.8 0.2 20.7 2.0 48 488 3.6 36.5
Screen through age 70 27.6 0.4 76.1 0.2 214 22 47 461 36 35.1
Screen through age 71 27.8 0.4 74.6 0.2 18.9 2.0 53 505 4.0 37.7
Screen through age 72 28.0 0.5 731 0.2 17.3 19 58 532 4.2 389
Screen through age 73 281 0.5 68.1 0.2 16.0 18 62 559 4.2 381
Screen through age 74 28.2 0.5 67.3 0.2 14.8 17 67 579 4.5 39.0
Screen through age 75 28.4 0.5 66.2 0.2 14.1 17 71 598 4.7 39.6
z Screen through age 76 285 0.5 66.0 0.2 133 1.6 75 613 4.9 40.4
E Screen through age 77 285 0.6 65.7 0.2 12.4 16 81 634 53 41.6
E Screen through age 78 28.6 0.6 60.9 0.2 11.8 15 85 653 52 39.8
S Screen through age 79 28.7 0.6 60.9 0.2 11.0 1.5 91 677 5.5 41.2
2 Screen through age 80 28.8 0.7 60.5 0.2 10.5 14 95 691 5.8 41.8
Screen through age 81 28.8 0.7 60.5 0.2 9.2 13 109 753 6.6 45.6
Screen through age 82 28.9 0.7 60.5 0.2 8.6 13 116 780 7.0 47.2
Screen through age 83 28.9 0.8 59.0 0.2 8.0 12 125 815 7.4 48.1
Screen through age 84 29.0 0.8 59.2 0.2 7.8 12 128 816 7.6 483
Screen through age 85 29.0 0.8 59.1 0.2 71 1.2 141 855 8.3 50.5
Screen through age 86 29.2 0.9 58.9 0.2 6.6 11 152 903 9.0 53.2
Screen through age 87 29.3 0.9 58.8 0.2 6.2 11 162 949 9.5 55.8
Screen through age 88 295 0.9 56.6 0.2 5.7 1.0 176 996 10.0 56.3
Screen through age 89 29.6 1.0 56.3 0.2 5.1 0.9 196 1062 11.0 59.7
Screen through age 90 29.7 1.0 56.0 0.2 4.9 0.9 203 1101 114 61.7
Screen through age 66 283 0.3 715 0.2 17.1 16 58 618 4.2 44.2
Screen through age 67 281 0.4 73.2 0.2 18.2 17 55 575 4.0 421
Screen through age 68 27.9 0.4 71.6 0.2 17.6 1.8 57 563 4.1 403
Screen through age 69 27.7 0.4 741 0.2 19.7 2.0 51 505 3.8 37.4
Screen through age 70 27.6 0.5 75.0 0.2 19.9 21 50 482 3.8 36.2
Screen through age 71 27.8 0.5 741 0.2 18.0 19 56 518 41 38.4
Screen through age 72 27.9 0.5 72.2 0.2 15.6 18 64 564 4.6 40.8
Screen through age 73 28.1 0.5 67.8 0.2 14.5 17 69 594 4.7 40.3
Screen through age 74 28.2 0.5 67.1 0.2 14.0 17 71 602 4.8 40.4
Screen through age 75 28.4 0.5 66.0 0.2 13.8 16 72 606 4.8 40.0
g Screen through age 76 285 0.6 65.6 0.2 13.2 16 76 623 5.0 40.9 N
'g Screen through age 77 285 0.6 65.3 0.2 11.8 1.5 85 656 5.5 42.8 o
g Screen through age 78 28.6 0.7 60.8 0.2 10.4 1.4 96 704 5.8 42.8 3
= Screen through age 79 28.7 0.7 60.7 0.2 9.8 14 102 728 6.2 44.2 o
E Screen through age 80 28.8 0.7 60.4 0.2 9.8 14 102 722 6.2 43.6 _‘CB
Screen through age 81 28.8 0.7 60.5 0.2 8.7 13 116 780 7.0 47.2 (@)
Screen through age 82 28.9 0.7 60.5 0.2 8.2 13 123 794 7.4 48.1
Screen through age 83 28.9 0.8 59.0 0.2 7.6 1.2 132 843 7.8 49.8
Screen through age 84 29.0 0.8 59.1 0.2 7.6 1.2 131 835 77 49.3
Screen through age 85 29.0 0.8 59.1 0.2 7.7 12 130 820 7.7 48.5
Screen through age 86 29.2 0.9 58.8 0.2 6.2 11 160 937 9.4 55.1
Screen through age 87 29.3 0.9 58.6 0.2 6.0 1.0 166 964 9.7 56.5
Screen through age 88 295 0.9 56.5 0.2 5.6 1.0 178 1000 10.0 56.5
Screen through age 89 29.6 1.0 56.2 0.2 5.0 0.9 201 1089 113 61.2
Screen through age 90 29.7 1.0 56.0 0.2 4.8 0.9 208 1115 11.7 62.4
Screen through age 66 283 0.4 69.7 0.2 151 15 66 674 4.6 47.0
Screen through age 67 281 0.4 70.9 0.2 15.3 1.6 65 640 4.6 45.4
Screen through age 68 27.9 0.5 70.3 0.2 15.8 17 63 604 4.4 425
Screen through age 69 27.8 0.5 717 0.2 15.9 17 63 577 4.5 41.4
Screen through age 70 27.6 0.6 73.0 0.2 16.4 18 61 547 4.5 39.9
Screen through age 71 27.8 0.6 71.6 0.2 14.5 17 69 598 4.9 42.8
Screen through age 72 27.9 0.6 70.2 0.2 13.0 1.6 77 636 5.4 44.6
Screen through age 73 281 0.6 66.7 0.2 12.6 15 80 653 53 43.6
Screen through age 74 28.2 0.6 65.8 0.2 11.8 15 85 677 5.6 44.6
Z Screen through age 75 284 0.7 64.9 0.2 10.6 14 95 714 6.1 46.4
E Screen through age 76 28.4 0.7 64.5 0.2 10.1 14 99 736 6.4 47.5
E Screen through age 77 285 0.7 64.1 0.2 9.4 13 107 766 6.8 49.1
8 Screen through age 78 28.6 0.8 60.4 0.2 8.7 13 115 795 7.0 48.0
g Screen through age 79 28.7 0.8 60.4 0.2 7.9 12 126 827 7.6 49.9
% Screen through age 80 28.8 0.8 60.2 0.2 7.8 12 129 829 7.7 49.9
= Screen through age 81 28.8 0.9 60.1 0.2 6.7 11 148 907 8.9 54.5
Screen through age 82 28.9 0.9 60.1 0.2 6.2 1.0 162 960 9.7 57.7
Screen through age 83 28.9 1.0 58.7 0.2 5.9 1.0 171 992 10.0 58.2
Screen through age 84 29.0 1.0 58.8 0.2 6.0 1.0 168 984 9.9 57.9
Screen through age 85 29.1 1.0 58.7 0.2 5.6 1.0 177 1007 10.4 59.1
Screen through age 86 29.2 1.0 58.6 0.2 5.4 1.0 186 1036 10.9 60.7
Screen through age 87 293 1.0 58.3 0.2 49 0.9 204 1111 119 64.8
Screen through age 88 295 1.0 56.2 0.2 47 0.9 212 1132 119 63.6
Screen through age 89 29.6 11 56.0 0.2 43 0.8 234 1211 131 67.8

Screen through age 90 29.7 12 55.4 0.2 4.0 0.8 253 1292 14.0 71.5




234 | Chapter 5

Screen through age 66 28.3 0.6 64.8 0.2 10.4 11 97 914 6.3 59.2
Screen through age 67 28.1 0.7 65.9 0.2 10.4 1.2 96 869 6.3 57.2
Screen through age 68 27.9 0.7 65.4 0.2 10.5 12 95 830 6.2 54.3
Screen through age 69 27.7 0.8 66.8 0.2 10.6 13 94 791 6.3 52.9
Screen through age 70 276 0.9 68.0 0.2 11.0 13 91 746 6.2 50.7
Screen through age 71 27.8 0.9 66.9 0.2 9.8 12 102 814 6.9 54.5
Screen through age 72 279 0.9 65.9 0.2 8.9 1.2 113 858 7.4 56.5
Screen through age 73 28.1 0.9 63.6 0.2 85 11 118 884 7.5 56.2
Screen through age 74 282 0.9 62.8 0.2 7.9 11 127 916 8.0 57.5
- Screen through age 75 28.4 1.0 62.1 0.2 7.4 11 135 935 8.4 58.1
§ Screen through age 76 285 1.0 61.8 0.2 6.8 1.0 147 978 9.1 60.5
g Screen through age 77 285 1.0 61.5 0.2 6.4 1.0 156 1013 9.6 62.3
5 Screen through age 78 28.6 1.0 59.1 0.2 6.1 1.0 165 1046 9.7 61.8
@ Screen through age 79 287 11 59.0 0.2 5.8 0.9 174 1071 10.3 63.2
% Screen through age 80 28.8 11 58.8 0.2 5.5 0.9 181 1078 10.6 63.4
4 Screen through age 81 28.8 11 58.9 0.2 4.8 0.9 208 1164 123 68.5
Screen through age 82 28.9 12 58.9 0.2 4.6 0.8 218 1184 12.8 69.7
Screen through age 83 289 12 57.8 0.2 4.3 0.8 235 1250 13.6 72.3
Screen through age 84 29.0 12 58.1 0.2 4.6 0.8 219 1190 12.7 69.1
Screen through age 85 29.0 12 58.0 0.2 4.5 0.8 222 1203 129 69.8
Screen through age 86 29.2 12 57.8 0.2 4.2 0.8 238 1241 13.7 71.7
Screen through age 87 293 12 57.7 0.2 4.0 0.8 252 1310 14.6 75.6
Screen through age 88 29.5 13 55.4 0.2 3.6 0.7 275 1366 15.2 757
Screen through age 89 29.6 13 55.2 0.2 3.5 0.7 289 1416 15.9 78.2
Screen through age 90 29.7 1.3 54.9 0.2 3.4 0.7 294 1451 16.2 79.7

Abbreviations: Av, average health; NNS/LYG, number needed to screen to gain one life-year; NNS/CDP, number
needed to screen to prevent one cancer death; NNSc/LYG, number needed to scope to gain one life-year;
NNSc/CDP, number needed to scope to prevent one cancer death

Details of comorbid conditions are found in Table 5.2.

Shaded row represents the age for each comorbidity group at which screening provided similar harms and
benefits as provided by the threshold of NNS/LYG for males with perfect screening history with biennial FIT and
with average life expectancy at age 74.
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Supplementary Results Table 5.3: Suggested age of last screening episode for colorectal

cancer based on the number needed to screen to gain one life year, by sex, comorbidity status

and prior screening. The faecal immunochemical test had a positivity of 7.5% (23 ug Hb/g

faeces).

a. Prior screening with biennial guaiac faecal occult blood testing and faecal immunochemical testing for the
current screening episode.

Screening History?® / Females Males
Comorbidity status® No Low Mod Sev No Low Mod Sev

Perfect Prior Screening with gFOBT 86 86 84 80 84 84 80 76

Most Prior Screening with gFOBT 88 88 86 82 86 86 82 78

Reasonable Prior Screening with 88 88 36 84 36 36 84 30

gFOBT
Some Prior Screening with gFOBT 90 90 88 84 88 88 86 80
No Prior Screening with gFOBT 90 90 90 86 88 88 86 82

b. Prior screening with biennial guaiac faecal occult blood testing and faecal immunochemical testing in the
previous two and current screening episodes.

Screening History? / Females Males
Comorbidity status® No Low Mod Sev No Low Mod Sev

Perfect Prior Screening with gFOBT

and FIT in last 2 screens

Most Prior Screening with gFOBT and

FIT in last 2 screens

Reasonable Prior Screening with

gFOBT and FIT in last 2 screens

Some Prior Screening with gFOBT and

FIT in last 2 screens

No Prior Screening with gFOBT and

FIT in last 2 screens

82 76 74 70 78 76 74 68

86 84 82 76 82 82 78 74

88 86 86 80 84 84 80 76

90 88 88 84 86 86 84 80

90 90 90 86 88 88 86 82

c. Prior screening with annual faecal immunochemical testing.

Screening History? / Females Males
Comorbidity status® No Low Mod Sev No Low Mod Sev
Perfect Prior Screening with FIT 81 74 72 68 77 76 73 67
Most Prior Screening with FIT 85 83 82 72 81 80 77 72
Reasonable Prior Screening with FIT 87 86 84 77 83 82 80 76
Some Prior Screening with FIT 89 89 87 84 87 86 83 80
No Prior Screening with FIT 90 90 90 90 90 90 90 88

Abbreviations: FIT, faecal immunochemical test; Mod, moderate; Sev, severe

Key: Blue — stop screening later than recommended in guidelines; Green — stop screening in line with guidelines;
Red — stop screening earlier than recommended in guidelines.

a. Details of screening history are found in Table 5.1.

b. Details of comorbid conditions are found in Table 5.2.
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Supplementary Results Table 5.4: Suggested age of last screening episode for colorectal
cancer based on the number needed to screen to gain one life year, by sex, comorbidity status
and prior screening with colonoscopy. Current screening is with colonoscopy.

Screening History? / Females Males
Comorbidity status® No Low Mod Sev No Low Mod Sev

Screening Colonoscopy 10 years prior 75 74 73 70 76 75 74 70

Abbreviations: Mod, moderate; Sev, severe

Key: Blue — stop screening later than recommended in guidelines; Green — stop screening in line with guidelines;
Red — stop screening earlier than recommended in guidelines.

a. Details of screening history are found in Table 5.1.

b. Details of comorbid conditions are found in Table 5.2.

Supplementary Results Table 5.5: Suggested age of last screening episode for colorectal
cancer based on the number needed to screen to gain one life year, by sex, comorbidity status
and prior screening with biennial faecal immunochemical testing or colonoscopy. The faecal
immunochemical test had a positivity of 9% (15 ug Hb/g faeces).

Screening History?® / Females Males
Comorbidity status®  No Low Mod Sev No Low Mod Sev
Perfect Prior Screening with FIT 82 74 72 68 76 76 72 68
Most Prior Screening with FIT 84 84 80 72 80 80 76 72
Reasonable Prior Screening with FIT 86 86 84 76 82 82 78 74
Some Prior Screening with FIT 88 88 86 82 86 84 82 78
No Prior Screening with FIT 90 90 90 88 90 88 88 84
Screening Colonoscopy 10 years prior 81 74 72 66 76 76 72 66
Screening Colonoscopy 15 years prior 87 84 81 72 82 81 78 73

Abbreviations: FIT, faecal immunochemical test; Mod, moderate; Sev, severe

Key: Blue — stop screening later than recommended in guidelines; Green — stop screening in line with guidelines;
Red — stop screening earlier than recommended in guidelines.

a. Details of screening history are found in Table 5.1.

b. Details of comorbid conditions are found in Table 5.2.
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Supplementary Results Figure 5.1: Number needed to screen per life year gained for females
by age and comorbidity level under varying prior screening assumptions.

a. Most prior screening with FIT.

1000
900
800
700
9
4
& 600
4
4
™ 500
fud
c
£
] 400
S
£
300
200
— R
100 o—— |
0
66 68 70 72 74 76 78 80 82 84 86 88 920
Age
——No comorbidity —=— | ow comorbidity —+—Moderate comorbidity
—e— Severe comorbidity ——Acceptable threshold s Upper threshold
n
—
b. Reasonable prior screening with FIT. 9
o
@©
700 -L:)
600
500
o
3
2 400
P4
s
c
£ 300
)
S
S
£
200
0
66 68 70 72 74 76 78 80 82 84 86 88 90
Age
—— No comorbidity —a—Low comorbidity —— Moderate comorbidity

—e— Severe comorbidity ——Acceptable threshold e Upper threshold



238 | Chapter 5

C.

d.

Some prior screening with FIT.
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e. Colonoscopy 15 years prior.
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Abbreviations: NNS/LYG, number needed to screen to gain one life year

Each coloured line represents the number needed to screen per life year gained over the ages 66 to 90 for each
level of comorbidity. The solid horizontal line represents the threshold for the number needed to screen per life
year gained for screening in the average health population until the age of 74 (acceptable threshold). The dashed
line represents the threshold for the number needed to screen per life year gained for screening in the average
health population until the age of 76 (upper threshold). The recommended CRC screening stop-age is defined by
this range. Where two ages fall within the threshold range, the lowest of the two values is selected. Where no
values fall within the threshold range, the age closest to the lowest level is selected. The vertical dashed lines

indicate the age for each comorbidity group where screening provides a balance of harms and benefits similar to
those aged 74 with average health.
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Supplementary Results Figure 5.2: Number needed to screen per life year gained for males
by age and comorbidity level under varying prior screening assumptions.

a. Most prior screening with FIT.
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b. Reasonable prior screening with FIT.
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c. Some prior screening with FIT.
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e. Colonoscopy 15 years prior.
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Abbreviations: NNS/LYG, number needed to screen to gain one life year

Each coloured line represents the number needed to screen per life year gained over the ages 66 to 90 for each
level of comorbidity. The solid horizontal line represents the threshold for the number needed to screen per life
year gained for screening in the average health population until the age of 74 (acceptable threshold). The dashed
line represents the threshold for the number needed to screen per life year gained for screening in the average
health population until the age of 76 (upper threshold). The recommended CRC screening stop-age is defined by
this range. Where two ages fall within the threshold range, the lowest of the two values is selected. Where no
values fall within the threshold range, the age closest to the lowest level is selected. The vertical dashed lines

indicate the age for each comorbidity group where screening provides a balance of harms and benefits similar to
those aged 74 with average health.
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ABSTRACT

Background: There is growing evidence for personalising colorectal cancer screening based
on risk factors. We compared the cost-effectiveness of personalised colorectal cancer
screening based on polygenic risk and family history to uniform screening.

Methods: Using the MISCAN-Colon model, we simulated a cohort of 100 million 40-year-olds,
offering them uniform or personalised screening. Individuals were categorised based on
polygenic risk and family history of colorectal cancer. We varied screening strategies by start
age, interval and test and estimated costs, and quality-adjusted life years (QALY). In our
analysis we: i) assessed the cost-effectiveness of uniform screening; ii) developed personalised
screening scenarios based on optimal screening strategies by risk group; and iii) compared the
cost-effectiveness of both.

Results: At a willingness-to-pay threshold of $50,000/QALY, the optimal uniform screening
scenario was annual faecal immunochemical testing (FIT) from ages 50-74 years, whereas for
personalised screening the optimal screening scenario consisted of annual and biennial FIT
screening except for those at highest risk who were offered 5-yearly colonoscopy from age 50
years. Although these scenarios gained the same number of QALYs (17,887), personalised
screening was not cost effective, costing an additional $428,953 due to costs associated with
determining risk (assumed to be $240 per person). Personalised screening was cost effective
when these costs were less than ~$48.

Conclusion: Uniform colorectal cancer screening currently appears more cost effective than
personalised screening based on polygenic risk and family history. However, cost-
effectiveness is highly dependent on the cost of determining risk.

Impact: Personalised screening could become increasingly viable as costs for determining risk
decrease.
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INTRODUCTION

Screening has been shown to be a cost effective method to reduce the incidence and mortality
of colorectal cancer. In countries with population screening programs, screening for
colorectal cancer is based on age,® with separate screening recommendations for those with
a positive family history.® However, genetic susceptibility also plays an important role in
colorectal cancer risk and it has been suggested that, when combined with family history, this
may improve risk prediction and diagnosis.” ®

Genome-wide association studies have shown that polygenic factors, such as common, low
risk genetic variants or single-nucleotide polymorphisms (SNP), play a significant role in
defining colorectal cancer risk due to their relatively high prevalence in the population.>*2 In
isolation, SNPs are only weakly associated with colorectal cancer risk; however, cumulatively
they explain substantial variation in risk.> 3> A polygenic test can be used to estimate
someone’s polygenic risk score based on the absence or presence of specific risk alleles. Such
a risk score can be used to identify individuals at several times lower and greater (0.49-3.40)
colorectal cancer risk than the average population.'*

Compared with age-based screening, personalised screening provides an opportunity to
stratify the population allowing screening to be tailored to an individual’s risk.*> This would
allow for those at lower risk to start screening later and or have longer screening intervals,
whereas those at higher risk could start screening earlier, undergo more intensive screening
or both.> 1>17 personalised screening also provides opportunities to detect cancers in younger
at-risk individuals, who are currently excluded from age-based screening despite being at
increased risk.'®2° In this way, personalised screening has the potential to reduce the harms
of screening while maintaining, or even increasing, its benefits in addition to improving its
cost-effectiveness.

Previous research has demonstrated the efficacy of stratifying the population for screening
based on age and polygenic risk,?% 22 or in combination with other factors including family
history.” 2 However, no studies have evaluated the cost-effectiveness of such risk-stratified
screening compared with uniform screening for colorectal cancer. To address this gap in
knowledge, we investigated the impact of personalising colorectal cancer screening, based on
polygenic risk and family history and compared its cost-effectiveness to uniform screening.

METHODS AND MATERIALS

We used the Microsimulation Screening Analysis-Colon (MISCAN-Colon)?* model to estimate
the costs, benefits and harms of different uniform screening strategies as well as personalised
screening strategies that were based on polygenic risk and family history of colorectal cancer.
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MISCAN-CoLON

MISCAN-Colon is a well-established microsimulation model for colorectal cancer developed at
the Department of Public Health, Erasmus University Medical Center.?* The structure,
underlying assumptions, and data sources used to calibrate the model are detailed in the
Model Appendix. In brief, the model simulates a large population of individuals from birth to
death, first without and then with screening for colorectal cancer. As each simulated person
ages, one or more adenomas may arise and some can progress in size from small (<5 mm) to
medium (6-9 mm) to large (>10 mm). Some adenomas develop into preclinical cancer and
subsequently progress through cancer stages | to IV. During each stage symptoms may present
and colorectal cancer may be diagnosed. The introduction of screening may alter the
simulated life histories through detection and removal of adenomas or through detection of
colorectal cancer at an earlier stage with a more favourable survival. By comparing the life
histories of a simulated population being screened to the corresponding life histories in a
simulated population not screened, MISCAN-Colon quantifies the effectiveness and the costs
of screening.

MISCAN-Colon was calibrated to match the age-specific incidence of colorectal cancer in
Australia before the introduction of biennial faecal immunochemical test (FIT) screening for
those aged 50 to 74 years in 2006.2° Stage distribution, localisation of cancers in the
colorectum, and five-year relative survival after clinical diagnosis of a cancer were based on
Australian literature.?® 2” Additional assumptions of the MISCAN-Colon model are presented
in Table 6.1 and the Model Appendix.

SIMULATED POPULATION

For this analysis, we simulated a cohort of 100 million 40-year-olds, with life expectancy as
observed in Australiain 2013-2015.28 Individuals were followed for a lifetime, until a maximum
age of 100 years, at which point they are all assumed to be dead.

RISK STRATIFICATION

Using previous research, the population was stratified a priori into five risk groups based on
their quintile of polygenic risk score (based on 45 SNPs shown to increase colorectal cancer
risk) and their first-degree family history of colorectal cancer (Table 6.2).2* The expected
prevalence of each of the five categories in the general population was based on a random
assignment of 1,000 people given a 20% probability of being in any SNP quintile and a 10%
probability of having at least one first-degree relative with colorectal cancer.?® The relative
risk (RR) of developing colorectal cancer (compared with the average population risk) for each
risk group was based on the combined RR of each quintile of polygenic risk score and family
history based on observed virtual independence of the two factors.'* The five risk groups were
defined as “very low” (RR<0.5), “low” (RR between 0.5-0.9), “average” (RR between 0.9-1.2),
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“high” (RR between 1.2-1.8), and “very high” (RR >1.8). We assumed no other differences in
life expectancy, colorectal cancer stage distribution, survival, or screening performance
characteristics between the risk groups.

SCREENING AND SURVEILLANCE

In addition to a scenario without screening, we modelled 25 different screening strategies,
varying screening start age (40, 46, 50, 54 or 60 years), test (FIT or colonoscopy), and interval
(annual, biennial or triennial screening for FIT, and every 5 or 10 years for colonoscopy). For
all FIT analyses, we assumed a positivity of 7.7% based on rates observed in the Queensland
Bowel Cancer Screening Program between August 2006 and December 2010.3% 3! Screening
was always assumed to stop at age 74 years. Surveillance intervals and stop age for all
scenarios were based on the Australian National Health and Medical Research Council Clinical
Practice Guidelines for Surveillance Colonoscopy.3?

PARTICIPATION

Screening programmes can be assessed under the assumption of perfect adherence or
observed adherence. In the first analyses, we assumed perfect adherence to all screening,
diagnostic, and surveillance tests. Subsequently, we estimated the costs and effects of
screening at adherence levels currently observed in Australia.

For the latter analysis, we simulated participation rates as reported by the Australian National
Bowel Cancer Screening Program (NBCSP), a biennial FIT screening program, in 2017 (Table
6.1).33 Participation with annual and triennial FIT and with primary colonoscopy screening was
set at the same screening participation rates. Age-specific participation rates were provided
in five-year age intervals between 50 and 74 years. As data were not available for screening
participation for individuals aged 40-49 years, participation was assumed to be equal to those
aged 50-54 years. We assumed that 76.0% of individuals who had previously attended
screening would attend again in the next screening round, whereas 19.7% of individuals who
had not attended in the previous round would now attend based on data from the NBCSP.33

A positive FIT requires a consultation with a primary care provider, such as a general
practitioner (GP) to discuss test results and obtain a referral for colonoscopy. For the observed
adherence analyses, it was assumed that 90% of FIT positive cases would attend this
appointment.?® In addition, attendance at diagnostic colonoscopy was age-specific ranging
from 68.2% to 72.3% based on outcomes from the NBCSP.3 The participation rate for
colonoscopy surveillance was assumed to be 80%.34
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Table 6.1: Model Inputs: Test characteristics, participation assumptions, utility losses and
costs associated with colorectal cancer screening and treatment.

Test characteristics
Specificity and sensitivity of FIT 2

Specificity (per person) 95.0%
Sensitivity adenoma 1-5 mm 0.0%
Sensitivity adenoma 6-9 mm 9.0%
Sensitivity adenoma 10+ mm 32.0%
Sensitivity cancer long before clinical diagnosis ® 36.5%
Sensitivity cancer shortly before clinical diagnosis ° 72.8%
Specificity and sensitivity of colonoscopy ¢
Specificity 86%
Sensitivity adenoma 1-5 mm 75%
Sensitivity adenoma 6-9 mm 85%
Sensitivity adenoma 10+ mm 95%
Sensitivity preclinical cancer 95%
Complication of colonoscopy ©
Fatal complication f 0.040%
General complication &
50-54 0.096%
55-59 0.080%
60-64 0.054%
65-69 0.127%
70-74 0.073%

Participation
Uptake of initial screening offer "

50-54 28.5%
55-59 36.8%
60-64 43.2%
65-69 43.5%
70-74 52.5%
Uptake of rescreening
Previously attended 76.0%
Previously not attended 19.7%
Attendance at General Practitioner 90.0%
Uptake of diagnostic test "
50-54 72.3%
55-59 71.6%
60-64 71.4%
65-69 70.6%
70-74 68.2%

Adherence to surveillance’ 80.0%
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Utility loss (QALYs)

Per FIT 0
Per colonoscopy' 0.00274
Per complication of colonoscopy ™ 0.01918
Per LY with colorectal cancer Care ™° Initial Care Continuing Terminal care  Terminal  care
Care (Death (Death OC)
colorectal
cancer)
Stage | 0.12 0.05 0.70 0.05
Stage Il 0.18 0.05 0.70 0.05
Stage Ill 0.24 0.24 0.70 0.24
Stage IV 0.70 0.70 0.70 0.70
Costs (2016 SAUD)P
Per FIT invitation 9 17.35
Per returned FIT " 22.60
Per GP visit * 37.05
Per colonoscopy (same day)* 1,627
Polygenic test “ 200
Per complication of colonoscopy " 9,027
Treatment by stage and location "*Y
Stage | CC (without bevacizumab) 31,107
Stage | RC (without bevacizumab) 41,619
Stage Il CC (without bevacizumab) 43,776
Stage Il CC (without bevacizumab) 79,375
Stage /11l RC (without bevacizumab) 86,317
Stage IV colorectal cancer without bevacizumab 71,156
Stage IV colorectal cancer with bevacizumab 81,403

Abbreviations: CC, Colon Cancer; colorectal cancer, Colorectal Cancer; FIT, faecal immunochemical test; GP,

General Practitioner; OC, Other Cause; QALY, Quality-Adjusted Life Year; RC, Rectal Cancer; LY, Life Year

a. Specificity and sensitivity of FIT derived from results of Queensland Health report.3!

b. We assume that FIT screening is more sensitive in cancers as they progress towards becoming symptomatic
(visible bleeding) and clinically detectable. For preclinical cancers which will become symptomatic within the
same stage, assumed test sensitivity is higher.

c. The lack of specificity with endoscopy reflects the detection of non-adenomatous lesions, where the non-
adenomatous lesions are removed and therefore induce polypectomy and biopsy or lead to (unnecessary)
referral with sigmoidoscopy. The evidence synthesis reported no specificity for endoscopy for any adenoma.
Specificity for colonoscopy is therefore based on Schroy et al, 2013.3°

d. Sensitivity of colonoscopy for the detection of adenomas and colorectal cancer within the reach of the
endoscope was obtained from a systematic review on miss rates observed in tandem colonoscopy studies.3®

e. Complications are conditional on polypectomy, and we assume that polypectomy is only performed if
colonoscopy is positive.

f.  Fatal perforation taken from Viiala et al, 2003%” and includes only deaths from colonoscopies performed in
outpatients within 30 days of, and attributed to, colonoscopy.

g. Age-specific rate of complication taken from National Bowel Cancer Screening Monitoring report.3® A
complication is considered as an unplanned hospital admission within 30-days of a diagnostic colonoscopy.

h. Uptake of screening, rescreening and participation in diagnostic follow up taken from National Bowel Cancer

Screening Monitoring report.33

Attendance at general practitioner for referral to colonoscopy taken from Tran et al, 2011.2°

Attendance at surveillance colonoscopies assumed to be 80% based on Colquhoun et al, 2003.34

The loss of quality of life associated with a particular event.

Equal to 2 days per colonoscopy at a utility of 0.5.

Complications associated with hospitalisation with 30 days of colonoscopy were assumed to be equal to 14

days at a utility of 0.5.
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Care for colorectal cancer was divided in three clinically relevant phases: the initial, continuing, and terminal
care phase. The initial care phase was defined as the first 12 months after diagnosis; the terminal care phase
was defined as the final 12 months of life; the continuing care phase was defined as all months in between.
In the terminal care phase, we distinguished between colorectal cancer patients dying from colorectal cancer
and colorectal cancer patients dying from another cause. For patients surviving less than 24 months, the
final 12 months were allocated to the terminal care phase and the remaining months were allocated to the
initial care phase.

Utility losses for LYs with initial care were derived from a study by Ness and colleagues.®® For LYs with
continuing care for stage | and Il colorectal cancer, we assumed a utility loss of 0.05 QALYs; for LYs with
continuing care for stage Ill and IV colorectal cancer, we assumed the corresponding utility losses for LYs
with initial care. For LYs with terminal care for colorectal cancer, we assumed the utility loss for LYs with
initial care for stage IV colorectal cancer. For LYs with terminal care for another cause, we assumed the
corresponding utility losses for LYs with continuing care.

Costs are from a health systems perspective and do not include patient time costs. All costs are presented
in Australian dollars (SAUD) and are indexed to 2016 prices.

FIT price based on the pricing of a commercially available alternative.3°

The cost to analyse a specimen based in Australian Medicare Benefits Schedule.*

Cost to visit GP taken from Australian Medicare Benefits Schedule.*

Costs for colonoscopy are calculated based on information available from Independent Hospital Pricing
Authority.*?

Cost of polygenic test based on a commercially available polygenic test for breast cancer.*®

Costs for complications of colonoscopy are calculated based on information available from Independent
Hospital Pricing Authority.*?

Cost of treatment taken from Ananda et al, 2016.%*

Proportion of rectal cancer assumed to be 30.81%.%”

Proportion of Stage IV cancers treated with bevacizumab assumed to be 50%.%*



Cost-effectiveness of personalised screening | 253

9 J91dey)

y17 1€ 13 SUBjUS UO paseq uoniedyilens

‘e

132ued |B12940|02 4O )SI 93elaAe 3yl YUm patedwod A108931ed Ul J9dued |B10340]0D JO YSI4 HISId dAIleRY ‘YY ‘@8eiuadiad uolre|ndod ‘dd :suolielinauqay

z ov'e SOAIE|9J 9985p 15J1J Ul J92UED [2129.10[02 SUO 1SE3| 18 PUE Ysii 1uasAjod Joj a|nuinb 15aySiH ?
ysiH Asap

z 17 SOAI1R|24 99.89p 1541} Ul J9UED |R12940]0D 3UO 1SE3| 18 PUE Ysii 3luaSA|od 4oy ajiuinb 159ySiy puodas /

) saAle[24 99.83p 15.1) Ul J9DUED [B10910[0D OU pue sk dluagAjod

8 0LT 10} 9jnuInb 153ySIy YO SANE|SJ 92459p 1541 Ul J9JUEBD [12240]0D SUO 153 18 pue Ysii d1uaghjod Jo) ajuinb S|pPIN 9 uBIH

€ Sp'T SaAI1e[24 99.89p 15J1} Ul J9DUED [R10940]0D BUO 1SB3| 1B PUE sk 3luaSAjod Joj 3jnuinb 153Mo| pUodaS S

v YT SOAI1E|2J 99189 1541J Ul J2OURD |B12310]0D OU pUE ysu 21uagAjod Joj ajuinb 1saysiy puodas v
) saAle[24 99.59p 15.1) Ul J9DUBD [B10910[02 OU pue s dluagAjod agesany

8t €60 10} 9j1UINb |PPIW YO SAIEJ2) 92459p 151 Ul JSIUED [B19940|0D SUO 1Se3| 18 pue ysii diuagAjod Jog ajinuinb 159mo €
€7 L0 saAle[aJ 99199p 15J1) Ul J9IUED [£12910]0D OU puE Ysii 21uaSAjod Joj ajnuInb 159MOo| puodas z MOT
0z [0 SOAINE[9. 9983 1541} Ul J9DUED [£12940[03 OU puE ¥sii 1uaSAjod Joj ajnuInb 159MoT 1 Mo AJap
%) wondusss A10891ed dnoug
%)dd oy 11d1 a sty o

e '192UBD |B103.0]|02 Jo AJo3siy Ajiwe) pue ysu d1uadAjod 01 Suiplodde sjenplAlpul JO UOIIBDIHI1RILS :Z°9 d]qeL



254 | Chapter 6

ASSUMPTIONS FOR COSTS AND UTILITIES

The cost of screening with FIT was based on commercially available kits.3° This cost includes
the test, postage, and test processing fees. The cost to analyse a FIT specimen was based on
the Australian Medicare Benefits Schedule (MBS).*° The cost of attending a GP to obtain a
referral for colonoscopy (standard consult) is set in the MBS.*! The cost for colonoscopy and
complications from colonoscopy was obtained from the Independent Hospital Pricing
Authority report on costs in Australian public hospitals.*? Costs for cancer care were based on
costs of cancer treatment in the Australian setting.** All costs are presented in Australian
dollars (SAUD), standardised to 2016 prices using the consumer price index where
necessary.*

To determine risk, we assumed all individuals underwent assessment for family history of
colorectal cancer and polygenic testing prior to the commencement of colorectal cancer
screening. We assumed assessment for family history of colorectal cancer would be
undertaken by a GP and cost the same as a standard consult (Table 6.1).#! In addition, we
assumed polygenic testing would cost $200 based on a commercially available polygenic test
for breast cancer.*?

The assumed utility loss due to colorectal cancer screening was 0.00274 quality-adjusted life
years (QALY) per colonoscopy (1.5 days at 0.5 utility) and 0.001918 QALYs per complication of
colonoscopy (14 days at 0.5 utility, Table 6.1). We also assumed that life years (LY) with
colorectal cancer care are of lower quality than those without colorectal cancer care.?® We
assumed no disutility from determining or knowing polygenic risk score.

MODEL OUTCOMES

For all scenarios, the model estimated health effects such as colorectal cancer incidence and
colorectal cancer mortality, and required resources such as the number of screening and
surveillance tests performed between ages 40 and 74 years. From these outcomes, we
calculated costs, life years, and QALYs lived with each strategy. Costs, life years, and QALYs
were discounted at an annual rate of 5%, as is recommended in Australia.*® Undiscounted
results are presented in the Supplementary Results (Table 6.6, Figure 6.8).

ANALYSES

Our analysis consisted of four parts. First, we determined costs, benefits, and harms of the
aforementioned screening strategies applied to the population as a whole (uniform
screening). We plotted the uniform screening scenarios in a cost-effectiveness plane and
performed an incremental cost-effectiveness analysis to see which scenarios were efficient.

Second, we followed the above steps for each risk group and used these results to determine
the efficient screening strategies for each risk group. Then, we combined the efficient
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screening strategies for all risk groups and ordered them from least expensive to most
expensive. Using this list, we developed a series of optimally personalised screening scenarios.
As each personalised screening scenario can be a combination of different strategies for each
risk subgroup, there will be many more personalised screening scenarios.

Third, we compared the outcomes of uniform and personalised screening to establish which
method would yield better results. We did this by plotting all uniform and personalised
screening scenarios in a single cost-effectiveness plane and by performing an incremental
cost-effectiveness analysis to see whether personalised screening or uniform screening was
most efficient.

Finally, we applied imperfect participation rates to uniform and personalised screening
scenarios to determine their impact in a “real-world” scenario. The benefits and costs of
screening were compared with the same population undergoing no screening.

At each step, scenarios with the highest incremental cost-effectiveness ratio (ICER) under a
threshold of $50,000 per QALY gained were identified as the optimally cost-effective strategy
as this is a commonly used willingness-to-pay (WTP) threshold in Australia.

SENSITIVITY ANALYSES

In sensitivity analyses, we assessed the impact of weighting QALYs by age*” (we applied age-
adjusted health-related quality of life so that quality of life deceased with increasing age) and
discounting our results at 3% rather than 5% as this is a common international discounting
rate.*® In addition, we explored the impact of changes in screening participation for
personalised screening, holding the participation of uniform screening at current levels. To do
this, we increased and decreased age-specific participation of the initial screening offer by 10
percentage points and adjusted the participation of rescreening.

Due to the uncertainty surrounding costs for determining risk profile, we also included a
sensitivity analysis where these costs were excluded. Using this information, we conducted a
threshold analysis to estimate the maximum cost for determining risk profile where
personalised screening would be considered cost effective compared to uniform screening, at
a WTP of $50,000 per QALY gained.

RESULTS

UNIFORM SCREENING

Compared with no screening, the uniform screening scenarios (Table 6.3a) reduced colorectal
cancer incidence by 22%-69% (18-58 fewer colorectal cancer cases per 1,000 individuals) and
mortality by 35%-79% (10-23 fewer colorectal cancer deaths). These scenarios yielded 0.11%-
0.32% more QALYs (20-58 additional QALYs) and costs increased by 0.5%-424% ($6,409-
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$5,277,930) per 1,000 individuals. These screening scenarios increased colonoscopy demand
by 383-6,927 colonoscopies per 1,000 individuals (Table 6.3a). Several uniform screening
scenarios were on the efficient frontier (Supplementary Results Figure 6.1). Using a WTP
threshold of $50,000 per QALY gained, the optimal uniform screening scenario was annual FIT
from 50 to 74 years (ICER $43,174). Although close to the efficient frontier, biennial FIT
screening from 50 to 74 years, the screening program currently implemented in Australia, was
dominated. Colonoscopy screening scenarios were the most effective, however, they also had
the highest ICERs.

OPTIMAL SCREENING STRATEGIES PER RISK GROUP

The efficient frontier included many of the same strategies for each risk group; however, the
ICERs differed substantially (Supplementary Results Table 6.1, Supplementary Results Figures
6.2a-e). For example, annual screening with FIT from 54 to 74 years was on the efficient
frontier for all risk groups; however, the ICERs ranged from $86,929 for those at very low risk
to $3,687 for those at very high risk. Considering a WTP threshold of $50,000 per QALY gained,
the optimal screening strategy for those at very low risk was biennial FIT from 54 to 74 years
(ICER $33,639), whereas for those at highest risk, the optimal strategy was 5-yearly
colonoscopy from 50 to 74 years (ICER $39,568). Biennial FIT screening was only on the
efficient frontier for the very low risk group (ICER $63,911).

PERSONALISED SCREENING

Using these efficient strategies, 39 personalised screening scenarios were created (Table 4).
These scenarios (Table 6.5a) reduced colorectal cancer incidence by 4%-68% (3-57 fewer
colorectal cancer cases per 1,000 individuals) and mortality by 5%-79% (2-23 fewer deaths).
In addition, they yielded 0.02%-0.32% more QALYs (3-58 additional QALYs) and increased
costs by 19%-432% ($233,599-55,330,249). The personalised screening scenarios increased
colonoscopy demand by 45-6,698 colonoscopies per 1,000 individuals (Table 6.5a).

At a WTP threshold of $50,000 per QALY gained, the optimal personalised screening scenario
consisted of the following: those at very low risk or low risk, screening should start at age 54
years with biennial and annual FIT, respectively, those at average and high risk, screening
should start at age 50 years with annual FIT, and those at very high risk, screening should start
at age 50 years with 5-yearly colonoscopy (ICER $45,682).
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UNIFORM SCREENING VERSUS PERSONALISED SCREENING

When compared, personalised and uniform screening scenarios similarly reduced colorectal
cancer incidence and mortality and yielded similar QALYs. Personalised screening more
efficiently allocated colonoscopy demand; however, it cost more than uniform screening, due
to the cost of determining risk. Although several scenarios from each type of screening were
on the efficient frontier (Figure 6.1a), all of the personalised screening scenarios had an ICER
above $100,000 and would therefore not be considered cost effective. At a WTP threshold of
$50,000 per QALY gained, the optimal screening scenario was annual FIT screening from 50 to
74 years.

REALISTIC ADHERENCE

As might be expected, the application of realistic participation rates decreased the health
benefits as well as the costs of all screening scenarios. At this level of participation, none of
the personalised screening scenarios were cost effective compared with uniform screening
(Figure 6.1b).

SENSITIVITY ANALYSES

Our results were not sensitive to changes in discounting, weighting of QALYs or adjustments
to rates of participation (Supplementary Results Tables 6.2-6.5, Supplementary Results Figures
6.3-6.6). However, excluding the costs of determining polygenic risk had a significant impact
on our results with personalised screening dominating uniform screening scenarios at both
perfect (Figure 6.1c) and realistic adherence (Supplementary Results Figure 6.7). The
threshold analysis indicated that for personalised screening to be cost effective compared to
uniform screening at the WTP of $50,000 per QALY gained, the cost for determining risk should
not exceed $47.52 (Supplementary Results Table 6.8).

DIscUsSION

We investigated the impact of personalising colorectal cancer screening based on polygenic
risk and family history. We found that uniform screening was equally effective (cancers and
deaths prevented) but more cost effective than personalised screening. Although
personalised and uniform screening showed similar reductions in colorectal cancer incidence
and mortality and similar gains in QALYs, personalised screening incurred additional costs
resulting from the whole population undergoing testing to determine their colorectal cancer
risk.

Ye]
I
()
-
Qo
©
<
(@]




260 | Chapter 6

Table 6.4: Specifics of the personalised screening scenarios, when costs and QALYs are
discounted at 5%. All screening ends at or before the age of 74 years.

Risk Groups

Screening Strategy

Very Low Low Average High Very High
PS1 NoScr NoScr NoScr NoScr FIT-60-1
PS2 NoScr NoScr NoScr NoScr FIT-54-1
PS3 NoScr NoScr NoScr FIT-60-2 FIT-54-1
PS4 NoScr NoScr NoScr FIT-60-1 FIT-54-1
PS5 NoScr NoScr NoScr FIT-54-2 FIT-54-1
PS6 NoScr NoScr NoScr FIT-54-1 FIT-54-1
PS7 NoScr NoScr FIT-60-2 FIT-54-1 FIT-54-1
PS8 NoScr NoScr FIT-54-2 FIT-54-1 FIT-54-1
PS9 NoScr NoScr FIT-54-2 FIT-54-1 FIT-50-1
PS10 NoScr FIT-60-2 FIT-54-2 FIT-54-1 FIT-50-1
PS11 NoScr FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1
PS12 NoScr FIT-54-2 FIT-54-1 FIT-54-1 FIT-50-1
PS13 NoScr FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1
PS14 FIT-54-3 FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1
PS15 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1
PS16 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 COL-54-5
PS17 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 COL-50-5
PS18 FIT-54-2 FIT-54-1 FIT-54-1 FIT-50-1 COL-50-5
PS19 FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5
PS20 FIT-54-2 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5
PS21 FIT-50-2 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5
PS22 FIT-50-2 FIT-50-1 FIT-50-1 COL-50-5 COL-50-5
PS23 FIT-50-2 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS24 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS25 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS26 FIT-50-1 FIT-50-1 FIT-46-1 COL-50-5 COL-46-5
Ps27 FIT-50-1 FIT-50-1 FIT-46-1 COL-50-5 COL-40-5
PS28 FIT-50-1 FIT-50-1 FIT-46-1 COL-46-5 COL-40-5
PS29 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5 COL-40-5
PS30 FIT-50-1 FIT-46-1 COL-50-5 COL-46-5 COL-40-5
PS31 FIT-46-1 FIT-46-1 COL-50-5 COL-46-5 COL-40-5
PS32 FIT-46-1 FIT-46-1 COL-50-5 COL-40-5 COL-40-5
PS33 FIT-46-1 FIT-46-1 COL-46-5 COL-40-5 COL-40-5
PS34 FIT-46-1 COL-50-5 COL-46-5 COL-40-5 COL-40-5
PS35 FIT-46-1 COL-46-5 COL-46-5 COL-40-5 COL-40-5
PS36 FIT-46-1 COL-46-5 COL-40-5 COL-40-5 COL-40-5
PS37 COL-50-5 COL-46-5 COL-40-5 COL-40-5 COL-40-5
PS38 COL-50-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5
PS39 COL-46-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5

Abbreviations: COL, colonoscopy; FIT, faecal immunochemical test, NoScr, no screening
Screening strategies: Screening test-screening start age-screening interval



Cost-effectiveness of personalised screening | 261

9 J91dey)

166°28¢ 691 '€V6°E T06'LT LT6°LT 8 143 SO'T 08°€ 68C'L C€Sd
6v5°97T £79'6YS’E 668°LT 916°LT 6 S€ 00T {43 68C°L T€Sd
w918t 998C1S’E 668°LT ST6'LT 6 S€ 66°0 08t'€ %969 0€sd
6TC'08T 0TZ'69Y°E 668'LT ST6LT 6 SE 66°0 Sov‘E SS9 6¢Sd
0v9°TLT 066°088°C 968°LT CT6°LT T €Y L0 602°C S80°CT 8¢Sd
T9EGET 178669°C S68°LT TI6°LT T 134 TL0 00T°C S80°CT £TSd
819°LCT S20LT9°C 68°LT TI6°LT T 134 0,0 L£€0C S80CT 9¢Sd
S¥8'S6 TZEVIST 68°LT 0T6°LT T €v 0,0 LT0°C 8TS'TT S¢Sd
04698 89TVEST €68'LT 0T6°LT T €v 69°0 T00°C SYT'TT ¥¢Sd
98€C8 88€'615°C €68°LT 016°LT T €V 69°0 696°T 8LE0T €¢Sd
6€8T8 €€0°L8Y'T €68°LT 606'LT T 134 89°0 1S6°T 8LE0T ¢¢Sd
79079 06°9TT T 888°LT 906°LT €T TS LY°0 9€T'T 9¥9'€T T¢Sd
€TT'E9 ZT1'860°C 888LT S06°LT €T TS LV'0 SCIT 78€'ET 0¢sd
789°St STT'€90°C L88°LT S06°LT €T TS 9’0 90T‘T 6€6CT 61Sd
769°6€ LLL'ETOT 988°LT 706°LT €T TS S'0 8L0°T €6C°CT 81Sd
€95°6€ 980'8L6'T S88°LT €06°LT €T S 0 €20'T 680'TT L1Sd
650'8€ 0£8°TS6'T G88LT €06LT 71 149 €v°0 166 680°TT 91Sd
509°‘ce 0T9'vT6'T ¥88°LT 206°LT 71 SS 6€°0 88 00LTT STSd
187043 YSETI6T ¥88LT 206°LT 7T SS 8€°0 6S8 68T°TT 1Sd
9/08¢ STY'vES’T 188°LT 006LT ST LS 9€'0 6L £S0°0T €1Sd
1921 TZr'T08'T 088°LT 668°LT ST LS SE0 0LL 9656 Z1Sd
16261 ¥08°9SL‘T 8/8°LT 868°LT 9T 6S €€0 £89 868°L T1Sd
L9T'6T 68LVEL'T LL8LT L68°LT 9T 6S [430} €99 90v°L 01Sd
866°ST 08L799°T €/8LT 768°LT 8T €9 8C°0 899 £109 60Sd
pajeuiwoq TLS'959'T €L8'LT €68°LT 8T €9 80 799 026'S 80Sd
pajeuiwoq YEV'8T9T TL8'LT 168°LT 8T €9 LT0 T4 97e’s £0Sd
pajeuiwoq ¥8STYST €98°LT G88°LT [44 (074 0z'o 89¢ Tee'e 90Sd
pajeuiwoqg £v8°07S‘T 198°L1 v88°LT €T [42 8T°0 SO€ 061°C S0Sd
pajeulwoq 6¢8'€IS'T 098°LT €88°LT [44 TL 810 /743 ¥SS°C 0Sd
pajeuiwoq 808'S0S‘T 6S8°LT 788°LT €C €L 910 9Lt Lt €0Sd
pajeuiwoq CIETLY'T 168°LT SL8LT LT T8 01’0 1344 STS 20Sd
pajeuiwog 899°/9Y'T 0S8°LT vL8LT LT 18 60°0 0€T 09¢ T0Sd
680'VEC'T LY8'LT ULt 6C 78 L0°0 78 0 Sulusans oN

Aynjeron Juapnu| ASayens

qe¥3DI1 qeS1SOD [B1I0]  SATVD [BIOL  cSJBDA I > 4 suoneddwo) sajdoasouo|o) s1l4 Suuss.08

‘92uaJaype 1a4ad Sulwnssy ‘e

"92UaJaype d11sijeads (q pue ddualaype 10944ad

(e Sulwinsse solJeudds SujuaaIds pasijeuostad |[e Jo sp|o-1eak-Op pPale[NWis 000‘T 42d JO (%G 1B PAIUNOISIP) S109443 PUE S3S0D :§°9 |qeL



262 | Chapter 6

9T€E‘T9 S¥8‘88T°C SL8LT S68°LT LT 09 70 910°T 6€0°L 8¢Sd
pajeuiwog 997°€TT’C €L8°LT ¥68°LT 8T 19 6€°0 SS6 6€0°L LTSd
pajeulwoq 798'960°C €48LT €68°LT 81 19 8€'0 526 6€0°L 97Sd
pajeuiwoqg 9t6°090°C 8T €68°LT 8T 19 8€0 116 8659 §¢Sd
pajeuiwoqg L60°€v0°C °U8LT €68°LT 8T 19 LEO €06 0z€’9 ¥2Sd
pajeuiwoqg TSETE0T [44: A 768°LT 8T 9 LEO 588 L8L°S €7Sd
pajeulwoq S8¥'T20C TL8'LT 768°LT 8T 9 LEO €/8 L8L°S 7Tsd
08€°0S 0£9816‘T 0/8°LT T68°LT 6T 99 LT0 LSS S29°L 1¢Sd
619°ct T80°606‘T 0/8°LT T68LT 6T 99 LT0 49 89Y°L 0¢sd
TCTLE ¥SL'888'T 698°LT T68LT 6T 99 LT0 TS wrTL 61Sd
pajeuiwoqg 00Z‘198‘T 698°LT 068°LT 6T 99 970 74 8899 81Sd
pajeulwoqg ¥59'0¥8‘T £98°LT 688°LT 0¢ L9 ST0 v6v L68'S LTSd
pajeuiwoqg Y TERT £98°LT 688°LT 0¢ L9 ST'0 6LV L68'S 9TSd
pajeuiwog 88YL78T £98°LT 688°LT 0c 89 €20 (337 6€C°9 STSd
pajeulwoq 870'0Z8‘T £98°LT 688°L1 0¢ 89 €20 8ty 9v6'S ¥TSd
§S6°9C 9/8LSLT 998°LT 888LT (014 69 r44l0] (0] VA A €1Sd
pajeuiwoqg €0VOVLT S98°LT £88°LT 0c 69 120 €6€ ovT's ¢1Sd
pajeuiwog €6C9TLT €98°LT G88°LT 1T 1L 610 943 wo'y T1Sd
pajeuiwoqg ¥£8'S0L‘T 798°LT G88°LT 1z 1L 610 LEE v€8E 01Sd
pajeulwoq 99T'0¥9‘T 198°LT €88°LT [44 €L 8T'0 66T YET'E 60Sd
pajeuiwoqg 0STLE9T 098°LT €88°LT w €L LT0 96¢ ¥L0'€ 80Sd
pajeuiwoqg LT9°€79T 698°LT 788°LT €T €L LT0 4:14 €8L°C L0Sd
pajeuiwoqg L0T'8€S‘T 958°LT 088°LT 14 9L 12%0) 8T¢C P18'T 90Sd
pajeulwoqg 0T€'62ST ¥S8'LT 8/8°'LT 14 8L 1o 081 10T°T 50Sd
pajeuiwoq €0L°€TST ¥S8°LT 8/8°LT ST LL €T°0 861 wor'T ¥0Sd
pajeuiwoqg €88'TCS'T €98°LT LL8LT 9t 6L 1T°0 89T 806 €0Sd
pajeuiwoqg L9€'SLY'T 6v8°LT vL8LT 8T 8 800 (49 €8T 20Sd
pajeulwoq 9EL'ELY'T 8Y8'LT €L8LT 8¢ 78 800 L0T €0T 10Sd
680'7€T‘T LY8LT U8LT 6 v8 £00 8 0 8uiusang oN

qed 30| qeS1S0D [BI0L  eSATVD [BIOL  eSIBDA Y r__wm_%_\,_ Scuwu“_.u___ suonesjdwo) saidodsouo|o) SIE] m“_m_MH“M

‘duaJsaype dn3sijeas Sulwnssy  °q

6¥0°098°€ 8€EY959 S06°LT €T6°LT 9 LT ¥ST 78L9 0 6€Sd
9/0°,50C 9Tt'S9€9 ¥06'LT €76°LT 9 LT 16T 7199 0 8€Sd
6ST'808T ST9GE6'S 706'LT 6LT 9 LT L' 87€9 0 LESd
¥60°L0L TT8STS'S ¥06°LT T°C6°LT L 6C SE'T T€S'S TLEE 9€Sd
T6€°969 €1T'ST6Y €06°LT 026°LT L o€ 8CT S0T‘S TLE'E GESd
STT0LE 8TEV69Y €06°LT 0¢6°LT L (03 STT 6067 TLE'E ¥€Sd
T786v7E 8€8'8ET'Y 206°LT 8T6LT 8 143 60T LI0Y 68C°L €€Sd



Cost-effectiveness of personalised screening | 263

9 J91dey)

*$°9 9|8 Ul Paq1IOSIP dJe SO1IeUdds Sujuaa.os pasijeuostad ay |

el

‘(@nvs) sdejjoq ueljensny ul pajuasaid aue s3s0)  °q

‘%SG JO 91eJ |enuue ue 1e palunodsip aJe S1|Nsay

‘e

*BuluaaJds wiojiun 3ulIapISUOd 03 Jolid J313U0L4 JUBIDIYS Y1 U0 SOLeUaIS Suluaalds s1y3iysty Suipeys Asuo
sJedA 91| parsnlpe-Alijenb ‘A7vD ‘Buluasuas pasijeuossad ‘Sd {1591 |ealWAYdoUNWWI [BISRY ‘] |4 (49JUBD |B1IDI0|0D QYD :SUOIIBINDIqAY

£T0°LL9 669VEY‘E 088°LT 006°LT ST 0S 80 €88°C 0 6€Sd
paleulwoq TrE'6SE’E 088°LT 006°LT ST 0s 9.0 S08°C 0 8€Sd
paleulwoq STT'96T'E 6/8'LT 668°LT ST 18 L0 SL9°C 0 L€Sd

75889¢ £85T80°€ 6/8°LT 668°LT ST (4 69°0 08€C 620°C 9€sd
pajeuiwoq TL0'VS8°C 8.8°LT 868°LT 91 €S 990 [4:104 620°C S€Sd
pajeulwoq 1S6°0LLT 8/8°LT 868°LT 91 €S ¥9'0 001°C 620°C V€Sd

6681 ¥888%9°C 8/8'LT 868°LT 91 SS 850 6SL°T 99€'y €€Sd
pajeuiwoq ¥20°6€5°C LL8LT L68LT 91 SS SS°0 ¥S9T 99¢Y CESd
pajeuiwoq £96°06€C SL8LT S68°LT LT 95 ¢s0 L0ST 99€Y T€Sd
pajeulwoq 0vS‘89€C SL8'LT S68°LT LT 9s 41 667'T L60Y 0€Sd
paleulwoq 6ELTVET SL8'LT S68°L1 LT 9s 150 687'T S8L°E 6¢Sd



264 | Chapter 6

Figure 6.1: Costs and quality-adjusted life years (discounted at 5%) per 1,000 40-year-olds for
all uniform and personalised colorectal cancer screening scenarios and a scenario without
screening, with the efficient frontier connecting the economically efficient strategies®
assuming: a) perfect adherence; b) realistic adherence and c) perfect adherence and no costs
associated with determining risk.
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The concept of personalised screening is promising and has previously been shown to be more
effective than a strategy based on age alone.” 223 Our results add support to these findings.
However, our results do not align with recent findings that risk-stratified screening based on
polygenic risk profile for breast cancer is cost effective compared with the standard age-based
screening program.*® This discrepancy may be due to differences in the discriminatory
performance of risk-stratification algorithms or differences in the cost for determining risk,
which was substantially lower in this analysis (£50 or ~$90) than in ours (~$240). However, it
is difficult to accurately determine how much of the cost for establishing risk should be
allocated to a screening program. The cost of polygenic testing varies widely®® and there is
potential to combine testing for other cancers. Given this difficulty and because cost-
effectiveness of personalised screening is highly dependent on these additional costs, we
assessed the impact of excluding them. We found that when these costs were excluded,
personalised screening was cost effective. The threshold analysis suggested that at a WTP of
$50,000 per QALY gained, the cost to determine risk should not exceed ~$48, which is
significantly lower than the cost assumed in this analysis.

The effectiveness of personalised screening will be affected by the precision with which the
population is stratified.!®> This will be affected by both the accuracy of the metric used to
stratify the population and the proportion of the population willing to undertake polygenic
testing. Although our results appear unfavourable, the advantage of screening based on
polygenic risk and family history remains limited largely because the current contribution of
known SNPs to colorectal cancer risk is modest.> 1% 1 As new SNPs are identified, the
discriminatory utility of polygenic testing will increase and the performance of risk assessment
based on this metric could improve.’> The inclusion of other factors in risk assessment, such
as obesity and smoking status, may also enhance the discriminatory performance of
personalised screening.'®>%>3 It may also be pertinent to consider results from an individual’s
screening history. As these factors will vary over an individual’s lifespan, assessment of risk
may need to become more dynamic in nature, and although such inclusions will present
challenges, they will likely improve the harm—benefit ratio of colorectal cancer screening.

In addition, although genetic testing for colorectal cancer has been shown to be acceptable to
the community,>* individuals may not always be willing to undergo testing, for a variety of
reasons, including concerns over privacy, possible misuse of data, and potential negative
psychological impacts of findings.>>>’ For this analysis, we assumed all individuals would
undergo testing to determine their risk profile; however, due consideration of how to manage
this issue is required.

The benefits of population screening are largely dependent on participation. With many
countries already experiencing suboptimal levels of participation in routine age-based
screening for colorectal cancer,?® %8 personalised screening presents an interesting
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proposition. On the one hand, increasing the complexity of screening may reduce participation
in screening, thereby diminishing the modest benefits. However, individuals at increased risk
of colorectal cancer have been shown to be more compliant to screening guidelines than those
at average risk,>® suggesting that the provision of risk information may assist in screening
uptake.’® © Coupled with evidence that involvement of GPs improves participation in
colorectal cancer screening,®® a simple risk assessment has the potential to positively affect
screening participation.’? When we applied realistic rates of participation, we found that
personalised screening remained suboptimal compared to uniform screening, even when
participation in personalised screening was improved (Supplementary Results Figure 6.6). This
suggests that at present, increasing participation in uniform screening will likely yield better
results.

Screening effectiveness will also be affected by the choice of screening test and screening
frequency. This will largely be determined by a health systems capacity to provide a given
intervention to its population. Our analysis indicates that screening scenarios utilising
colonoscopy are the most effective scenarios. However, as would be expected, these
scenarios significantly increase colonoscopy utilisation. Although personalised screening more
efficiently allocated colonoscopy utilisation compared to uniform screening, such increases in
demand will likely be infeasible, especially in countries with limited colonoscopy capacity.

Moving from an age-based screening program will result in a redistribution of the harms and
benefits. This raises ethical issues as although personalised screening may be optimal at a
population level, individuals may experience increased harms or reduced benefits as a result
of their screening protocol. As would be expected, our analysis indicates that when individuals
undergo less frequent screening (either by starting screening later or by having a longer
screening interval) they experience higher colorectal cancer incidence and mortality.
However, this will be partly offset by a reduction in other harms such as invasive tests, false-
positive test results, adverse events, anxiety, and inconvenience. These concerns hold for the
inclusion of younger individuals, although recent evidence suggests that their inclusion is
favourable.53

Limitations exist with our research. First, we only considered a limited number of risk
categories. Effectiveness and cost-effectiveness could be further improved as the
discriminatory performance of risk stratification improves. Second, we only included a limited
number of low-intensity screening strategies. It is possible that other low-intensity screening
strategies, such as one-off colonoscopy or less frequent FIT screening would be more efficient.
Third, we did not compare the (cost-) effectiveness of stratifying the population based on
family history alone. However, as the aim of this research was to explore the possible
implications of combining SNPs and family history in a risk assessment, and, as determining
polygenic risk is assumed to be quite expensive, such a comparison would potentially make
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this analysis look even less cost effective. Finally, there is some uncertainty regarding the
assumptions for participation in screening. We assumed that participation in screening of any
form would be equal to participation in uniform biennial FIT screening. However this is unlikely
as participation in screening varies widely.> Unfortunately, to date, there are few data
examining multiple screening modalities within one population to adequately address this
concern.

In summary, this research presents an exploration of the possible impact of personalised
screening for colorectal cancer based on polygenic risk and family history. Our results suggest
that although personalising screening based on colorectal cancer risk is slightly more effective
than screening based on age alone, it is currently not necessarily cost effective. Cost-
effectiveness of personalised screening will depend on the costs of determining risk and the
magnitude of the benefits of personalisation. Our analysis suggests that the currently assumed
cost of determining risk is too high compared to the gains, and costs must be substantially
lower for personalised screening to become cost effective. The balance of cost and benefits
will be contingent on the discriminatory performance of risk-stratification algorithms on
polygenic risk and family history, which remains sub-optimal.

However, we cannot ignore the changing landscape that advances in technology provide and,
as improvements in risk stratification occur and costs for polygenic testing decrease,
personalising screening will become an increasingly cost effective and attractive option. This
consortium of researchers, and others, have previously called for the concept of personalised
screening to be brought to the attention of key stakeholders.'>  Our research seeks to
highlight the possible implications of personalised screening based on risk assessment, which
we believe can and will play a significant role in improving our screening programs. As such,
we reiterate our call that key stakeholders carefully consider the evidence for personalised
screening in order to effectively plan for the future.

ACKNOWLEDGEMENTS

D.R. Cenin, D.B. Preen, H.C. Ee, P. O'Leary, and |. Lansdorp-Vogelaar received funding from the
Cancer Council Western Australia Capacity and Collaboration Building Grant. This research
also benefited from our participation in the NCI's Cancer Intervention and Surveillance
Modeling Network (CISNET; grant number: U01CA199335). M.A. Jenkins is a senior research
fellow for the Australian National Health and Medical Research Council.

Ye]
I
()
-
Qo
©
<
(@]




268 | Chapter 6

REFERENCES

10.

11.

12.

13.

14.

15.

Mandel JS, Bond JH, Church TR, Snover DC, Bradley GM, Schuman LM, et al. Reducing mortality from
colorectal cancer by screening for fecal occult blood. Minnesota Colon Cancer Control Study. N Engl J Med.
1993;328(19):1365-71.

Hardcastle JD, Chamberlain JO, Robinson MH, Moss SM, Amar SS, Balfour TW, et al. Randomised controlled
trial of faecal-occult-blood screening for colorectal cancer. Lancet. 1996;348:1472-7.

Kronborg O, Fenger C, Olsen J, Jorgensen OD, Sondergaard O. Randomised study of screening for colorectal
cancer with faecal-occult-blood test. Lancet. 1996;348:1467-71.

Lansdorp-Vogelaar |, Knudsen AB, Brenner H. Cost-effectiveness of colorectal cancer screening. Epidemiol
Rev. 2011;33:88-100.

Schreuders EH, Ruco A, Rabeneck L, Schoen RE, Sung JJ, Young GP, et al. Colorectal cancer screening: a
global overview of existing programmes. Gut. 2015;64(10):1637-49.

Cancer Council Australia Colorectal Cancer Guidelines Working Party. Clinical practice guidelines for the
prevention, early detection and management of colorectal cancer [Internet]. Cancer Council Australia; 2018
[cited 2019 December 3]. Available from:
https://wiki.cancer.org.au/australia/Guidelines:Colorectal cancer.

So HC, Kwan JS, Cherny SS, Sham PC. Risk prediction of complex diseases from family history and known
susceptibility loci, with applications for cancer screening. Am J Hum Genet. 2011;88(5):548-65.

Do CB, Hinds DA, Francke U, Eriksson N. Comparison of family history and SNPs for predicting risk of complex
disease. PLoS Genet. 2012;8(10):e1002973.

Dunlop MG, Tenesa A, Farrington SM, Ballereau S, Brewster DH, Koessler T, et al. Cumulative impact of
common genetic variants and other risk factors on colorectal cancer risk in 42,103 individuals. Gut.
2013;62(6):871-81.

Al-Tassan NA, Whiffin N, Hosking FJ, Palles C, Farrington SM, Dobbins SE, et al. A new GWAS and meta-
analysis with 1000Genomes imputation identifies novel risk variants for colorectal cancer. Sci Rep.
2015;5:10442.

Peters U, Bien S, Zubair N. Genetic architecture of colorectal cancer. Gut. 2015;64(10):1623-36.

Huyghe JR, Bien SA, Harrison TA, Kang HM, Chen S, Schmit SL, et al. Discovery of common and rare genetic
risk variants for colorectal cancer. Nat Genet. 2019;51(1):76-87.

Chatterjee N, Shi J, Garcia-Closas M. Developing and evaluating polygenic risk prediction models for
stratified disease prevention. Nat Rev Genet. 2016;17(7):392-406.

Jenkins MA, Makalic E, Dowty JG, Schmidt DF, Dite GS, Maclnnis RJ, et al. Quantifying the utility of single
nucleotide polymorphisms to guide colorectal cancer screening. Future Oncol. 2016;12(4):503-13.

Chowdhury S, Dent T, Pashayan N, Hall A, Lyratzopoulos G, Hallowell N, et al. Incorporating genomics into
breast and prostate cancer screening: assessing the implications. Genet Med. 2013;15(6):423-32.



Cost-effectiveness of personalised screening | 269

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hawken SJ, Greenwood CM, Hudson TJ, Kustra R, McLaughlin J, Yang Q, et al. The utility and predictive value
of combinations of low penetrance genes for screening and risk prediction of colorectal cancer. Hum Genet.
2010;128(1):89-101.

Khoury MJ, Janssens AC, Ransohoff DF. How can polygenic inheritance be used in population screening for
common diseases? Genet Med. 2013;15(6):437-43.

Siegel RL, Fedewa SA, Anderson WF, Miller KD, Ma J, Rosenberg PS, et al. Colorectal Cancer Incidence
Patterns in the United States, 1974-2013. J Natl Cancer Inst. 2017;109(8).

Surveillance Epidemiology and End Results Program. Cancer stat facts: colon and rectum cancer [Internet].
National Cancer Institute; 2017 [cited 2017  September  28].  Available  from:
http://seer.cancer.gov/statfacts/html/colorect.html.

Troeung L, Sodhi-Berry N, Martini A, Malacova E, Ee H, O'Leary P, et al. Increasing Incidence of Colorectal
Cancer in Adolescents and Young Adults Aged 15-39 Years in Western Australia 1982-2007: Examination of
Colonoscopy History. Front Public Health. 2017;5:179.

Pashayan N, Duffy SW, Chowdhury S, Dent T, Burton H, Neal DE, et al. Polygenic susceptibility to prostate
and breast cancer: implications for personalised screening. Br J Cancer. 2011;104(10):1656-63.

Frampton MJ, Law P, Litchfield K, Morris EJ, Kerr D, Turnbull C, et al. Implications of polygenic risk for
personalised colorectal cancer screening. Ann Oncol. 2016;27(3):429-34.

Hsu L, Jeon J, Brenner H, Gruber SB, Schoen RE, Berndt SI, et al. Amodel to determine colorectal cancer risk
using common genetic susceptibility loci. Gastroenterology. 2015;148(7):1330-9 e14.

Loeve F, Boer R, van Oortmarssen GJ, van Ballegooijen M, Habbema JD. The MISCAN-COLON simulation
model for the evaluation of colorectal cancer screening. Comput Biomed Res. 1999;32(1):13-33.

Australian Institute of Health and Welfare. National Bowel Cancer Screening Program monitoring report:
phase 2, July 2008- June 2011. Canberra: Commonwealth of Australia, 2012. Cancer Series No 65 CAN 61.
[cited 2012 March 16]. Available from: https://www.aihw.gov.au/reports/cancer-screening/bowel-cancer-
screening-2008-2011/contents/table-of-contents.

Tran B, Keating CL, Ananda SS, Kosmider S, Jones |, Croxford M, et al. Preliminary analysis of the cost-
effectiveness of the National Bowel Cancer Screening Program: demonstrating the potential value of
comprehensive real world data. Intern Med J. 2012;42(7):794-800.

Ananda SS, McLaughlin SJ, Chen F, Hayes IP, Hunter AA, Skinner IJ, et al. Initial impact of Australia's National
Bowel Cancer Screening Program. Med J Aust. 2009;191(7):378-81.

Australian Bureau of Statistics. 3302.0.55.001 - Life Tables, States, Territories and Australia, 2013-2015
[Internet]. Commonwealth of Australia; 2017 [cited 2017 July 20]. Available from:
http://www.abs.gov.au/AUSSTATS/abs@.nsf/allprimarymainfeatures/97E435FA3B82A89DCA2570A60005
73D3?0opendocument.

Fuchs CS, Giovannucci EL, Colditz GA, Hunter DJ, Speizer FE, Willett WC. A prospective study of family history
and the risk of colorectal cancer. N Engl J Med. 1994;331(25):1669-74.

Appleyard M, Grimpen F, Spucches C, Si D, AT. Participation in the national bowel cancer screening program
and screening outcomes in Queensland. Australian Gastroenterology Week; September 12-15; Brisbane,

©o
[
(7]
)
(o
[
<
(®)




270 | Chapter 6

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Australia. Richmond, Australia: Journal of Gastroenterology and Hepatology Foundation; 2011. p. 29. (J
Gastroenterol Hepatol; vol 26, suppl 4).

Queensland Health. Queensland Bowel Cancer Screening Program: Statistical Report August 2006 —
December 2010. Brisbane: Queensland Health, 2011. [cited 2012 October 22]. Available from:
http://www.health.qld.gov.au/bowelcancer/documents/statreport.pdf.

Cancer Council Australia Colonoscopy Surveillance Working Party. Clinical Practice Guidelines for
Surveillance Colonoscopy — in adenoma follow-up; following curative resection of colorectal cancer; and for
cancer surveillance in inflammatory bowel disease [Internet]. Cancer Council Australia; 2011 [cited 2016
July 26].

Australian Institute of Health and Welfare. National Bowel Cancer Screening Program: monitoring report
2017. Cancer series no. 104. Cat. no. CAN 103 [Internet]. Commonwealth of Australia; 2017 [cited 2017
August 8]. Available from: https://www.aihw.gov.au/reports/cancer-screening/bowel-cancer-screening-
program-monitoring-2017/contents/table-of-contents.

Colquhoun P, Chen HC, Kim JI, Efron J, Weiss EG, Nogueras JJ, et al. High compliance rates observed for
follow up colonoscopy post polypectomy are achievable outside of clinical trials: efficacy of polypectomy is
not reduced by low compliance for follow up. Colorectal Dis. 2004;6(3):158-61.

Schroy PC, 3rd, Coe A, Chen CA, O'Brien MJ, Heeren TC. Prevalence of advanced colorectal neoplasia in
white and black patients undergoing screening colonoscopy in a safety-net hospital. Ann Intern Med.
2013;159(1):13-20.

van Rijn JC, Reitsma JB, Stoker J, Bossuyt PM, van Deventer SJ, Dekker E. Polyp miss rate determined by
tandem colonoscopy: a systematic review. Am J Gastroenterol. 2006;101(2):343-50.

Viiala CH, Zimmerman M, Cullen DJ, Hoffman NE. Complication rates of colonoscopy in an Australian
teaching hospital environment. Intern Med J. 2003;33(8):355-9.

Ness RM, Holmes AM, Klein R, Dittus R. Utility valuations for outcome states of colorectal cancer. Am J
Gastroenterol. 1999;94(6):1650-7.

Clinical Genomics. ColoVantage Home Test Kit [Internet]. Clinical Genomics; 2016 [cited 2016 December 2].
Available from: http://www.colovantage.com.au/Store/ProdID/1/ColoVantage Home.

Department of Health. Medicare Benefits Schedule - Item 73934 [Internet]. Commonwealth of Australia;
2016 [cited 2017 June 1]. Available from:
http://www9.health.gov.au/mbs/fullDisplay.cfm?type=item&qg=73934&qgt=item&criteria=73934%20.

Department of Health. Medicare Benefits Schedule - Item 23 [Internet]. Commonwealth of Australia; 2016
[cited 2017 June 1]. Available from:
http://www9.health.gov.au/mbs/fullDisplay.cfm?type=item&q=23&qt=item&criteria=23.

Independent Hospital Pricing Authority. Australian Public Hospitals Cost Report 2013-2014 Round 18
[Internet]. Independent Hospital Pricing Authority; 2016 [cited 2016 July 20]. Available from:
https://www.ihpa.gov.au/publications/australian-public-hospitals-cost-report-2013-2014-round-18.

BREVAGenplus. Pay for your test [Internet]. Genetic Technologies Limited; 2018 [cited 2018 July 19].
Available from: http://www.brevagenplus.com/payment/.




Cost-effectiveness of personalised screening | 271

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Ananda S, Kosmider S, Tran B, Field K, Jones I, Skinner |, et al. The rapidly escalating cost of treating
colorectal cancer in Australia. Asia Pac J Clin Oncol. 2016;12(1):33-40.

Australian Bureau of Statistics. Consumer Price Index Inflation Calculator [Internet]. Commonwealth of
Australia; 2016 [cited 2016 September 21]. Available from:
http://www.abs.gov.au/websitedbs/d3310114.nsf/home/Consumer+Price+Index+Inflation+Calculator.

Australian Government Department of Health. The Pharmaceutical Benefits Advisory Committee Guidelines
[Internet]. Commonwealth of Australia; 2016 [cited 2017 August 28]. Available from:
https://pbac.pbs.gov.au/section-d/section-d-cea/d4-variables-in-the-economic-evaluation.html.

Hanmer J, Lawrence WF, Anderson JP, Kaplan RM, Fryback DG. Report of nationally representative values
for the noninstitutionalized US adult population for 7 health-related quality-of-life scores. Med Decis
Making. 2006;26(4):391-400.

Sanders GD, Neumann PJ, Basu A, Brock DW, Feeny D, Krahn M, et al. Recommendations for Conduct,
Methodological Practices, and Reporting of Cost-effectiveness Analyses: Second Panel on Cost-
Effectiveness in Health and Medicine. JAMA. 2016;316(10):1093-103.

Pashayan N, Morris S, Gilbert FJ, Pharoah PDP. Cost-effectiveness and Benefit-to-Harm Ratio of Risk-
Stratified Screening for Breast Cancer: A Life-Table Model. JAMA Oncol. 2018;4(11):1504-10.

NIH: US National Library of Medicine. What is the cost of genetic testing, and how long does it take to get
the results? [Internet]. National Institutes of Health; 2017 [cited 2017 September 29]. Available from:
https://ghr.nlm.nih.gov/primer/testing/costresults.

Jiao S, Peters U, Berndt S, Brenner H, Butterbach K, Caan BJ, et al. Estimating the heritability of colorectal
cancer. Hum Mol Genet. 2014;23(14):3898-905.

Win AK, Macinnis RJ, Hopper JL, Jenkins MA. Risk prediction models for colorectal cancer: a review. Cancer
Epidemiol Biomarkers Prev. 2012;21(3):398-410.

Jeon J, Du M, Schoen RE, Hoffmeister M, Newcomb PA, Berndt SI, et al. Determining Risk of Colorectal
Cancer and Starting Age of Screening Based on Lifestyle, Environmental, and Genetic Factors.
Gastroenterology. 2018;154(8):2152-64 e19.

Nicholls SG, Etchegary H, Carroll JC, Castle D, Lemyre L, Potter BK, et al. Attitudes to incorporating genomic
risk assessments into population screening programs: the importance of purpose, context and deliberation.
BMC Med Genomics. 2016;9(1):25.

Nicholls SG, Wilson BJ, Craigie SM, Etchegary H, Castle D, Carroll JC, et al. Public attitudes towards genomic
risk profiling as a component of routine population screening. Genome. 2013;56(10):626-33.

Taylor S. A population-based survey in Australia of men's and women's perceptions of genetic risk and
predictive genetic testing and implications for primary care. Public Health Genomics. 2011;14(6):325-36.

Hall AE, Chowdhury S, Hallowell N, Pashayan N, Dent T, Pharoah P, et al. Implementing risk-stratified
screening for common cancers: a review of potential ethical, legal and social issues. J Public Health (Oxf).
2014;36(2):285-91.

Altobelli E, Lattanzi A, Paduano R, Varassi G, di Orio F. Colorectal cancer prevention in Europe: burden of
disease and status of screening programs. Prev Med. 2014;62:132-41.

©o
[
(7]
)
(o
[
<
(®)




272 | Chapter 6

59.

60.

61.

62.

63.

64.

Rees G, Martin PR, Macrae FA. Screening participation in individuals with a family history of colorectal
cancer: a review. Eur J Cancer Care (Engl). 2008;17(3):221-32.

Edwards AG, Naik G, Ahmed H, Elwyn GJ, Pickles T, Hood K, et al. Personalised risk communication for
informed decision making about taking screening tests. Cochrane Database Syst Rev. 2013(2):CD001865.

Hewitson P, Ward AM, Heneghan C, Halloran SP, Mant D. Primary care endorsement letter and a patient
leaflet to improve participation in colorectal cancer screening: results of a factorial randomised trial. Br J
Cancer. 2011;105(4):475-80.

Church T. Colorectal cancer screening: will non-invasive procedures triumph? Genome Med. 2014;6(6):125.

Peterse EFP, Meester RGS, Siegel RL, Chen JC, Dwyer A, Ahnen DJ, et al. The impact of the rising colorectal
cancer incidence in young adults on the optimal age to start screening: Microsimulation analysis | to inform
the American Cancer Society colorectal cancer screening guideline. Cancer. 2018;124(14):2964-73.

Cenin D, O'Leary P, Lansdorp-Vogelaar |, Preen D, Jenkins M, Moses E. Integrating personalised genomics
into risk stratification models of population screening for colorectal cancer. Aust N Z J Public Health.
2017;41(1):3-4.



Cost-effectiveness of personalised screening | 273

9 J91dey)

pajeuiwoq 6v6GEV'9 8T6LT T€6°LT € (4" vT'T ¥289 0 S oy 100
06L°LL6‘E 6EE'LLSY 616°LT 0€6°LT € €T L60 189S 0 S 14 100
pajeuiwog YeT20TY 8T6°LT 676°LT 14 ST 0,0 €00V 0 ot o 100
L69°€6L‘T 168°785‘€ 616'LT 6C6°LT € €T 780 878V 0 S 0s 100
pajeuiwog 805856 LT6°LT LT6°LT € €T 080 955y 0 S S 100
paijeuiwog 9€0°6€6°C 8T6LT 8C6°LT 14 LT 990 690°€ 0 (0)% 14 100
pajeuiwog 09t'08v°C L16°LT LT6°LT 14 9T SS0 166'C 0 ot 0s 100
pajeuiwog 756'060°C 916°LT ST6LT 14 LT 50 808'C 0 ot S 100
pajeuiwoq Y8Y'€C6T €T6°LT €T6°LT 14 9T ¢s0 898°C 0 S 09 100
paijeuiwog TO0‘€€8'T LT6°LT ST6'LT L 144 jzal] 606 688°ST T oY 14
pajeuiwog TOL'LTST €16°LT 6Lt S 8T €0 8L6'T 0 (0)% 09 100
¥8892C S9T'V8Y'T LT6°LT ST6°LT 9 €C 20 T8 858°9T T 14 114
pajeuiwog OET'LIV'T ST6LT vZ6'LT L 14 610 619 S8V CT 4 ov 14
¥T0°96 687°00€‘T LT6LT ST6LT 9 (44 o 8LL €€T'ST T 0S 14
pajeuiwoq €6C'EVT'T €I6°LT 6Lt L Lt 910 T1S S0¢‘6 € oy 114
67698 LYL'6VT'T SI6°LT €T6°LT 9 (44 0z0 TOL ¥8E'ET T S 114
pajeuiwog 996'C6T‘T ST6'LT €T6°LT 9 14 810 889 8/L'0T 4 14 14
TT6'€9 8G8G/0‘T YI6°LT €T6°LT 9 Y4 LT0 8€S 8€56 C 0S 14
pajeuiwog 679°GL0'T €I6°LT 6Lt L 9¢ ST0 09% SE8'L € 14 14
pajeuiwog 8C1'€86 T16°LT 026°LT 9 144 LT°0 6SS 18101 T 09 14
6€9°EE 606'T86 €16'LT TC6'LT 9 14 9T°0 (414 6128 4 S 114
pajeuiwoq 616686 CT6°LT TC6LT L 9¢ ST0 147 190°L € 0s 114
S66'TE T¥9'ST6 TI6°LT 026°LT L LT v1°0 0LE 199°S € S 14
pajeuiwog 870'T88 606°LT 6T6°LT L 9T €10 S8€ 0TT‘9 4 09 14
pajeuiwoq 989'T¥8 806°LT LT6°LT 8 8¢ TT°0 6¢ L80'V € 09 14
9S0°T€S 668°LT 0T6LT (4" 9¢ €00 9¢ 0 Sujusass oN
s1ed Ayjero 25uspU lentaul °3v el

qed3DI qeS1S0D [B101  SATVO |e10L © wt._> ._uxu W ux.uw ! suoneddwo) saidoasouo|o) sS4 Hels

A831ea5 Sulusauds

*dnoud ysu mo| AJaA Y1 Joj Bulusauds JO S109)4F ‘e

*92uaJaype 10943d Sujwnsse ‘spjo-1eaA-0p paleinwis 000 T 42d ‘Suiuaauds

INOY}HM O1IBUIIS B pUB SOLIBUIIS SUIUDDIIS GT JO (%G 1 PIUNOISIP) SI03449 pUE 3500 [aA3] dnoJS sty :T°9 d|qe] synsay Atejusawsajddng

S1TNS3IY AYVINIINIIAANS



TOE€S0C  ¢Sv'SSS'9 716'LT 626'LT v 8T €ET 0269 0 g ov 100
868'S69  168'989'% 216'LT 9z6'LT 5 0z YT 889' 0 g 9 100
peleulwoq  £7€'90 606'LT vz6'LT 9 vz 880 67T 0 ot ov 100
0€T'0LE  pSS‘9TL'E 0T6'LT €26'LT S 0z 201 €26'7 0 g 0s 100
paleulwogq  OVT'SSTE 806'LT 126'LT L Lz 280 L6T'E 0 ot 9 100
pojleulwog  69E'980°E L06'LT 0Z6'LT S 12 960 6v5y 0 3 vs 100
paleuiwoq  +78'889'C L06'LT 0z6'LT 9 s 120 1T’ 0 ot 0s 10
poleulwoq  €88'Y8Z'C S06'LT L1621 L 92 890 858' 0 ot vs 100
pojleulwog  SpO'9TTC 006°LT vI6'LT L 92 990 196' 0 S 09 100
paleuiwogq  88LY0T‘Z v06°LT [16'2T 1 68 £€°0 720" [TT'6T T ov 114
paleulwoq  /9v'TSL'T 668°LT 716'L1 8 62 9v°0 £80'¢ 0 ot 09 100
6281 6SE‘OVLT S06'LT L1621 ot L€ €60 096 620'LT T 9 114
poleulwogd  SpS'689°T 206'LT ST6'LT 1 v 9z°0 avL L1521 z ov 14
€1T'€9 995'955T ¥06°LT 9T6'LT 6 9¢ Z€0 168 8EE'ST T 0s 14
paleulwog  800'vZS‘T 868°LT 716'L1 z P 20 165 £0¢'6 3 ov 114
poleulwoq  STETIH'T 106'LT vI6'LT 1 ov 9z°0 £89 v8L'0T z 9 14
89'6€ ¥S8V0Y'T 106'LT vI6'LT 6 9€ 620 s18 OTV'ET T S 114
paleulwoq  //9°€SE‘T 868°LT 11621 z £ 120 65 128, £ 9 114
pojleulwoq  8Z0'EvE‘ 006°LT £16'LT 1 ov vz0 9g9 6156 z 0s 114
poleulwogq  S/S'997°T 168'LT 11621 s € 2o STS SE0'L € 0s 14
857'6T S89'6Y2T L68'LT T16'LT T ov €20 LLS SLT'g z S 114
paleuwoq  £vSTHe' S68'LT 606'LT ot 8¢ 570 859 £60°0T 1 09 114
paleulwoq  Szz'S6T' v68°LT 606'LT T4 b 0z°0 ssp s79's 3 s 14
veT'eT YL6'ESTT 268'LT L06'LT i w 6T°0 Ly LEO'9 z 09 114
poleulwog  €€9'PTT'T 068°LT S06'LT €1 b LT0 e w0’y € 09 14
716018 9/8'LT €68'LT 0z LS 500 LS 0 8ulU3.195 ON
sJed Ajjeno duUdpIU [enszul °v 181

¥l SISO [BI0L  SATVO [eloL uE> g._u”_u W ux_w : suoneoydwo)y  saidodsouojoy  sLid Heis

A833ens Sulusauds

274 | Chapter 6

*dnoJ3 )S1J MO| 9Y3 40} SUlUDJIS JO S1094F °q



Cost-effectiveness of personalised screening | 275

9 J91dey)

092'80L 0209699 S06'LT V6Lt 9 9z 95T 820'L 0 S ov 10D
629'6v€ 18T'618% 206'LT 616'LT L 67 SE'T 169' 0 S 9% 10D
peleulwoq  80T‘8YS'Y 868'LT 916'LT 6 se 80'T sy 0 ot or 10D
€17'08T TOT'968'E 668'LT 9T6'LT L 67 vl 620' 0 S 0s 109
poleulwoq  OEEOTH'E S68'LT €16'LT ot 6€ 00'T vre's 0 ot 9 10D
pojeulwoq  £20°THT'E S68°LT 2161 L o¢ 91T ovSy 0 3 vs 100
paleuiwoq  /ET°986'C v68°LT 116'LT 6 3 160 gst's 0 ot 0s 100
paleulwoq  ¥67°8TST 068'LT L06'LT ot 8¢ 980 026' 0 ot vs 10D
poleulwoq  9v6'LTHT 888'LT 906'LT 91 L5 €50 8ST'T €LE'6T 1 ov 114
paleulwoq  SE9'SYE'T 88T 206'LT 6 L£ 280 s90' 0 s 09 10D
690'82T 886'£50°C 688'LT L06°LT v vs ) £0T'T [TTLT T 9 114
paleulwod  b/LT0T 188'LT 006'LT i w 190 01z’ 0 ot 09 10D
poleuiwog  088ETO'C ¥88°LT €06'LT 91 09 SE0 198 65Tt z ov 114
€LS'St 750298 888'LT S06'LT v €S w0 L£0'T 9b'ST B 0s 114
paleulwogq  6E‘858T 088'LT 668'LT 81 9 620 1oL L6T'6 £ ov 114
paleulwoq  SETT8LT ¥88°LT 206'LT 91 65 SE0 508 980T z 9 114
06272 6vSL0LT ¥88°LT 206'LT v €S o0 056 LTV'ET T S 14
paleulwoq  //£'S89°T 618'LT 668'LT Ia: €9 62°0 59 008', € 9 114
paleuiwoq  TSKT99°T 288'1 106'LT ST 65 €60 £sL 606 z 0s 114
poleulwoq  SS0'S6ST LL8'LT 168'LT [ 29 0E0 619 100 £ 0s 14
0v'eT Y1895 618'LT 868°LT 91 65 TE0 069 6118 z S 14
paleulwoq  ¢S.7SST 9/8'LT 968°LT v 95 ve0 9LL £86'6 1 09 114
paleuiwoq  T98LTST vL8LT v68°LT 81 9 [0 955 085's £ s 14
60STT S6T'08Y'T TL8'LT 268'LT 91 19 L0 €S 8Y6'S z 09 114
paleulwoq  9/879%'T 898'LT 688'LT 81 59 vz0 9y 886' € 09 114
ST6TT2T 8v8'LT €18'LT 8z €8 L0°0 €8 0 Suluaa.05 ON
SJed Ajjerio ERUETJR1 lensaqu) °v wal

¥l @SIS0D [eI0L  SATVD [E0L  © 3_._> ._u”_u N uz_w : suonesydwoy  saidodsouojoy  sLid Heis

A8331e1s Suiusaios

dnoJ3 ys1 98eJsane oY) J0j SuludUIS JO SPIBYT I



ST6'78¢ 9/9'€L6'9 068'LT ST6LT 0T w €0'C 10C°L 0 S oy 100
895TLT 876'£60'S €88°LT £06°LT 49 8y 9T 6TL'S 0 S 9r 100
pajeuiwoqg €TY'EE0’S LL8'LT €06'LT 12 LS 6v'T rvS'y 0 0T ov 100
8€8'T8 LOT'SET'Y 8/8'LT T06°LT 1T 514 99T 66T°S 0 S 0S 100
pajeuiwoq 607'226'E T/8°LT L68°LT LT €9 LET €29'c 0 0T 14 100
pajeuiwoq 969'595°€ 0L8'LT S68'LT 4" 6% €51 ves'y 0 S ¥S 100
pajeuiwoq 659°0Et'E 898'LT ¥68°LT ST 65 0€'T L0S'E 0 0T 0s 100
pajeuiwog 605'9L0°€ 8S8'LT 988°LT 9z 6 S9°0 9Ev'T L08'6T T oy iE
paleuiwog 0€£'966C 198°LT 888°LT 9T 29 wT 650°€ 0 0T S 100
pajeuiwoqg L€€'908°C 758'LT 088'LT ST 6S €T'T 1€T'E 0 S 09 100
pajeuiwoqg S87'789°C 658'LT L88'LT €2 18 990 16€°T S6v'LT 1 9t 1A
pajeuiwoqg L0¥'0L9°T 168°LT 188'LT 9z 86 €50 860°T 08S°CT 4 oy iE
pajeuiwog 0ST'TSST LY8'LT LL8'LT 8T 89 880 STP'C 0 0T 09 100
pajeuiwoqg ¥86'VEST £V8'LT S/8'LT 6C €01 [A0] v16 1916 € oy LA
6908 LTETUY'T LS8°LT G88°LT 44 98 S9°0 T2ET 79S'ST T 0s 14
pajeulwoq  pLELTYT 0S8'LT 088'LT Y4 96 €50 9v0‘T 75L°0T 14 14 1
pajeuiwog LY6'9SET we'LT vL8°LT 8T z0t (5 40] 08 6€L'L € 14 IiE
zsL'ot TET'STEC 158°LT 188°LT 44 98 19°0 LT2'T 69€€T T S |
pajeuiwoq 162'€0EC LY8'LT 8/8'LT Y4 S6 150 166 €0v'6 14 0s 1A
pajeuiwoqg 8TV'19TC 6€8'LT [A:JAS LT 10T 9t'0 €€8 €T6'9 € 0s 1A
1SL°L 88STTCC TWeLT €L8'LT Y4 96 810 616 9L6°L 14 S 1H
paleuiwoq €85°002°C VESLT L98°LT 6¢C €0T €7'0 9L vLY'S € ¥S 14
'S €8T'8/TC LE8'LT 0/8°LT €2 06 750 £00°T L0L'6 T 09 14
pajeuiwoq 0LE'8YTT ¥28'LT 658'LT 0€ 90T 8€°0 69 0L8'€ € 09 LA
00€y 786'6ETT 0€8'LT ¥98°LT LT 66 wo LLL 6VL'S 14 09 14
069'SL6'T T6LLT 2€8'LT 9t GET 1T°0 GET 0 8uluaa.1og oN
SJed Ayjerio ERUETJR1 lensaqu) °v %31

¥ SIS0 [EI0L  SATVD[eI0L ° e_._> u._u“_u N ux_ou. : suopeddwo)  saidodsouojod  sii4 Heis

A8331e1s Buiusaios

276 | Chapter 6

*dnoJg ysu y3iy ay3 404 Sulua242S JO S199H3 P



Cost-effectiveness of personalised screening | 277

9 J91dey)

‘(anv$) siejjo@ ueljensny ul pajuasald aue 51507 ‘g

'9G 4O 91BJ [BNUUE UE 1B PAJUNOJSIP 3Je Ss}nsay ‘e

*J313U0J4 JUBIDIY4D BY3 uo saI8a3eas s1y31ysiy Suipeys Asun

"2°9 9|ge ] ul punoy aq ued sdnoJs ysii a3 JO S|1eIap 910N

sieah aj1| paisnipe-Aljenb ‘ATyD ‘1591 |ed18ojounwiwi [e23R) ‘| |4 “492UBD [B10340]03 QYD ‘AdodSouo|0d 10D :SsuoiieInaIqay

LLESET Svo‘seyL 798°LT 168°LT 9T 0L SL'T VEEL 0 S (0174 100
pajeuiwog 60ST€8‘S 8€8°LT LL8'LT €C 76 E€T'C 6067 0 (0] (0} 100
97€C8 8T8C09°S 8¥8LT ¥88°LT (014 08 or'e 08L‘S 0 S 14 100
895'6€ 6¥S'€6LY 6€8'LT SL8LT 8T LL 8C'C 6CE'S 0 S 0s 100
pajeuiwog 8C6TSL'Y 878°LT 898°LT 9T 0T S6'T S0y 0 (0] 14 100
pajeuiwog LT6EET'Y TZ8LT 798°LT 174 L6 88T GE8’E 0 (0] 0s 100
¥908€ 7€8T9TY €28°LT €98°LT (014 8 90°C 0TSy 0 S S 100
pajeuiwog L96°ETTY 808°LT €S8°LT ov VT €0'T 606°T ¥0T°0C T (014 14
pajeuiwoq 169°0T8‘€ 608°LT 788°LT 9T 0T SL'T YIE'E 0 o1 14 100
pajeuiwog LEE'SYL'E S6L°LT v8LT w 99T 980 90S‘T S9vCT 4 oy 114
pajeuiwog 9T¥'089°¢€ 608°LT ¥S8°LT 9¢ €T S0'T £98°T 68V°LT T 14 14
pajeuiwog S§S0'G59°€ 8LLT €€8'LT 174 S91 vL°0 €8¢°T 1206 € oy 14
pajeuiwog 0£8'085‘€ T6L'LT LEBLT 14 66 €S'T 7S¢ 0 S 09 100
pajeuiwog 650°G8Y‘€ €6L°LT weLT oy ST 980 €SY'T 62501 4 14 14
pajeuiwog S9VT9Y‘E 8/1°LT TE8LT 147 €91 €L0 ove't 8vSL € 14 14
8TVt ¥86°GSY°E 08LT 0S8°LT S€ 9€T 0T SLL'T 90€'ST T 0s 14
pajeuiwog 760°7Ev'E ¥8L°LT TE€8°LT 6C 4" STt 159 0 o1 09 100
pajeuiwog 87/85€‘E VLLLT LT8'LT 1374 19T SL0 S6T'T 6£99 € 0s 14
pajeuiwog 8GC'GSE‘E 98L°LT LE8'LT 6€ 18T €80 98€‘T T0T'6 4 0s 114
pajeuiwog T2660€‘E Y9LLT 6T8°LT 174 991 0L0 L0T'T LET'S € S 14
189°¢ §69°00€‘€ €6L°'LT TY8LT 143 9€T S6°0 8€9'T 068°CT T S 114
pajeuiwog 181°€8T'€ 9L LT S08°LT 8 0LT 290 0S6 8€9°E € 09 14
pajeuiwog ov¥‘897°¢ LLLLT 678°LT oy (43" 8L°0 62T 0T9L 4 14 14
pajeuiwog ESYTET'E 9SLLT €I8'LT w 6ST 890 TOT'T Sve‘s 4 09 14
sajeuiwog ¥95°602°€ 89/°LT [44:WA" LE 144" 180 8SE'T 9T0'6 T 09 14
paleuiwog V/LE96T°E 689°LT 9S/°LT 9L (444 8T°0 (444 0 8uusalds oN
$150: SATVO sJed Ayjenio 3suaplou [eAta3u) - ’al

RYE o) n_mﬁo._.u N_M”o._. © w«_._> ._umu W umum ! suoneandwo)y  saidodsouojo) s14 vels

A8331e1s Suiusaios

*dnoJ8 ysu y8iy Asaa ayi 4o Suluasuds Jo s394 9



278 | Chapter 6

Supplementary Results Table 6.2: Costs and effects of all a) uniform screening scenarios and
b) personalised screening scenarios per 1,000 simulated 40-year-olds, assuming perfect
adherence when costs are discounted at 5% and QALYs are discounted and weighted by age.

a. Effects of uniform screening scenarios.

Screening Strategy

R R Lif Total Total

Start FiTs coL Complications Incicde(;u:e Mocrtaclity Yeafsa QAOESa COZZ"C ICER¢
Test Interval

Age
No Screening 0 84 0.07 84 29 15,176 15,156 1,234,089
FIT 60 3 3,981 467 0.24 66 19 15,190 15,172 1,240,498 413
FIT 60 2 5,935 576 0.27 62 16 15,192 15,175 1,256,805 5,643
FIT 54 3 5,571 561 0.28 64 18 15,194 15,177 1,304,332 Dominated
FIT 60 1 9,954 777 0.34 56 15 15,195 15,178 1,327,965 Dominated
FIT 54 2 8,101 695 0.32 59 16 15,197 15,181 1,343,651 14,720
FIT 50 3 6,990 625 0.30 63 17 15,196 15,180 1,371,842 Dominated
FIT 50 2 9,473 759 0.34 59 15 15,199 15,183 1,436,505 Dominated
FIT 46 3 7,789 660 0.29 63 17 15,197 15,181 1,462,077 Dominated
FIT 54 1 13,381 953 0.40 53 14 15,200 15,185 1,480,562 29,828
FIT 46 2 10,767 811 0.35 59 16 15,200 15,185 1,556,681 Dominated
FIT 50 1 15,397 1,042 0.43 53 14 15,202 15,188 1,634,262 52,279
FIT 40 3 9,187 707 0.30 64 18 15,198 15,182 1,635,282 Dominated
FIT 40 2 12,532 868 0.36 60 16 15,201 15,186 1,789,931 Dominated
CcoL 60 10 0 2,198 0.60 42 11 15,198 15,182 1,789,986 Dominated
FIT 46 1 17,171 1,109 0.44 54 14 15,204 15,190 1,830,442 139,134
coL 60 5 0 3,048 0.82 37 10 15,200 15,184 2,117,448 Dominated
FIT 40 1 19,338 1,165 0.44 57 16 15,204 15,189 2,201,540 Dominated
coL 54 10 0 2,928 0.86 39 10 15,204 15,189 2,294,199 Dominated
coL 50 10 0 3,245 091 37 9 15,207 15,192 2,706,770 Dominated
coL 54 5 0 4,540 1.16 31 7 15,207 15,193 3,016,912 Dominated
coL 46 10 0 3,341 1.01 39 10 15,208 15,194 3,181,465 Dominated
coL 50 5 0 5,012 1.24 29 7 15,211 15,197 3,664,480 251,583
coL 40 10 0 4,269 1.09 36 9 15,211 15,196 4,319,443 Dominated
coL 46 5 0 5,700 1.35 30 7 15,214 15,199 4,593,188 427,976
COL 40 5 0 7,011 1.57 26 6 15,217 15,201 6,462,019 869,224
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b. Effects of personalised screening scenarios.®

Screening Strategy FITs coL Complications Inc::dRe(i\ce Mocrf:Iity Y:Iaffsa J:::a CT;;:L ICER®
No Screening 0 84 0.07 84 29 15,176 15,156 1,234,089

PS0O1 360 130 0.09 81 27 15,178 15,159 1,467,668 Dominated
PS02 515 141 0.10 81 27 15,179 15,160 1,471,312 Dominated
PS03 1,722 276 0.16 73 23 15,184 15,166 1,505,808 Dominated
PS04 2,554 324 0.18 71 22 15,185 15,167 1,513,829 Dominated
PS05 2,190 305 0.18 72 23 15,186 15,168 1,520,843 Dominated
PS06 3,322 368 0.20 70 22 15,187 15,169 1,542,584 Dominated
PS07 5,226 525 0.27 63 18 15,192 15,175 1,628,434 Dominated
PS08 5,920 562 0.28 63 18 15,193 15,177 1,656,571 Dominated
PS09 6,017 568 0.28 63 18 15,193 15,177 1,662,780 20,620
PS10 7,898 687 0.33 59 16 15,197 15,181 1,756,804 24,788
PS12 10,057 792 0.36 57 15 15,198 15,183 1,834,425 32,204
PS11 10,800 825 0.37 56 15 15,198 15,183 1,837,112 Dominated
PS13 11,189 859 0.38 55 14 15,200 15,185 1,911,354 41,373
PS14 11,700 881 0.39 55 14 15,200 15,185 1,924,610 43,491
PS15 11,788 885 0.39 55 14 15,200 15,186 1,933,583 49,167
PS16 11,089 1,023 0.44 52 13 15,201 15,186 1,978,086 Dominated
PS17 11,398 1,037 0.44 52 13 15,202 15,187 1,999,556 50,356
PS18 12,293 1,078 0.45 51 13 15,202 15,187 2,013,777 51,739
PS19 12,939 1,106 0.46 51 13 15,202 15,188 2,063,215 55,162
PS20 13,382 1,125 0.47 51 13 15,203 15,189 2,098,112 76,583
PS21 13,646 1,136 0.47 51 13 15,203 15,189 2,116,904 78,423
PS22 13,646 1,154 0.47 51 13 15,203 15,189 2,149,259 98,736
PS23 14,052 1,169 0.48 52 14 15,204 15,190 2,193,345 98,758
PS24 10,378 1,969 0.69 43 11 15,206 15,193 2,519,388 108,054
PS25 11,518 2,017 0.70 43 11 15,206 15,193 2,564,321 118,157
PS26 12,085 2,037 0.70 43 11 15,207 15,193 2,627,025 144,858
PS27 12,085 2,100 0.71 43 11 15,207 15,194 2,699,821 168,462
PS28 12,085 2,209 0.74 43 11 15,208 15,195 2,880,990 Dominated
PS29 12,473 2,223 0.74 43 11 15,208 15,195 2,924,646 208,087
PS30 6,964 3,480 0.99 35 9 15,211 15,197 3,512,866 244,752
PS31 7,289 3,492 1.00 35 9 15,211 15,197 3,549,627 264,513
PS32 7,289 3,804 1.05 34 8 15,212 15,199 3,943,469 358,974 ©
PS33 7,289 4,017 1.09 34 8 15,213 15,199 4,238,838 429,957 E
PS34 3,372 4,929 1.25 30 7 15,214 15,200 4,694,318 522,899 %
PS35 3,372 5,105 1.28 30 7 15,214 15,200 4,915,213 882,218 6
PS36 3,372 5,531 135 29 7 15,216 15,201 5,515,822 951,617
PS37 3,372 5,814 1.39 29 7 15,216 15,201 5,945,624 3,457,466
PS38 0 6,612 1.51 27 6 15,217 15,201 6,365,416 3,689,986
PS39 0 6,782 1.54 27 6 15,217 15,201 6,564,338 6,542,166

Abbreviations: COL, colonoscopy; CRC, colorectal cancer, FIT, faeca
effectiveness ratio; QALY, quality-adjusted life years

Grey shading highlights screening scenarios on the efficient frontier.

a. Life years and QALYs are discounted at 5% and weighted by age.

b. Costs are discounted at 5%.

c. Costs are presented in Australian Dollars (SAUD).

d. The personalised screening scenarios are described in Supplementary Results Table 6.3.

immunological test; ICER, incremental cost-
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Supplementary Results Table 6.3: Specifics of the personalised screening scenarios when
costs are discounted at 5% and QALYs are discounted at 5% and weighted by age. All screening
ends at or before the age of 74 years.

. Risk Groups
Screening Strategy Very Low Low Average High Very High
PS1 NoScr NoScr NoScr NoScr FIT-60-1
PS2 NoScr NoScr NoScr NoScr FIT-54-1
PS3 NoScr NoScr NoScr FIT-60-2 FIT-54-1
PS4 NoScr NoScr NoScr FIT-60-1 FIT-54-1
PS5 NoScr NoScr NoScr FIT-54-2 FIT-54-1
PS6 NoScr NoScr NoScr FIT-54-1 FIT-54-1
PS7 NoScr NoScr FIT-60-2 FIT-54-1 FIT-54-1
PS8 NoScr NoScr FIT-54-2 FIT-54-1 FIT-54-1
PS9 NoScr NoScr FIT-54-2 FIT-54-1 FIT-50-1
PS10 NoScr FIT-60-2 FIT-54-2 FIT-54-1 FIT-50-1
PS11 NoScr FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1
PS12 NoScr FIT-54-2 FIT-54-1 FIT-54-1 FIT-50-1
PS13 NoScr FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1
PS14 FIT-54-3 FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1
PS15 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1
PS16 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 COL-54-5
PS17 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 COL-50-5
PS18 FIT-54-2 FIT-54-1 FIT-54-1 FIT-50-1 COL-50-5
PS19 FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5
PS20 FIT-54-2 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5
PS21 FIT-50-2 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5
PS22 FIT-50-2 FIT-50-1 FIT-50-1 COL-50-5 COL-50-5
PS23 FIT-50-2 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS24 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS25 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS26 FIT-50-1 FIT-50-1 FIT-46-1 COL-50-5 COL-46-5
PS27 FIT-50-1 FIT-50-1 FIT-46-1 COL-50-5 COL-40-5
PS28 FIT-50-1 FIT-50-1 FIT-46-1 COL-46-5 COL-40-5
PS29 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5 COL-40-5
PS30 FIT-50-1 FIT-46-1 COL-50-5 COL-46-5 COL-40-5
PS31 FIT-46-1 FIT-46-1 COL-50-5 COL-46-5 COL-40-5
PS32 FIT-46-1 FIT-46-1 COL-50-5 COL-40-5 COL-40-5
PS33 FIT-46-1 FIT-46-1 COL-46-5 COL-40-5 COL-40-5
PS34 FIT-46-1 COL-50-5 COL-46-5 COL-40-5 COL-40-5
PS35 FIT-46-1 COL-46-5 COL-46-5 COL-40-5 COL-40-5
PS36 FIT-46-1 COL-46-5 COL-40-5 COL-40-5 COL-40-5
PS37 COL-50-5 COL-46-5 COL-40-5 COL-40-5 COL-40-5
PS38 COL-50-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5
PS39 COL-46-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5

Abbreviations: COL, Colonoscopy; FIT, faecal immunochemical test; NoScr, no screening
Screening strategies: screening test-screening start age-screening interval
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Supplementary Results Table 6.4: Costs and effects of all a) uniform screening scenarios and
b) personalised screening scenarios per 1,000 simulated 40-year-olds, assuming perfect
adherence when costs and QALYs are discounted at 3%.

a. Uniform screening scenarios.

Screening Strategy

s CRC CRC Life Total Total

Test SAtZ: Interval FiTs cot Complications Incidence Mortality Years® QALYs? Costs® ICER"
No Screening 0 84 0.07 84 29 24,044 23,998 2,131,337 Dominated
FIT 60 3 3,981 467 0.24 66 19 24,081 24,042 2,039,884 Dominates
FIT 60 2 5,935 576 0.27 62 16 24,088 24,050 2,047,061 861
FIT 54 3 5,571 561 0.28 64 18 24,091 24,054 2,108,708 Dominated
FIT 60 1 9,954 777 0.34 56 15 24,095 24,060 2,142,041 Dominated
FIT 54 2 8,101 695 0.32 59 16 24,099 24,064 2,144,612 7,275
FIT 50 3 6,990 625 0.30 63 17 24,096 24,060 2,178,311 Dominated
FIT 50 2 9,473 759 0.34 59 15 24,103 24,069 2,250,511 Dominated
FIT 46 3 7,789 660 0.29 63 17 24,098 24,062 2,279,045 Dominated
FIT 54 1 13,381 953 0.40 53 14 24,108 24,076 2,323,627 15,069
FIT 46 2 10,767 811 0.35 59 16 24,105 24,072 2,381,682 Dominated
FIT 40 3 9,187 707 0.30 64 18 24,098 24,063 2,452,550 Dominated
FIT 50 1 15,397 1,042 0.43 53 14 24,112 24,081 2,501,392 32,204
FIT 40 2 12,532 868 0.36 60 16 24,106 24,072 2,616,871 Dominated
FIT 46 1 17,171 1,109 0.44 54 14 24,113 24,083 2,716,181 Dominated
coL 60 10 0 2,198 0.60 42 11 24,105 24,072 2,815,371 Dominated
FIT 40 1 19,338 1,165 0.44 57 16 24,111 24,079 3,085,943 Dominated
coL 60 5 0 3,048 0.82 37 10 24,110 24,078 3,338,895 Dominated
coL 54 10 0 2,928 0.86 39 10 24,118 24,088 3,455,297 Dominated
coL 50 10 0 3,245 091 37 9 24,124 24,095 3,893,169 98,778
coL 46 10 0 3,341 1.01 39 10 24,126 24,098 4,338,784 Dominated
coL 54 5 0 4,540 1.16 31 7 24,127 24,099 4,560,398 Dominated
coL 50 5 0 5,012 1.24 29 7 24,134 24,108 5,259,267 110,258
coL 40 10 0 4,269 1.09 36 9 24,132 24,104 5,491,543 Dominated
coL 46 5 0 5,700 1.35 30 7 24,139 24,112 6,281,315 234,415
CcoL 40 5 0 7,011 1.57 26 6 24,147 24,119 8,165,431 285,040
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b. Personalised screening scenarios.¢

Screening Strategy FITs coL Complications Inc:: dRe(i\ce Mocr:acli ty Y:I:s“ QT ::slsﬂ CT;::h ICER®
No Screening 0 84 0.07 84 29 24,044 23,998 2,131,337

PSO1 1,568 264 0.16 73 23 24,064 24,022 2,325,151 Dominated
PS02 1,722 276 0.16 73 23 24,066 24,024 2,328,301 Dominated
PS03 2,554 324 0.18 71 22 24,068 24,028 2,334,210 Dominated
PS04 4,457 481 0.25 64 19 24,082 24,044 2,388,587 5,634
PS05 5,226 525 0.27 63 18 24,086 24,049 2,421,113 6,202
PS06 5,920 562 0.28 63 18 24,089 24,053 2,452,809 7,685
PS07 7,309 658 0.32 59 16 24,096 24,061 2,517,012 7,840
PS08 7,406 663 0.32 59 16 24,097 24,062 2,524,438 10,732
PS09 7,898 687 0.33 59 16 24,098 24,064 2,550,682 12,607
PS10 8,715 739 0.34 57 15 24,102 24,068 2,612,964 Dominated
PS11 10,414 822 0.37 55 14 24,104 24,072 2,671,669 15,773
PS12 10,728 837 0.37 55 14 24,105 24,073 2,689,632 16,721
PS13 10,117 947 0.42 53 14 24,107 24,075 2,725,078 19,526
PS14 10,577 968 0.42 53 14 24,108 24,076 2,763,970 21,599
PS15 11,089 991 0.43 52 14 24,109 24,077 2,782,499 22,238
PS16 11,089 1,023 0.44 52 13 24,110 24,078 2,811,605 26,284
PS17 12,293 1,078 0.45 51 13 24,111 24,080 2,860,808 26,934
PS18 12,939 1,106 0.46 51 13 24,112 24,082 2,918,096 34,370
PS19 13,203 1,117 0.46 51 a3 24,113 24,082 2,939,743 44,551
PS20 13,646 1,136 0.47 51 13 24,113 24,083 2,979,627 46,083
PS21 10,378 1,595 0.61 46 12 24,117 24,089 3,226,411 46,622
PS22 10,378 1,951 0.68 43 11 24,121 24,093 3,465,361 52,016
PS23 11,148 1,983 0.69 42 11 24,121 24,094 3,491,503 56,483
PS24 11,148 2,001 0.69 43 11 24,122 24,094 3,526,082 60,225
PS25 11,518 2,017 0.70 43 11 24,122 24,095 3,560,357 68,807
PS26 11,518 2,079 0.71 42 11 24,123 24,096 3,633,921 76,512
PS27 6,575 2,788 0.87 37 9 24,127 24,100 4,079,776 96,653
PS28 6,575 3,356 0.97 34 8 24,130 24,104 4,518,470 109,516
PS29 6,575 3,465 0.99 35 9 24,132 24,106 4,711,626 121,339
PS30 6,575 3,776 1.05 34 8 24,134 24,109 5,113,837 149,883
PS31 3,047 4,286 1.14 31 7 24,136 24,110 5,459,786 176,486
PS32 3,372 4,299 1.14 31 7 24,136 24,111 5,498,219 190,456
PS33 3,372 4,715 1.21 30 7 24,138 24,112 5,839,990 199,604
PS34 3,372 4,929 1.25 30 7 24,140 24,114 6,163,155 230,476
PS35 3,372 5,355 1.32 29 7 24,142 24,116 6,770,919 305,621
PS36 3,372 5,531 135 29 7 24,143 24,116 7,016,964 410,008
PS37 0 6,328 1.47 27 6 24,144 24,118 7,613,850 511,280
PS38 0 6,612 1.51 27 6 24,146 24,118 8,044,907 557,935
PS39 0 6,782 1.54 27 6 24,146 24,119 8,270,010 1,157,855
PS40 0 7,011 1.57 26 6 24,147 24,119 8,639,531 1,798,841

Abbreviations: COL, colonoscopy; CRC, colorectal cancer, FIT, faecal immunological test; ICER, incremental cost-
effectiveness ratio; QALY, quality-adjusted life years

Grey shading highlights screening scenarios on the efficient frontier.

a. Results are discounted at 3%.

b. Costs are presented in Australian Dollars (SAUD).

c. The personalised screening scenarios are described in Supplementary Results Table 6.5.



Cost-effectiveness of personalised screening | 283

Supplementary Results Table 6.5: Specifics of the personalised screening scenarios by
willingness-to-pay threshold when cost and QALYs are discounted by 3%. All screening ends
at or before the age of 74 years.

i Risk Groups
Screening Strategy Very Low Low Average High Very High
PS1 NoScr NoScr NoScr FIT-60-2 FIT-60-1
PS2 NoScr NoScr NoScr FIT-60-2 FIT-54-1
PS3 NoScr NoScr NoScr FIT-60-1 FIT-54-1
Ps4 NoScr NoScr FIT-60-2 FIT-60-1 FIT-54-1
PS5 NoScr NoScr FIT-60-2 FIT-54-1 FIT-54-1
PS6 NoScr NoScr FIT-54-2 FIT-54-1 FIT-54-1
PS7 NoScr FIT-60-2 FIT-54-2 FIT-54-1 FIT-54-1
PS8 NoScr FIT-60-2 FIT-54-2 FIT-54-1 FIT-50-1
PS9 NoScr FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1
PS10 FIT-60-74-3 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1
PS11 FIT-60-74-3 FIT-54-2 FIT-54-1 FIT-54-1 FIT-50-1
PS12 FIT-54-3 FIT-54-2 FIT-54-1 FIT-54-1 FIT-50-1
PS13 FIT-54-3 FIT-54-2 FIT-54-1 FIT-54-1 COL-54-5
PS14 FIT-54-3 FIT-54-2 FIT-54-1 FIT-50-1 COL-54-5
PS15 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 COL-54-5
PS16 FIT-54-2 FIT-54-2 FIT-54-1 FIT-50-1 COL-50-5
PS17 FIT-54-2 FIT-54-1 FIT-54-1 FIT-50-1 COL-50-5
PS18 FIT-54-2 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5
PS19 FIT-50-2 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5
PS20 FIT-50-2 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5
PS21 FIT-50-2 FIT-50-1 FIT-50-1 COL-50-10 COL-50-5
PS22 FIT-50-2 FIT-50-1 FIT-50-1 COL-50-5 COL-50-5
PS23 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5 COL-50-5
PS24 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS25 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5
PS26 FIT-50-1 FIT-50-1 FIT-50-1 COL-50-5 COL-40-5
PS27 FIT-50-1 FIT-50-1 COL-50-10 COL-50-5 COL-40-5
PS28 FIT-50-1 FIT-50-1 COL-50-5 COL-50-5 COL-40-5
PS29 FIT-50-1 FIT-50-1 COL-50-5 COL-46-5 COL-40-5
PS30 FIT-50-1 FIT-50-1 COL-50-5 COL-40-5 COL-40-5
PS31 FIT-50-1 COL-50-10 COL-50-5 COL-40-5 COL-40-5
PS32 FIT-46-1 COL-50-10 COL-50-5 COL-40-5 COL-40-5
PS33 FIT-46-1 COL-50-5 COL-50-5 COL-40-5 COL-40-5
PS34 FIT-46-1 COL-50-5 COL-46-5 COL-40-5 COL-40-5
PS35 FIT-46-1 COL-50-5 COL-40-5 COL-40-5 COL-40-5
PS36 FIT-46-1 COL-46-5 COL-40-5 COL-40-5 COL-40-5
PS37 COL-50-5 COL-46-5 COL-40-5 COL-40-5 COL-40-5
PS38 COL-50-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5
PS39 COL-46-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5
PS40 COL-40-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5

Abbreviations: COL, Colonoscopy; FIT, faecal immunochemical test; NoScr, no screening
Screening strategies: screening test-screening start age-screening interval
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Supplementary Results Table 6.6: Costs and effects of all a) uniform screening scenarios and
b) personalised screening scenarios per 1,000 simulated 40-year-olds, assuming perfect
adherence when costs and QALYs are undiscounted.

a. Uniform screening scenarios.

Screening Strategy

L CRC CRC Life Total Total
Test Sl:a"" Interval FiTs cot Complications | dence Mortality  Years® QALYs®  Costs® ICER®
ge

No Screening 0 84 0.07 84 29 24,044 23,998 2,131,337  Dominated
FIT 60 2 5935 576 0.27 62 16 43,149 43,049 4,739,664  Dominates
FIT 60 3 3,981 467 0.24 66 19 43,126 43,020 4,817,049  Dominated
FIT 54 2 8,101 695 0.32 59 16 43,176 43,084 4,850,988 3,179
FIT 60 1 9,954 777 0.34 56 15 43,173 43,081 4,852,104  Dominated
FIT 54 3 5571 561 0.28 64 18 43,150 43,050 4,886,396  Dominated
FIT 50 3 6,990 625 0.30 63 17 43,164 43,067  4,935602 Dominated
FIT 50 2 9,473 759 0.34 59 15 43,186 43,096 4,987,686  Dominated
FIT 46 3 7,789 660 0.29 63 17 43,165 43,069 5,077,689  Dominated
FIT 54 1 13,381 953 0.40 53 14 43,204 43,121 5,087,843 6,415
FIT 46 2 10,767 811 0.35 59 16 43,189 43,100 5,150,353  Dominated
FIT 40 3 9,187 707 0.30 64 18 43,164 43,067 5,270,930  Dominated
FIT 50 1 15,397 1,042 0.43 53 14 43,212 43,131 5,322,533 22,161
FIT 40 2 12,532 868 0.36 60 16 43,185 43,095 5,416,504  Dominated
FIT 46 1 17,171 1,109 0.44 54 14 43,211 43,130 5,590,545  Dominated
coL 60 10 0 2,198 0.60 42 11 43,205 43,125 5,984,373  Dominated
FIT 40 1 19,338 1,165 0.44 57 16 43,197 43,113 6,003,156  Dominated
coL 54 10 0 2,928 0.86 39 10 43,238 43,166 6,946,819  Dominated
coL 60 5 0 3,048 0.82 37 10 43,222 43,147 7,040,041  Dominated
coL 50 10 0 3,245 0.91 37 9 43,253 43,185 7,349,473 38,029
coL 46 10 0 3,341 1.01 39 10 43,254 43,185 7,669,729  Dominated
coL 40 10 0 4,269 1.09 36 9 43,271 43,205 8,919,959  Dominated
coL 54 5 0 4,540 1.16 31 7 43,268 43,203 9,072,841  Dominated
coL 50 5 0 5,012 1.24 29 7 43,287 43,226 9,720,205 56,975
coL 46 5 0 5,700 1.35 30 7 43,295 43,234 10,917,234 Dominated
CcOoL 40 5 0 7,011 1.57 26 6 43,313 43,255 12,815,034 106,718
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b. Personalised screening scenarios.¢

Screening Strategy FITs coL Complications Inc(i: dRe(i\ce Mocrf:li ty Y:af(resb J :::b C-I::;L ICER®
No Screening 0 84 0.07 84 29 43,001 42,869 5,460,172 Dominated
PS03 6,148 668 031 58 15 43,161 43,065 4,919,457  Dominates
PSO1 4,871 594 0.29 60 17 43,146 43,047 4,922,589 Dominated
PS02 5,330 617 0.30 60 16 43,149 43,052 4,926,793  Dominated
PS04 6,916 713 0.33 57 15 43,171 43,079 4,959,849 3,026
PS05 7,611 750 0.34 56 15 43,179 43,089 4,995,978 3,359
PS06 7,611 776 0.36 56 15 43,183 43,094 5,015,775 4,277
PS07 8,103 801 0.37 56 15 43,187 43,099 5,049,437 6,193
PS08 9,802 884 0.40 54 14 43,196 43,111 5,128,736 6,850
PS09 10,206 902 0.40 53 14 43,198 43,113 5,147,483 7,753
PS10 10,206 950 0.41 53 14 43,201 43,117 5,177,225 7,789
PS11 10,628 969 0.42 52 14 43,203 43,120 5,210,998 10,596
PS12 10,628 1,002 0.43 52 13 43,205 43,123 5,246,635 12,905
PS13 11,832 1,056 0.44 51 13 43,210 43,129 5,323,387 13,478
PS14 9,025 1,443 0.57 46 12 43,221 43,145 5,562,545 14,690
PS15 9,025 1,537 0.59 46 12 43,226 43,151 5,674,015 17,799
PS16 9,671 1,565 0.60 46 12 43,229 43,155 5,749,938 24,226
PS17 9,935 1,576 0.60 46 12 43,230 43,156 5,776,707 24,681
PS18 9,935 1,932 0.68 43 11 43,241 43,170 6,180,918 27,246
PS19 10,704 1,964 0.68 42 11 43,243 43,172 6,235,349 28,675
PS20 11,148 1,983 0.69 42 11 43244 43,174 6,284,712 29,170
PS21 11,148 2,063 0.71 42 11 43,247 43,178 6,397,904 32,093
PS22 6,205 2,772 0.86 37 9 43,260 43,195 7,046,014 37,125
PS23 6,575 2,788 0.87 37 9 43,261 43,196 7,086,658 41,179
PS24 6,575 3,356 0.97 34 8 43,272 43,209 7,849,972 56,864
PS25 6,575 3,776 1.05 34 8 43,281 43,220 8,480,538 61,177
PS26 3,047 4,286 1.14 31 7 43,287 43,228 9,020,556 68,106
PS27 3,047 4,703 1.21 30 7 43,292 43,234 9,620,268 98,538
PS28 3,047 5,342 1.32 29 7 43,301 43,243 10,611,955 109,959
PS29 0 5,785 1.38 28 6 43,304 43,246 11,134,728 149,697
PS30 0 5,801 1.40 28 6 43,304 43,247 11,171,639 150,421
PS31 0 6,260 1.47 27 6 43,308 43,251 11,894,768 172,055
PS32 0 6,612 1.51 27 6 43,311 43,253 12,415,828 208,145
PS33 0 7,011 1.57 26 6 43,313 43,255 13,052,084 327,048

Abbreviations: COL, colonoscopy; CRC, colorectal cancer, FIT, faecal immunological test; ICER, incremental cost-
effectiveness ratio; QALY, quality-adjusted life years

Grey shading highlights screening scenarios on the efficient frontier.

a. Results are undiscounted.

b. Costs are presented in Australian Dollars (SAUD).

c. The personalised screening scenarios are described in Supplementary Results Table 6.7.
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Supplementary Results Table 6.7: Specifics of the personalised screening scenarios by
willingness-to-pay threshold, when costs and QALYs are undiscounted. All screening ends at or
before the age of 74 years.

. Risk Groups
Screening Strategy Very Low Low Average High Very High
PS1 NoScr FIT-60-3 FIT-60-2 FIT-60-1 COL-60-10
PS2 NoScr FIT-60-2 FIT-60-2 FIT-60-1 COL-60-10
PS3 FIT-60-3 FIT-60-2 FIT-60-2 FIT-60-1 COL-60-10
PS4 FIT-60-3 FIT-60-2 FIT-60-2 FIT-54-1 COL-60-10
PS5 FIT-60-3 FIT-60-2 FIT-54-2 FIT-54-1 COL-60-10
PS6 FIT-60-3 FIT-60-2 FIT-54-2 FIT-54-1 COL-54-10
PS7 FIT-60-3 FIT-54-2 FIT-54-2 FIT-54-1 COL-54-10
PS8 FIT-60-3 FIT-54-2 FIT-54-1 FIT-54-1 COL-54-10
PS9 FIT-60-2 FIT-54-2 FIT-54-1 FIT-54-1 COL-54-10
PS10 FIT-60-2 FIT-54-2 FIT-54-1 FIT-54-1 COL-54-5
PS11 FIT-54-2 FIT-54-2 FIT-54-1 FIT-54-1 COL-54-5
PS12 FIT-54-2 FIT-54-2 FIT-54-1 FIT-54-1 COL-50-5
PS13 FIT-54-2 FIT-54-1 FIT-54-1 FIT-54-1 COL-50-5
PS14 FIT-54-2 FIT-54-1 FIT-54-1 COL-54-10 COL-50-5
PS15 FIT-54-2 FIT-54-1 FIT-54-1 COL-50-10 COL-50-5
PS16 FIT-54-2 FIT-54-1 FIT-50-1 COL-50-10 COL-50-5
PS17 FIT-50-2 FIT-54-1 FIT-50-1 COL-50-10 COL-50-5
PS18 FIT-50-2 FIT-54-1 FIT-50-1 COL-50-5 COL-50-5
PS19 FIT-54-1 FIT-54-1 FIT-50-1 COL-50-5 COL-50-5
PS20 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5 COL-50-5
PS21 FIT-54-1 FIT-50-1 FIT-50-1 COL-50-5 COL-40-5
PS22 FIT-54-1 FIT-50-1 COL-50-10 COL-50-5 COL-40-5
PS23 FIT-50-1 FIT-50-1 COL-50-10 COL-50-5 COL-40-5
PS24 FIT-50-1 FIT-50-1 COL-50-5 COL-50-5 COL-40-5
PS25 FIT-50-1 FIT-50-1 COL-50-5 COL-40-5 COL-40-5
PS26 FIT-50-1 COL-50-10 COL-50-5 COL-40-5 COL-40-5
PS27 FIT-50-1 COL-50-5 COL-50-5 COL-40-5 COL-40-5
PS28 FIT-50-1 COL-50-5 COL-40-5 COL-40-5 COL-40-5
PS29 COL-50-10 COL-50-5 COL-40-5 COL-40-5 COL-40-5
PS30 COL-46-10 COL-50-5 COL-40-5 COL-40-5 COL-40-5
PS31 COL-46-10 COL-40-5 COL-40-5 COL-40-5 COL-40-5
PS32 COL-50-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5
PS33 COL-40-5 COL-40-5 COL-40-5 COL-40-5 COL-40-5

Abbreviations: COL, Colonoscopy; FIT, faecal immunochemical test; NoScr, no screening
Screening strategies: screening test-screening start age-screening interval



Cost-effectiveness of personalised screening | 287

9 J91dey)

*8ujuaaJds wuoyun

03 paJedwod dA1399449-3S00 3q 0} PaJINbaJ $1S02 [eIUBWIOUI DY} WO SUIUSIIS WIOYIUN 0} Patedwiod }S0J [BIUSWAIOUI 3y} Sulzoeligns Aq pajejnojed

'000°0S$ J0 ploysautyl Aed-oi-ssausuljjim ayl Aq SATVD JO Jaquinu [eauswaJloul ayl SuiAidinjnw Agq palejnajed
‘pPapN|IXa aJe ysi4 SulUIWIS1BP J0) S1S0D
‘papnjoul a.e s1509 p|oysaiyl aAiIsod yiim solieuads Ajug

p
2
q

e

sseah 91] paisnipe-Ayenb ‘AT ‘s4edA /-0G wouy | |4 3jdwes 3j3ulS ‘v/-0S-T-114 3533 |E21WAYI0UNW W [BII.Y ‘] |4 SUOIIRIADIqQY

0T'9€$ ¥0T'9€$ LY9'VYS 680 €7'888LT ws'ss ¥08'Tv9'1S T¢Sd
€T OVS 6CC'0vS 6L6'6CS 090 76°L88LT 0ST'0TS- T0've9'TS 0¢sd
TS'LYS ves'LyS LLETS SO0 6€°£88LT LYT'SYS- STT'68S'TS 61Sd
S8'TYS 158°TvS VELTSS- €0°T- T€988LT G85V6S- LL9'6ES'TS 8TSd
85'€ES T8S'EES 569965~ €6'T- T¥'988L1 LLT'OETS- 986'€0S‘TS L1Sd
€6'9CS 606'9CS ¥95'8CTS- LS'C LL'V88LT €617'SSTS- 0LL'8LY'TS 91Sd
90°8TS 790°8T$ 069°99TS$- Te'E- €0'V88LT TSL'E8TS- 0TS'0SP‘TS STSd
6S'TTS S6STTS €TY'S8TS- TL°¢- €9'€88L1 800°L6TS- YSTLEV'TS ¥1Sd
VE'L8BLT 79T'vE9'TS  ¥L-0S-T-Ll4
p 9A11I9}J9-1500 , Suluaauds wuioyun Sujuaauds Sujuaausds
1od hM“ﬂnwﬂ__uumu 3q 03 53500 paiinbas 01 paJsedwod A1IAYD wuojiun 0y SATVD wuoyiun 1505 . oueuads
pue s3s03 |enjoe -1502 3q 0} paiinbas pasedwod SATVD 03 paJedwod q

0} 3500 pajewnisy

UaaMmla(q adualajjid $3S0J |ejuawaldu] |ejuawaldu] 3S0J |ejuawWiaLdUu|

'sJeaA /-0 Wouy SuluaBIIS [BNUUE WIOJIUN 0] AI1I349-150I Aj|enba aq
pinom 8uluaauas pasijeuossad uaym s d1uadAjod Suluiwialap 40 1500 palew3sa :SisAjeue pjoysasyl :8'9 ajqel synsay Asejusawajddns



288 | Chapter 6

A note on cost-effectiveness planes: Discounted costs and life years gained reflect total costs
and life years gained of a screening program, accounting for time preference for present over
future outcomes. Quality-adjusted life years gained are plotted on the y-axis, and total costs
are plotted on the x-axis. Each possible screening strategy is represented by a point. Strategies
that form the solid line connecting the points lying left and upward are the economically
rational subset of choices. This line is called the efficient frontier. The inverse slope of the line
represents the incremental cost-effectiveness ratio of the connected strategies. Points lying
to the right and beneath the line represent the dominated strategies.

Abbreviations: Col, colonoscopy; FIT, faecal immunochemical test; QALY, quality-adjusted life
years

Supplementary Results Figure 6.1: Costs and quality-adjusted life years (discounted at 5%)
per 1,000 40-year-olds assuming perfect adherence for 25 uniform colorectal cancer screening
scenarios and a scenario without screening, with the efficient frontier connecting the
economically efficient strategies.
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Supplementary Results Figure 6.2: Risk group level costs and quality-adjusted life years
(discounted at 5%) per 1,000 40-year-olds assuming perfect adherence for 25 colorectal
cancer screening scenarios and a scenario without screening, with the efficient frontier
connecting the economically efficient strategies.
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e. Very high risk.
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Supplementary Results Figure 6.3: Costs (discounted at 5%) and quality-adjusted life years
(discounted at 5% and weighted by age) per 1,000 40-year-olds assuming perfect adherence
for all uniform and personalised colorectal cancer screening scenarios and a scenario without
screening, with the efficient frontier connecting the economically efficient strategies.
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Note: A description of the personalised screening scenarios can be found in Supplementary Results Table 6.3.
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Supplementary Results Figure 6.4: Costs and quality-adjusted life years (discounted at 3%)
per 1,000 40-year-olds assuming perfect adherence for all uniform and personalised colorectal
cancer screening scenarios and a scenario without screening, with the efficient frontier
connecting the economically efficient strategies.
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Note: A description of the personalised screening scenarios can be found in Supplementary Results Table 6.5.

Supplementary Results Figure 6.5: Costs and quality-adjusted life years (discounted at 5%)
per 1,000 40-year-olds assuming realistic participation for uniform screening and lowered
adherence for personalised colorectal cancer screening scenarios and a scenario without
screening, with the efficient frontier connecting the economically efficient strategies.
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Note: A description of the personalised screening scenarios can be found in Table 6.4 of the manuscript.

Vo]
I
()
-
Qo
©
=
(@]




292 | Chapter 6

Supplementary Results Figure 6.6: Costs and quality-adjusted life years (discounted at 5%)
per 1,000 40-year-olds assuming realistic participation for uniform screening and higher
adherence for personalised colorectal cancer screening scenarios and a scenario without
screening, with the efficient frontier connecting the economically efficient strategies.
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Note: A description of the personalised screening scenarios can be found in Table 6.4 of the manuscript.

Supplementary Results Figure 6.7: Costs and quality-adjusted life years (discounted at 5%)
per 1,000 40-year-olds assuming realistic adherence for all uniform and personalised
colorectal cancer screening scenarios and a scenario without screening, with the efficient
frontier connecting the economically efficient strategies. Costs for determining polygenic risk
are excluded.
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Note: A description of the personalised screening scenarios can be found in Table 6.4 of the manuscript.
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Supplementary Results Figure 6.8: Costs and quality-adjusted life years (undiscounted) per
1,000 40-year-olds assuming perfect adherence for all uniform and personalised colorectal
cancer screening scenarios and a scenario without screening, with the efficient frontier
connecting the economically efficient strategies.
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Note: A description of the personalised screening scenarios can be found in Supplementary Results Table 6.7.
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Throughout this thesis we have investigated multiple methods for optimising colorectal cancer
screening programs. In this chapter, we will answer the research questions proposed in the
Introduction and provide an interpretation of our findings. We present methodological
considerations and address challenges to achieving optimal screening programs. Finally, we
discuss future directions for research and modelling, and highlight our general conclusions
and recommendations based on the research described in this thesis.

PATHWAYS TO OPTIMAL SCREENING PROGRAMS

Within this thesis we have investigated two pathways to optimise colorectal cancer screening
programs. The first is to optimise uniform screening programs to ensure they are designed
and implemented to achieve the best possible outcomes for the average risk population. The
second pathway addresses what we believe to be the future of screening — personalisation.

PART I: OPTIMISATION OF UNIFORM SCREENING PROGRAM

WHAT IS THE OPTIMAL SCREENING PROGRAM TO IDENTIFY LYNCH SYNDROME FOR THOSE WHO ARE
DIAGNOSED WITH COLORECTAL CANCER?

The optimal screening pathway to identify Lynch syndrome includes mismatch repair
immunohistochemistry followed by MLH1 methylation (if indicated) and germline testing
for incident colorectal cancers diagnosed in those aged under 70 years. Screening those over
70 years requires ongoing investigation.

Although Lynch syndrome screening is widely recognised as important, the optimal screening
strategy to identify new cases remains a hotly debated topic. There is limited consensus on
the optimal screening pathway and whether screening should be universally applied to all
colorectal cancer diagnoses or limited by an age-at-diagnosis threshold.!3

In Chapter 1, we aimed to address this gap in knowledge.* In the first instance, we assessed
two commonly followed tumour screening pathways to identify Lynch syndrome. Secondly,
we assessed the cost-effectiveness from a health systems perspective of universal screening
compared to three age-at-diagnosis thresholds (Screening<50, Screening<60 and
Screening<70).

Our results suggest that the screening pathway including MMR immunohistochemistry
followed by MLH1 methylation (if indicated) and germline testing is more cost effective than
the alternative pathway that includes testing with BRAF V6006E. Moreover, we found that it
is cost effective to screen for Lynch syndrome up until the age of 70 years. Universal screening
was not considered to be cost effective, as no additional Lynch syndrome cases were detected
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in this age group but the cost of screening is significantly more. This finding should, however,
be interpreted with caution as patients over 70 years with Lynch Syndrome were under-
represented in the studied population and none of those included had been diagnosed with
Lynch syndrome.®> As Lynch syndrome does occur in colorectal cancer patients above 70
years,® our results may not be a true reflection of the costs and outcomes for this age group.

Our research was part of a broader conversation about the need to address the poor
implementation of universal screening for Lynch syndrome in Australia. Shortly after our
publication was released, the Royal College of Pathologists of Australasia (RCPA) submitted an
application to the Australian Medical Services Advisory Council (MSAC) seeking to have
germline testing and genetic counselling for Lynch syndrome (and other hereditable
mutations which increase the risk of colorectal and endometrial cancers) covered by the
Medical Benefits Scheme (MBS, Australia’s public health insurance scheme).” The application
requested that these items be covered for both the initial patient and their at-risk family
members. In 2019, MSAC approved the RCPA application with changes to the MBS coming
into effect in May 2020.% The importance of this development cannot be overstated. The
inclusion of germline testing and genetic counselling on the MBS should significantly improve
the referral pathway and improve the identification of people at increased risk of colorectal
cancer due to Lynch syndrome and other genetic disorders. Since our publication, modelling
investigations in Australia have shown universal screening for Lynch syndrome to be cost
effective.’ In addition, the Australasian Gastrointestinal Pathology Society has published a
consensus statement supporting universal screening for Lynch syndrome?!® and the RCPA has
put support behind the process.!! However a national testing policy is still lacking, and
although funding will now be available for germline testing and genetic counselling, other
steps in the tumour screening pathway remain unfunded. For universal screening to be
successfully implemented, these issues will need to be addressed.

How couLD SHANGHAI OPTIMISE ITS COLORECTAL CANCER SCREENING INITIATIVE?

The Shanghai screening program could be optimised by switching to a validated screening
test, reducing the test cut-off, increasing the screening frequency and extending the
eligibility age range.

Despite relatively low incidence and mortality of colorectal cancer, due to its large population,
China is a noteworthy contributor to the global burden of colorectal cancer.'> 3 Moreover, as
incidence and mortality is rising steadily,* colorectal cancer represents a significant public
health challenge for the country. In an effort to reduce the burden of colorectal cancer, the
Shanghai Municipal Government implemented a community-based colorectal cancer
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screening program in 2013.1> The program invited individuals aged 50-74 years to participate
in colorectal cancer screening, offering triennial screening using a locally manufactured faecal
immunochemical test (FIT) and a risk questionnaire. Results from the initial rounds of
screening®> 1® have highlighted several challenges for the screening program, and call into
question whether the program is optimal for the population. To determine what the optimal
screening program might look like, we assessed the performance of the existing screening
program against a program using standardised and validated FITs (Chapter 2). In addition, we
varied program characteristics including test cut-off, screening interval and screening start-
and stop age.

Our results suggest that although the screening program currently implemented in Shanghai
is effective at reducing colorectal cancer incidence and mortality, it is not the most optimal
program. Compared to using strategies utilising validated screening tests, the strategies
utilising the Shanghai tests were generally more expensive and required substantially more
colonoscopies. We found that the Shanghai screening program could be optimised by utilising
a validated, single sample FIT, with a cut-off of 10 ug Hb/g, with screening occurring annually
from ages 45-80 years. However, given the suboptimal participation in screening and
diagnostic colonoscopy seen in the existing program, implementing a program that is longer
in duration and requires a greater number of repeat screens may not be optimal in practice.
Such a program may diminish the already low participation rate. In addition, the program may
experience ‘screening fatigue’, where motivation to participate is reduced due to a false
perception of decreased colorectal cancer risk after several negative screening test results.'”
18 These issues highlight the need to balance what is optimal in theory with what is practical
in the “real world”.

The Shanghai screening program is unique in that it offers triennial screening with FIT.2® This
strategy was selected after a comprehensive evaluation of the capacity of health resources of
the region.'®> Colonoscopy capacity is likely to be a key driver in the selection of a triennial
screening program. Therefore, it is feasible that an alternative screening program, which
requires similar or lower colonoscopy demand than the existing program but with greater
gains and fewer harms, would be desirable. Our investigation found several cost-effective
alternatives which met these criteria, all of which used the validated FIT (including the optimal
strategy mentioned above). Depending on desired outcomes, several other strategies could
also be selected, however, all of these alternatives utilise a validated FIT. As such, these results
may be relevant to jurisdictions with limited health resources which are considering
implementing colorectal cancer screening. In addition, they are relevant to other low
incidence jurisdictions as they indicate that, even in this setting, screening is a cost-effective
method for reducing colorectal cancer burden.
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WHAT IS THE OPTIMAL IMPLEMENTATION SCHEDULE OF THE NATIONAL BOWEL CANCER SCREENING
PROGRAM IN AUSTRALIA?

By implementing the National Bowel Cancer Screening Program on an expedited 5-year
timeline, many thousands of unnecessary colorectal cancer deaths could be averted.

The implementation of the Australian National Bowel Cancer Screening Program (NBCSP) was
long and complicated. Colorectal cancer screening was first recommended in 1997 by the
Australian Health Technology Advisory Committee.?° In 1999, the Australian National Health
and Medical Research Council (NHMRC) recommended biennial screening with FIT for
individuals aged 50-74 years.?" 22 However, the program wasn’t commenced until 2006, and
at this time just two age groups were invited (those aged 55 and 65).23 During the following
years, various commitments to extend the program were made, but there was no
commitment to full implementation in line with NHMRC guidelines. This was despite evidence
that those screened within the program were diagnosed with colorectal cancer at earlier
stages, compared to those presenting symptomatically?* 2> and a modelling study showing
that full implementation of the NBCSP was cost effective.?®

In 2012 the Australian Government committed to the full implementation.?’” Although the
commitment was welcomed by advocacy and stakeholder groups, the protracted time line
(full implementation would not be achieved until 2034) caused concern. It was at this time
that we initiated research into the optimal implementation timeline for the NBCSP (Chapter
3).28

Our research compared the originally proposed implementation timeline to a series of
alternatives. Not surprisingly, our findings indicate that although the protracted timeline
would prevent colorectal cancer deaths (approximately 61,000), an expedited timeline, where
full implementation was achieved by 2020, would increase the number of preventable deaths
(to approximately 70,000) over the subsequent 40-year period. Our results demonstrate the
drastic effect an implementation timeline can have on mortality and morbidity thereby
highlighting the importance of appropriate selection.

The results of this research had far reaching consequences in the policy sphere in Australia. In
2013, the preliminary results were utilised during the election campaign, with the then leader
of the opposition and shadow health minister pledging to spend $46 million to implement
biennial FIT screening for individuals aged 50-74 by 2020 if elected.?® 30 This party went on to
win the election and in their 2014-15 budget announced $95.9 million to complete the
implementation.3! Full implementation of biennial screening was achieved in 2019.
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This research highlights the importance of quantitative data in the advocacy arena — after
nearly 20 years of advocacy efforts, it was this research that resulted in a paradigm shift in
colorectal cancer screening in Australia.3? Our results provide a strong argument to act with
immediacy. The importance of relevant and timely evidence-based research to advocate for
changes to public policy cannot be underestimated.

PART Il: OPTIMISATION THROUGH PERSONALISATION

WHICH SCREENING MODALITY WILL OFFER THE BEST OUTCOMES TO INDIVIDUALS BASED ON THEIR
BACKGROUND RISK OF COLORECTAL CANCER?

The assessed screening strategies were equally effective at reducing colorectal cancer
mortality over a 15-year follow-up period, regardless of baseline risk. A single colonoscopy
or sigmoidoscopy was more effective at reducing colorectal cancer incidence. As risk of
colorectal cancer increases, so too do the benefits and harms, although the benefits increase
to a greater extent. Our results were sensitive to the follow-up period —when lifetime follow-
up was assessed, larger reductions in colorectal cancer incidence and mortality were
predicted.

It remains unknown which screening modality will provide the optimal balance between
benefits, burden and harms when baseline risk of colorectal cancer is considered. It is assumed
that colonoscopy and FIT screening will perform at least as well as flexible sigmoidoscopy and
guaiac faecal occult blood testing given their test characteristics, but empirical evidence is
lacking. As screening effectiveness is influenced by baseline risk, investigation into how it
affects the balance between benefits, burden and harms is warranted.

To determine the optimal screening strategy, in Chapter 4 we assessed the benefits, burdens
and harms of screening a population cohort aged 50-79 years, stratified by baseline 15-year
colorectal cancer risk (1-7%).33 We investigated four screening strategies: annual FIT; biennial
FIT; a single sigmoidoscopy; and a single colonoscopy and followed individuals for 15 years.
This work was part of a suite of research undertaken as part of the British Medical Journal’s
Rapid Recommendations project. The Rapid Recommendations project aims to provide
trustworthy practice guidelines by responding to new, potentially practice-changing, evidence
in a timely manner.

Our results suggest that, regardless of baseline risk, all strategies reduce colorectal cancer
incidence and mortality. Although a single colonoscopy or sigmoidoscopy is more effective at
reducing colorectal cancer incidence, all strategies are similarly effective at reducing
colorectal cancer mortality. As would be expected, screening burden was greatest for those
undergoing annual FIT screening, and harms were proportional to the number of
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colonoscopies, which were highest in the colonoscopy screening strategy. Although the
relative reduction in colorectal cancer incidence and mortality were similar, there was
substantial variation in the absolute reductions. For example, at 3% colorectal cancer risk, the
relative reduction in incidence was 5-34% which in absolute terms translates to 1-3 colorectal
cancer cases prevented. When colorectal cancer risk increases to 6%, the relative reduction in
incidence was the same as for 3% risk (5-34%), but the reduction in absolute terms translates
to 3-21 colorectal cancer cases prevented. This means that there is a more unfavourable
balance between the harms and the benefits for those at lower risk compared to those at
higher risk.

When published, this suite of papers caused quite a stir internationally. This was largely
because the Rapid Recommendations panel suggested against screening for those with a 15-
year colorectal cancer risk of less than 3%.3* This suggests that guidelines which recommend
screening for all individuals starting at age 50 years, when the risk of colorectal cancer in the
next 15 years is between 1-2%,3>37 may in fact be over-screening their population. However,
at present, there is no evidence to support such a threshold. In addition, as this
recommendation was based on results of 15 years of follow up (the time frame requested by
the panel as it allowed the model predictions to be validated against trial data3®), it should be
interpreted with some caution. Colorectal cancer develops slowly (the time from an
asymptomatic polyp to a symptom detectable colorectal cancer is estimated to take between
10-25 years3%49), As the full benefits of screening are achieved over the longer term, a longer
period of follow up is warranted. Although longer follow up may have altered the benefit
threshold defined by the panel, there is every possibility that individuals at lower risk may
have reached this threshold. Our results were sensitive to this assumption — when lifetime
follow up was assessed, the model predicted larger absolute reductions in colorectal cancer
incidence and mortality for all screening strategies and at younger ages, annual FIT screening
was more effective at reducing colorectal cancer incidence and mortality than a single
colonoscopy.

HOW IS AGE-TO-STOP SCREENING AFFECTED BY COMORBIDITY AND PRIOR SCREENING HISTORY?

The optimal age-to-stop screening varies significantly based on an individual’s comorbidity
status and prior screening history. For those with severe comorbidity or a strong history of
screening, the harms of screening outweigh the benefits at or before the age of 66 years.
However, for those without comorbidity or who were previously unscreened, screening
could continue until past the recommended stop age, in some cases up to 90 years of age.
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Recent screening guidelines suggest that screening could be offered to those aged over 74
years, recommending that decisions to participate should consider screening history and
comorbidity.**% Although recommended, there is little practical guidance or reliable tools to
assist in making these decisions. The diversity of screening programs®® and evidence that
screening is not always targeted at those most likely to benefit,*3*7 highlight the need for
improved guidance regarding the optimal age-to-stop screening. To assist in the development
of such guidelines, we conducted an analysis to determine the optimal age-to-stop screening
based on sex, age, comorbidity status and screening history (Chapter 5).*®¢ We modelled a
cohort of individuals for each combination of sex, age (66-90 years), comorbidity status (no,
low, moderate, severe), and screening history with FIT (no, some, reasonable, most or perfect
prior screening) or colonoscopy (10 or 15 years prior), simulating 624 scenarios in total.

This investigation found that the optimal screening stop age depends heavily on individual
factors such as comorbidity and screening history. The optimal screening stop age can be
personalised to the age where the benefits of screening no longer outweigh the harms and
varies from <66 to 90 years. Our results demonstrate that select groups, such as individuals
without comorbidities or those who have not previously undergone screening could benefit
from screening past the recommended stop age and, in some cases, screening could even
continue up to 90 years of age. Conversely, those with severe comorbidity or a strong history
of prior screening could stop earlier than currently recommended and, in some instances, this
was before the age of 66 years.

While our results are in line with previous investigations,*> *° by addressing the complex
nature of screening history, they are more in keeping with the “real life” scenarios faced by
clinicians and participants. Moreover, by providing reliable information about the possible
benefits, harms and burden of screening, they support informed decision-making in relation
to screening participation. Given the complex nature of our analysis, clinicians and participants
may find it challenging to integrate our findings into clinical practice. Therefore, to facilitate
their use, we suggest that future screening participation recommendations could be
automated. One way to do this would be to develop a clinical decision support system. Such
systems aim to improve clinical decision-making by generating personalised patient
recommendations based on an individual’s specific characteristics.>* Used at point of care and
integrated into clinical workflows,”> 3 they have considerable potential to improve the
practice of medicine. Using our results within a clinical decision support system supports an
evidence-based approach for decisions about screening participation.
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IS IT COST EFFECTIVE TO IMPLEMENT RISK STRATIFIED SCREENING BASED ON POLYGENIC RISK AND FAMILY
HISTORY COMPARED TO UNIFORM, ONE-SIZE-FITS-ALL, SCREENING?

Personalised screening is slightly more effective than uniform screening, however, at this
stage, it is not more cost effective. This is due to the costs associated with determining an
individual’s risk of colorectal cancer and the suboptimal performance of the risk
stratification algorithm. As costs decrease, and risk stratification algorithms improve,
screening based on polygenic risk and family history will become a viable option.

It is now recognised that genetic susceptibility related to low risk genetic variants, or single-
nucleotide polymorphisms (SNPs), play a significant role in colorectal cancer incidence.
Although demonstrated to be an effective tool for stratifying the population,®*>® the cost-
effectiveness has yet to be established. We therefore explored the impact of stratifying the
population by risk of colorectal cancer based on polygenic risk and family history and
compared its effectiveness and cost-effectiveness to uniform screening (Chapter 6).>°

Our results suggest that although personalised screening is slightly more effective than
uniform screening in terms of reductions in incidence and mortality, uniform screening is more
cost effective. Overall, personalised screening costs more than uniform screening due to the
costs associated with determining colorectal cancer risk. However, our results were sensitive
to our assumptions of costs for determining risk. When these costs were excluded,
personalised screening was more cost effective that uniform screening. This finding is
pertinent as, although we assumed costs that were comparable to those currently available
and used in literature, the true cost of determining risk remains unknown as the cost of
polygenic testing varies widely®® and there is possibility to share such costs with other cancer
screening programs. Moreover, although our results appear unfavourable at present, the
discriminatory performance of risk stratification algorithms based on polygenic risk and family
history remains suboptimal. This is largely because the current contribution of known SNPs to
colorectal cancer risk is modest,51%% and the heritability of colorectal cancer remains largely
unexplained.®® However, as new SNPs are identified, the discriminatory performance of
polygenic testing will increase and the utility of risk assessment based on this metric should
improve.®

This study represents an early exploration of the potential benefits of risk stratified screening
incorporating family history and polygenic risk. While our results suggest that uniform
screening is currently more cost effective than personalised screening, our investigation
highlights important future opportunities for screening based on this metric. As technology
advances, costs for determining risk decrease, and improvements in risk stratification occur,
we believe that personalised screening will become an increasingly cost effective and
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attractive option. Despite the potential health gains, personalising screening will introduce a
range of new and significant challenges for population screening policy makers. These
fundamental economic, ethical and policy issues must be identified and resolved before
personalised screening could be implemented.

METHODOLOGICAL CONSIDERATIONS

The majority of studies in this thesis have used the MISCAN-colon model to simulate the
effects of potential colorectal cancer screening policy changes. MISCAN-Colon has been used
extensively to guide public health research and policies for more than two decades. It has
influenced policy around the globe, including in Australia,?® the Netherlands,® Canada® and
the USA.®7:%8 However, like all research, there are strengths and limitations and in light of this,
the findings of this thesis should be interpreted with caution.

STRENGTHS OF MISCAN-COLON

MODEL VALIDATION AND CALIBRATION

One of the major strengths of the MISCAN-Colon model is that it has been extensively
externally validated. The model has successfully replicated the results of large screening and
surveillance studies, such as the randomised trials of guaiac faecal occult blood testing in
Minnesota, Funen, and Nottingham,®® the CoCap sigmoidoscopy study,’® and the National
Polyp Study.”* The MISCAN-Colon model was able to explain observed colorectal cancer
incidence and mortality trends in the United States when accounting for risk factor trends,
screening practice, and chemotherapy.”>? MISCAN-Colon has successfully replicated the
colorectal cancer incidence and mortality reduction of two large flexible sigmoidoscopy
screening trials — the United Kingdom Flexible Sigmoidoscopy Screening trial’”® and the
Norwegian Colorectal Cancer Prevention trial.”* This comprehensive validation of the model
supports its reliability and suggests that it can be a useful tool to aid decision making on
colorectal cancer screening.

Validation and calibration of the model also help to explain the unobservable parameters. For
example, the average preclinical duration of colorectal cancer was estimated using data from
the Nottingham, Minnesota, and Funen trials on the effectiveness of screening with guaiac
faecal occult blood test.?® Similarly, data from the United Kingdom Flexible Sigmoidoscopy
Screening trial which assessed the effectiveness of one-time sigmoidoscopy screening was
used to estimate the average adenoma dwell-time.”?

Although identified as a key strength of the MISCAN-Colon model, ongoing validation and
calibration is a critical iterative process that ensures model accuracy. As new evidence
becomes available, it will provide opportunities to test the underlying structure and accuracy
of assumptions of the model, the results of which will allow further refinement and
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improvement of the model. For example, although the effectiveness of screening for
colorectal cancer has been demonstrated in randomised control trials of guaiac faecal occult
blood testing and sigmoidoscopy,3® 7>78 this evidence is lacking for colonoscopy and faecal
immunochemical testing. Although colonoscopy and faecal immunochemical testing are likely
to be at least as effective, there are currently no published randomised controlled trials to
support this assumption. Fortunately, this evidence will soon be available as randomised
controlled trials assessing the effectiveness of colonoscopy and faecal immunochemical
testing are soon to be published.”® & These investigations will provide important future
opportunities for validation of the MISCAN-Colon model.

In addition, there is uncertainty about the development of colorectal cancer over time.
Although individuals with adenomas are recommended to undergo colonoscopy surveillance
to prevent subsequent colorectal cancer, the relationship between adenomas at colonoscopy
and long-term colorectal cancer incidence remains unclear. While investigations where
adenomas were removed at colonoscopy have shown a decrease in colorectal cancer
incidence (with median follow up durations of 7.7-13 years), % 82 modelling by our research
group has suggested that, despite the removal of adenomas, colorectal cancer incidence will
increase over a lifetime.®® There is no empirical evidence to support this finding as
investigations with a follow up period longer than 20 years are lacking. Ongoing follow up of
existing investigations into the impact of the removal of adenomas on colorectal incidence
and mortality®" 82 will help to provide the data required to evaluate this finding. In addition,
the long term follow up of investigations assessing the impact of screening will allow us to
more accurately estimate the long term effectiveness of screening.3® 7>

INCLUSION OF SYSTEMATIC FALSE POSITIVITY AND SYSTEMATIC FALSE NEGATIVITY OF STOOL-BASED TESTS

It was previously assumed that consecutive screening rounds utilising faecal occult blood tests
were independent of each other. This suggested that the gains in sensitivity which occurred
when screening programs moved from guaiac to immunochemical stool tests would be
retained over all screening rounds. However, an investigation by colleagues in our team
established that this assumption was incorrect.®* Using data from multiple rounds of the Dutch
FIT screening trials, the authors found that individuals with a false positive test result in one
screening round were at increased risk of having another false positive test result (probably
due to other conditions that cause bleeding such as haemorrhoids) in the subsequent
screening round. In addition, those with a false negative test result were at increased risk of
having another false negative test result (probably because they have a type of adenoma that
is less likely to bleed). This indicates that a proportion of adenomas are systematically missed
by repeat FIT screening, thereby reducing its efficacy. By including the impact of systematic
false negative and systematic false positive results in our analyses, we are able to more
accurately assess the effectiveness of FIT screening programs. This is particularly important in
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analyses where FIT is compared to other screening modalities, such as in Chapters 5 and 6,
where we compare FIT and colonoscopy screening. At present, MISCAN-Colon is the only
microsimulation model that assesses the impact of systematic test characteristics.

LimITATIONS OF MISCAN-COLON

Despite the usefulness and benefits of using MISCAN-Colon to inform policy questions, there
remain methodological issues that require due consideration.

WEAKNESSES OF THE NATURAL HISTORY COMPONENT

Although colorectal cancer is now known to arise from both the conventional adenoma-
carcinoma sequence and the serrated-polyp pathway, MISCAN-Colon currently only simulates
the adenoma-carcinoma sequence as a carcinogenic pathway. At the time MISCAN-Colon was
developed, serrated polyps were not considered to be an important contributor to colorectal
cancer and therefore the serrated-polyp pathway was not explicitly simulated. The pathway
is indirectly simulated as the development of colorectal cancer was calibrated to the UK
flexible sigmoidoscopy screening trial which included both conventional and serrated polyps’3
and detection is reflected in the lack of specificity of colonoscopy. However, as it is now
suggested that the serrated-polyp pathway may account for up to 30% of all colorectal
cancers,®% their inclusion in the natural history component of the model is warranted. While
the inclusion of this pathway has been shown to have very limited impact on the effectiveness
of FIT screening® and is unlikely to impact the results in the analyses contained within this
thesis, its incorporation is important for comparing screening effectiveness across a range of
modalities with varying sensitivity for serrated lesions. For example, the multi-target stool
DNA test has been shown to have an increased sensitivity for sessile serrated lesions
compared to the FIT.8% % As the model currently does not include the serrated-polyp pathway,
the cost-effectiveness of the multi-target stool DNA test compared to FIT may potentially be
underestimated.

Our research group is currently working on incorporating a separate pathway for serrated
lesions into the natural history component of MISCAN-Colon, however including this pathway
will not be without its challenges. Although it is now considered an important pathway in the
development of colorectal cancer, we have only recently been able to gather enough
information about their natural history and outcomes. Compared to the more common
adenomatous polyp, sessile serrated polyps are more likely to be located in the proximal colon
and are less likely to bleed.®>%7 In addition, there does not appear to be a relationship between
prevalence and age.® While approximately half of individuals with a sessile serrated polyp will
also have conventional adenomas, fewer are diagnosed with multiple sessile serrated polyps
compared to individuals with a typical adenoma. These clinical features impact the
effectiveness of different screening modalities and therefore the inclusion of the sessile
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serrated polyp pathway may have implications for both the effectiveness and cost-
effectiveness of colorectal cancer screening.

Despite the significant gains in knowledge of the sessile serrated polyp pathway, there
remains noteworthy uncertainty regarding the risk of progression, detectability and
recurrence of serrated lesions and the survival associated with the cancers that they cause. As
such, their incorporation will require several assumptions which will need to be rigorously
validated. Exploring these uncertainties and assumptions will enable us to gain insight into the
natural history of this pathway, which will ultimately improve our understanding of the sessile
serrated polyp pathway and the accuracy of the MISCAN-Colon model.

SCOPE OF SCREENING AND SURVEILLANCE COMPONENTS

Although the screening and surveillance components of the MISCAN-Colon model are
extensively developed, there remains opportunity to broaden their scope. While the screening
component can comprehensively assess the impact of a single screening test, it is currently
unable to model opportunistic and programmatic screening occurring in the same population.
This is pertinent for a variety of situations including where multiple screening tests are
available (such as the US); or where programs are transitioning from opportunistic screening
or operate in hybrid environments where screening can be performed outside the program
(such as Australia and Canada).

Within the surveillance component it is possible to differentiate adenomas by multiplicity and
size, however, it is currently not possible to include the molecular characteristics of lesions.
This will become increasingly important as new surveillance guidelines now include molecular
characteristics as a method to stratify the surveillance strategies.’” *®> We hope to be able to
add molecular characteristics such as dysplasia and villous aspect to our model in the future.

UNCERTAINTY IN MODEL ASSUMPTIONS

Although MISCAN-Colon has repeatedly been verified as a reliable tool for informing
colorectal cancer screening, it is important to note that the accuracy of a model’s predictions
reflects the quality of their assumptions. Where possible, our assumptions are informed by
empirical data from sources such as cancer registries, mortality databases, randomised
control trials and cohort studies. However, this is not always feasible as some parameters are
not directly observable and for others data is scarce and difficult to obtain. In these
circumstances, we are required to make assumptions which increases the uncertainty of our
model predictions.

One noteworthy assumption is the application of adherence patterns. Compared to other
screening programs such as breast and cervical cancer screening, colorectal cancer screening
programs are relatively new. This means that we are unable to discern long term patterns of
screening adherence. Although in Chapters 2 and 6 we use repeat adherence based on real
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data, the data is limited in scope in that is it provided in 5-yearly intervals and as screening
only started in Australia in 2006, it is limited in duration. Understanding patterns of adherence
is important as it is a key determinant of screening effectiveness and therefore the estimated
impact of a screening program should be determined based on this. In order to determine
optimal screening, we often use perfect adherence. This allows us to estimate the impact of
screening among individuals who are willing to participate in all screening and follow up tests
where indicated. Although perfect adherence is improbable and the estimated effects of
colorectal cancer screening are likely to be overestimated and unrealistic, it is important from
an ethical viewpoint, as otherwise those who adhere to the guidelines would be over
screened.

A second noteworthy assumption relates to the costs associated with screening. Costs are an
important driver of cost-effectiveness and it is therefore important that assumptions
accurately reflect real life. Unfortunately, cost data is often scarce or difficult to obtain,
thereby limiting accurate estimates. Although our cost assumptions are usually based on data
available in the public domain, these are not always an accurate reflection of the real costs.
For example, in Chapter 6 we base the cost of the FIT on a commercially available FIT and the
cost of a polygenic testing on a commercially available polygenic test for breast cancer. In both
instances, these costs are unlikely to reflect the true cost as screening programs will have
commercial contracts with test providers which would likely result in reduced costs.
Moreover, in the case of the polygenic test, it is possible that a single test would be used to
assess polygenic risk for multiple diseases and therefore it is difficult to accurately determine
how much of the cost for establishing risk should be allocated to a colorectal cancer screening
program. In Chapter 2, we relied on expert opinion as the costs of the FIT was not publicly
available. To alleviate these issues, we often conduct sensitivity analyses where we adjust the
costs to assess their impact on our findings. For example, in Chapter 1 we provided lower and
upper cost estimates by assuming a 50% reduction and two-fold increase in costs associated
with screening for Lynch syndrome. Likewise, in Chapter 2 we assessed the impact of changes
to the cost of the FIT to the same degree and our results were robust to these changes.

To increase transparency, we declare and justify our assumptions by providing detailed
information to explain how and why they were derived and used. This provides readers with
clarity, ensuring they can accurately interpret and understand our assumptions and allows
opportunities for readers to dispute or suggest other more relevant or appropriate sources.
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ACHIEVING OPTIMAL SCREENING PROGRAMS — THE IMPORTANCE OF MODELS

Underscoring our findings is the importance of models in answering policy questions. As
screening expands globally, new screening tests and technologies are developed,
improvements in cancer therapies are made, changes in costs occur and opportunities for
personalisation are identified, decision analyses using microsimulation models will be critical.
It is highly unlikely that any country could undertake the number of pilot studies required to
determine the optimal screening strategy for their population. It is even more unlikely that
there will be enough empirical evidence to unquestionably choose one screening strategy over
another. Although modelling should never replace randomised control trials or other methods
of gathering empirical data, modelling offers a feasible alternative to expensive and
protracted clinical trials and allows policy makers to make screening policy decisions in an
informed and transparent manner.

In an effort to improve cancer outcomes across Europe, our group, in collaboration with
several European partners, established EU-TOPIA (Towards improved screening for breast,
cervical and colorectal cancer in all of Europe).®* EU-TOPIA aims to evaluate and quantify the
harms and benefits of screening programs for breast, cervical, and colorectal cancer and
identify ways to improve health outcomes and increase equity. To do this, the group
developed an open, online, and user-friendly tool (the “EU- TOPIA evaluation tool” available
at https:\\miscan.eu-topia.org). Incorporating the validated structure of the MISCAN-Colon
model,®> the tool allows European researchers and policymakers to use country-specific data
(demographic, epidemiological, and cancer screening information) to simulate and assess the
future benefits of colorectal cancer screening in their countries and the impact of changes and
improvements to their screening programs.®®

CHALLENGES TO ACHIEVING OPTIMAL SCREENING PROGRAMS

Within this thesis we have investigated several pathways which will help to optimise colorectal
cancer screening programs. Despite the benefits, challenges exist in achieving this desired
outcome. Below we identify and discuss the implications of some of these challenges.

ENSURING THE BEST UNIFORM SCREENING PROGRAMS

The investigations contained within the first part of this thesis, and several others from our
research group,®°%® demonstrate the importance of selecting the appropriate program
characteristics and implementation timelines for uniform screening programs. Although
program characteristics are key to ensuring program effectiveness, implemented colorectal
cancer screening programs differ significantly in terms of screening tests, referral threshold
for follow-up testing, target age ranges and screening intervals.'® This reflects the diverse
interpretation of existing evidence by policy makers and the need to consider local priorities,
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resource capacity and costs. The values and preferences of the population undergoing
screening also need to be considered as they affect screening uptake.®®

For example, in Chapter 2 we demonstrate that although the screening strategy used in the
Shanghai screening program was effective at reducing colorectal cancer incidence and
mortality, the benefits of screening were increased and the burden reduced under an
alternative screening strategy utilising a validated FIT. However, this strategy expands the
target age range and reduces the interval of screening. Therefore, despite this strategy being
optimal in theory, it may not be optimal in practice given the already low participation in
screening in Shanghai. As effectiveness of screening is largely determined by participation,
ensuring adequate adherence to the screening program would likely yield better results.

Our results in Chapter 3 show that an implementation timeline of a screening program has a
significant impact on incidence and mortality.?® Although choosing an expedited timeline will
avoid unnecessary burden of colorectal cancer in the population, the optimal implementation
timeline will largely be determined by health system capacity. Implementing a screening
program too quickly may result in demand outstripping supply, the consequence of which will
be delayed diagnosis and treatment. Timely access to diagnosis and treatment is essential as
delays have been shown to have a clinically relevant effect, increasing cancer incidence and
mortality, and decreasing the overall benefits of screening.®”” %8 An appropriate
implementation timeline will circumvent demand outstripping supply and ensure appropriate
use of health system resources. Political landscape and adequate funding models may also
play a role.

In addition, organised screening programs may face organisational challenges. For screening
to achieve its full benefit, population registries need to be complete and fully functional so
that the screening program can effectively reach the target population. Real-time monitoring
and evaluation systems are required to allow ongoing assessment of screening outcomes and
if necessary enable adjustment to the screening program so that it achieves its intended
impact. Quality assurance measures, which ensure the quality of the screening program need
to be defined and regularly reported against to ensure all elements of the screening program
are appropriately functioning. ldentifying and addressing organisational and stakeholder
barriers to screening programs will help to ensure their optimal implementation and uptake.

CHALLENGES TO PERSONALISATION

Although the benefits of colorectal cancer screening are well-established, until recently,
research in this field has largely focussed on the effectiveness of uniform, one size fits all,
screening in the “average” population. However, by ignoring other factors that play a role in
the determination of risk this approach does not consider the heterogeneity of the population.
Despite the importance of improving uniform screening programs, it is increasingly recognised

c
.2
w
wv
=
o
&
o




312 | General Discussion

that individuals differ and, as a consequence, they may not benefit equally from the same
screening protocol. Within a uniform screening program, it is likely that those at higher risk
are under-screened while those at lower risk are over-screened. Moreover, the vast majority
of individuals who undergo screening will have no neoplastic findings.®® These individuals
shoulder the burden and potential harms associated with screening participation, but forgo
receiving its benefits. This provides a compelling argument to investigate methods that will
reduce the burden on those who are least at risk and identify those individuals that will benefit
most from screening.

Personalisation of screening is an emerging method to optimise colorectal cancer screening
programs. In theory, personalised screening offers an opportunity to improve the
effectiveness of colorectal cancer screening programs by providing screening
recommendations which are tailored to an individual’s unique circumstances.%% 10! Using this
approach, an individual’s characteristics are used to predict the benefits, burden, harms, and
costs of screening. In this way, personalised screening has the potential to not only reduce
harms and increase the benefits of screening, its implementation may help to redistribute and
preserve scarce health care resources.

Although our investigations in Chapters 4, 5, and 6 demonstrate the potential gains to be
made by personalising screening, to date there are no population level screening programs
that offer such recommendations. There are several challenges that screening programs must
consider before personalised screening can be implemented. Within this section, we address
a selection of these challenges. However, regardless of the challenges, efforts to improve the
selection of candidates for cancer screening through personalisation warrants continued
investigation and we believe that personalisation will play an important role in improving
future screening programs.

DETERMINING BASELINE RISK

Risk of colorectal cancer is affected by several factors that are often not independent of each
other. Accurately determining an individual’s baseline risk is therefore a complex process that
is affected by several factors including the selection and implementation of risk prediction
models, the establishment of accurate information and the impact of acquiring additional
information on screening uptake.

Risk prediction models are frequently used to predict an individual’s risk of a disease based on
known risk factors. They help to identify individuals most likely to benefit from screening, or
other health intervention. The advantage of using risk prediction models is that they
incorporate multiple variables. However, at present, the discriminatory performance of risk
prediction models remains suboptimal.’%2 Moreover, there are noteworthy challenges to their
implementation. For example, there are several colorectal cancer risk prediction models
available. Although the models demonstrate similar discriminatory performance,0% 103
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decision makers must first choose the most appropriate model for their population. Once a
model has been selected, due consideration must be given to the of cut-off points which will
change the nature and/ or frequency of screening. There have also been difficulties in
translating simple risk estimates into clinically meaningful estimates of benefit.1%* 15 Qur
investigation in Chapter 433 was, in part, an attempt to alleviate this issue.

In the analysis, we used the QCancer Calculator.’%® This model was chosen for several
reasons.3* Firstly, the model has been internally and externally validated and discriminatory
performance is considered to be one of the best for both men and women.%7 18 Secondly,
the calculator predicted risk estimate over a 15-year time horizon, which was deemed
important as it enabled the validation of our modelled predictions against trial data. Finally,
the calculator is available online and only includes risk factors that are routinely collected.
Although this model was chosen for several valid reasons, it may not be appropriate in all
settings. We provided results stratified by baseline 15-year colorectal cancer risk (1-7%) for
those aged 50-79 years. In doing this, we did not address the challenges in determining
appropriate cut-offs (although this was addressed in a corresponding investigation3?), nor did
we address how the calculator may be implemented in practice.

Challenges also exist in establishing accurate information on family history and risk factors. In
our investigations into personalised screening using these measures (Chapters 4 and 6) we
assume that all individuals were accurately assessed for family history of colorectal cancer and
honestly reported other risk factors — however this is unlikely the case in practice. Family
history and patient risk factors are generally self-reported, a method that is subject to a
number of biases, which can lead to an underestimation of risk.1%% 1% Moreover, availability
of this information may be limited or not readily accessible. As the effectiveness of
personalised screening will be impacted by the precision with which the population is
stratified, methods to improve the accuracy of these metrics warrant investigation.
Consideration will need to be given to the variation of risk factors over an individual’s lifespan.

In recent years, genome-wide association studies have identified a number of single-
nucleotide polymorphisms (SNPs) associated with colorectal cancer risk. In isolation, SNPs are
only weakly associated with colorectal cancer risk, however, combining multiple SNPs into a
polygenic risk score has been shown to explain substantial variation in risk.6% 111112 Although
our investigation into the cost-effectiveness of personalised screening based on polygenic risk
and family history (Chapter 6) suggests that, at present, the discriminatory performance of
risk stratification based on this metric is currently suboptimal, we believe that this tool holds
great promise in the future. As additional SNPs associated with colorectal cancer risk are
discovered, which since our analysis have risen from 4512 to 100,32 the utility of this measure
should improve. In addition, as demand for genetic testing increases, costs for determining
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polygenic risk will likely decrease. Both of these eventualities have shown personalised

screening incorporating polygenic risk to be cost effective compared to uniform screening.'*

Finally, the gathering of additional information to determine an individual’s risk, may impact
participation. Although many risk factors are routinely collected in healthcare settings, there
is a possibility that this requirement may present a barrier to screening participation.
Furthermore, to establish a polygenic risk score a once in a lifetime genetic test is required.
Although it has been demonstrated that genetic testing for colorectal cancer is acceptable to
the community,!> this does not mean that all individuals will be willing to undergo testing.
Valid concerns have been raised over privacy and confidentiality of identifiable personal data
and its possible misuse.'® 117 |f individuals do not consent to testing, the effectiveness of risk
stratification may be diminished. There are also other economic, ethical and policy issues that
will need to be resolved before personalised screening incorporating genetic information
could be implemented.'” These include, but are not limited to, logistical issues such as secure
sample storage, ethical considerations about consent to access to genetic, lifestyle and
medical records over an individual’s lifetime and ethical and policy matters pertaining to the
management of incidental findings and reporting of the variants of unknown significance

identified as a result of genetic testing.'*®

IMPLEMENTATION OF PERSONALISED SCREENING RECOMMENDATIONS

Implementation of personalised screening guidelines may be problematic without the
appropriate tools to assist health care practitioners and individuals to assess risk and make
appropriate, informed decisions. Thus, before personalised screening could be implemented,
such tools would need to be developed. For example, in Chapter 5,*® we suggest using the
results of our investigation to develop an electronic clinical decision support system. More
simply, a generic matrix containing appropriate information related to bands of relative risk
based on personal risk factors (including factors such as age, screening history, comorbidity
and polygenic risk) and screening strategy (including screening test, starting ages, stopping
ages and intervals). These tools would need to be assessed for validity and reliability before
being implemented on a larger scale.

Program organisation may also need to be reconsidered. In opportunistic settings, potential
screenees generally meet with their health care provider and screening may be offered. This
presents an obvious opportunity for personalisation to occur. Implementing personalised
screening might be more challenging in an organised screening program as this face to face
opportunity is generally not available. In such a setting, investment in a comprehensive health
education campaign may help to alleviate this issue.



General Discussion | 315

IMPACT OF PROVIDING RISK INFORMATION ON SCREENING UPTAKE

There is strong evidence that the provision of personalised risk information improves
informed consent and accuracy of perceived risk, however, the evidence for improving
screening uptake remains weak.''® When personalised risk information for colorectal cancer
is presented as a categorised risk (e.g. ‘low’, ‘medium’, ‘high’) it has been shown to elicit a
small but significant increase in uptake of screening,?®1?2 however, the same effect is not

achieved when risk information is provided using a numerical risk score!?3

or a personal risk
factor list.12412° Similar results are seen across a range of screening tests.'*® However, these
analyses did not provide information on genetic risk of colorectal cancer. Incorporating this

130 35 well as alter health-

information has a positive effect on willingness to start screening
related behaviours.'3%133 This suggests that the included risk factors and the manner in which
risk information is communicated is important. As changes in health-related behaviour may
ultimately result in reductions in colorectal cancer incidence and mortality, further

investigation into this is warranted.

ADHERENCE TO PERSONALISED SCREENING RECOMMENDATIONS

Ideally, the provision of risk information would encourage individuals to participate in
screening according to their recommended program. However, in an investigation of women’s
attitudes towards modified frequency of mammography screening based on genetic risk, 85%
of women were willing to participate in more frequent screening, however only 59% were
willing to undergo less frequent screening.*3* If individuals do not adhere to their personalised
screening strategy (i.e. if those at lower risk are not willing to undergo less intense screening
where indicated), it remains uncertain whether the expected benefits will be achieved. For
the benefits of personalised screening to be realised, it is essential that individuals be willing
to follow their personalised screening strategies.

Moving to personalised screening from a universal screening program will naturally increase
the program complexity. This has the potential to create confusion and it remains unknown
what impact it would have on screening adherence. For example, it is feasible that individuals
within the same household could have different screening protocols. Any increase in
effectiveness provided by personalised screening recommendations could easily be offset by
potential reductions in screening participation. As developing a clear, concise message may
be difficult, it will be important for policy makers to investigate methods to effectively
communicate this complicated message and improve health literacy.

Furthermore, as cancer risk is higher in individuals who do not attend screening, increasing
adherence to current screening guidelines will potentially yield better results than
personalised screening. Encouragingly, individuals at increased risk of colorectal cancer,
whose recommended screening and surveillance guidelines differ from the average risk
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population, have been shown to be more compliant to screening guidelines.'3> 3¢ This offers
hope that personalised screening recommendations could improve screening adherence.

FUTURE PATHWAYS TO OPTIMISE SCREENING

Although the work described in this thesis highlights various pathways to optimise colorectal
cancer screening, cancer screening is a dynamic and rapidly developing field of research.
Screening is expanding across the globe, new screening tests and technologies are being
developed, and improvements in cancer therapies are being achieved. Such developments
give rise to several opportunities for future research using modelling to determine their
potential benefits. In the following section, a selection of these opportunities is discussed.

IMPROVE SCREENING AND SURVEILLANCE FOR LYNCH SYNDROME

Although Lynch syndrome is only responsible for a small proportion of colorectal cancers, its
identification can save lives. While international consensus recommends universal screening
for Lynch syndrome, our analysis in Chapter 1 suggests that screening for Lynch syndrome
should occur in all individuals diagnosed with colorectal cancer who are aged below 70 years
(noting those aged over 70 years were under-represented in our study population). In
addition, our investigation did not assess the impact on testing first degree relatives. While a
subsequent modelling study has shown this to be cost effective for those aged below 70
years,'3” future research should investigate the effectiveness of Lynch syndrome screening
and cascade testing in the older population.

Despite the recommendation of universal screening, globally significant disparity in the

implementation of Lynch syndrome screening exists.’3¥143 |n the United States, just 28% of

133 while in Australia, less

individuals diagnosed with colorectal cancer undergo MMR testing,
than 50% of accredited pathology services have implemented universal tumour screening and
a variety of screening protocols are in use.’® In the United Kingdom, the National Health
Service faces similar issues relating to the diversity of screening protocols and the
implementation of screening for Lynch syndrome has been described as “patchy and

143 and in Canada, identification

142

inconsistent”, with many different screening protocols in use
of potential cases of Lynch syndrome depends largely on individual clinicians,*** as there is no
standardised and integrated approach to identifying patients with Lynch syndrome.!4% 142
Consequently, Lynch syndrome often remains unidentified and underdiagnosed.**¥ 142 Future
research will need to identify setting specific barriers to implementation and investigate ways
to overcome them. This will likely include the development of standardised testing policies to
ensure program quality and consistency, provision of adequate funding and resources and

improved education for healthcare providers, 142144
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In those diagnosed with Lynch syndrome, intensive surveillance has been demonstrated to
reduce colorectal cancer mortality. At present, surveillance guidelines recommend annual to
biennial colonoscopy, commencing between the ages of 20-25 years.*®> However, improved
understanding of the mutations that cause Lynch syndrome suggests that this approach may
not be optimal. Lynch syndrome is an inherited condition caused by a mutation in one of four
mismatch repair (MMR) genes (MLH1, MSH2, MSH6, PMS2) and EPCAM deletion.'** Risk of
colorectal cancer and age of disease onset vary by mutation type, suggesting that surveillance
could be stratified. For example, the risk of colorectal cancer is lower and the age of diagnosis
is later in carriers of MSH6 or PMS2 mutations, suggesting that cancer surveillance could be
offered from a later age.'*® %7 |t may also be possible to extend the surveillance interval, with
recent investigations finding that colonoscopy every one to two years does not result in lower
incidence of colorectal cancer in MLH1 and MSH2 carriers compared to surveillance every
three years.!® 4% Further investigation into the benefits and impact of risk stratified
surveillance for those with Lynch syndrome is warranted.

PERSONALISE BY PREVIOUS FIT RESULT

Screening with FIT could also be personalised by using the findings of the previous screening
round. An investigation using the results from the first two rounds of the Dutch colorectal
cancer screening program established that haemoglobin detected in the stool was a strong
predictor for future cancer risk.*>® Compared to those without blood detected in their stool,
individuals with a haemoglobin level between 15 and 47 ug Hb/g faeces in the first round were
23 times more likely to be detected with an advanced neoplasia in the second round. Similar
results were found in Italy.'>! This suggests that individuals with higher concentrations of
faecal haemoglobin could be invited to screen earlier than currently recommended, while
those with lower concentrations may not need to screen as frequently. As data pertaining to
the faecal haemoglobin concentration may be present in screening program registries,
personalising screening recommendations based on this metric is quite feasible. Our group is
currently working to establish a randomised controlled trial to demonstrate the feasibility,
acceptability and superiority of personalised screening based on faecal haemoglobin
concentration.

COMBINE RISK FACTORS TO REFINE PERSONALISATION

Personalised screening recommendations are becoming increasingly feasible and desirable.
While in Chapters 5, 6, and 7 we investigate opportunities to personalise colorectal cancer
screening, there remains significant opportunity to refine personalisation. To accomplish this,
it will be necessary to develop a comprehensive model that considers as much relevant
information as possible to improve the discriminatory accuracy of risk stratification
algorithms. While this should include many of the risk factors addressed in the investigations
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contained within this thesis, it will be important to combine these factors as this will provide
a more precise estimate of the true benefits of personalised screening.

The most comprehensive risk prediction model currently available includes family history, 19
lifestyle and environmental factors and 63 SNPs associated with increased risk of colorectal
cancer.>? Unfortunately, even with such a comprehensive risk prediction model there is room
for improvement of the discriminatory accuracy. The growing number of SNPs associated with
colorectal cancer risk should improve the discriminatory performance of risk stratification
algorithms.

Moreover, this model does not include important risk factors such as an individual’s health
status (comorbidity) and screening history. Our work demonstrates that these factors are
highly predictive of colorectal cancer risk and screening benefit which substantially impacts
screening effectiveness (Chapter 5).%3-° However, in our analysis, personalisation was based
on grouping individuals into broad comorbidity and screening history categories. Although the
comorbidity conditions were based on administrative data from SEER,'>3 they were relatively
general and somewhat limited in scope in so far as they only factored in the most common
medical conditions and did not include cancer. In future, it may be pertinent to assess
comorbidity using the Charlson comorbidity index, which may be more commonly used in
practice. Moreover, the screening histories were simplified into five discrete groups which is
unlikely to reflect what is happening in practice. Such broad categorisation will need to be
refined to ensure true personalisation is achieved.

Although complex, machine learning can assist in the determination of risk profiles and
microsimulation models like MISCAN-Colon can be used to determine the optimal screening
strategies. This will include screening start and stop ages, interval and test. Such work should
provide guidance in the colorectal cancer screening policy landscape and ultimately result in
changes to clinical practice and improvements in public health.

OPTIMISE SURVEILLANCE

As individuals with adenomas are recommended to undergo colonoscopy surveillance to
prevent subsequent colorectal cancer, surveillance colonoscopies account for a considerable
proportion of ongoing colonoscopy demand. Adherence to surveillance colonoscopy
guidelines is important to ensure effectiveness and efficiency of surveillance and maintain
adequate access. Unfortunately, surveillance guidelines are often not accurately adhered to —
investigations in Canada and the Netherlands report the that close to 50% of surveillance
colonoscopies are performed earlier than recommended.®® 154

While a large proportion of individuals are seen too often, there are others who are referred
to colonoscopy who experience significant delays in access.'>>"1>7 As noted above, such delays
have been associated with increases in colorectal cancer incidence and mortality.?” % As



General Discussion | 319

colonoscopy capacity is an essential component of an effective screening program,
interventions aimed at improving adherence to surveillance guidelines, thereby ensuring its
optimal use, are warranted.

A more personalised approach to surveillance may assist in achieving this outcome.
Surveillance intervals are commonly based on adenoma characteristics such as the number,
size, villosity and dysplasia grade found at the most recent colonoscopy.'*®160 Recent
surveillance guidelines in the Netherlands have moved towards a more personalised approach
to surveillance intervals. The Dutch guidelines stratify patients by an adenoma risk score (0-5)
derived from a range of individual adenoma characteristics.*®* This more nuanced approach
to surveillance should improve decisions on repeat colonoscopy by identifying which patients
should be offered less, or more intensive, surveillance. Importantly, it has been shown to
reduce colonoscopy demand without compromising the effectiveness of surveillance in terms
of colorectal cancer detection and life-years gained.'6?

However, by basing surveillance intervals solely on adenoma characteristics determined at the
most recent colonoscopy, earlier or overall colonoscopy results, and their impact on risk of
subsequent colorectal cancer, are not considered. For example, the recurrence of advanced
adenoma at second surveillance is consistently higher in patients with high-risk adenomas at
most recent colonoscopy than in patients with low-risk adenomas.%% 163 These individuals
may therefore benefit from a shorter interval between surveillance colonoscopies. The new
Australian surveillance guidelines now differentiate between the initial diagnostic
colonoscopy and the subsequent two surveillance colonoscopies,®? recommending different
surveillance intervals dependent of the findings of up to two previous colonoscopies. Further
refinements to this strategy are possible, and our research group is part of an investigation
assessing the of the risk of colorectal cancer in individuals based on findings over multiple
surveillance colonoscopies.'%4
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CONCLUSIONS

Based on the results of the studies described in this thesis, we derived the following

conclusions:

The optimal screening pathway to identify Lynch Syndrome includes MMR
immunohistochemistry followed by MLH1 methylation (if indicated) and germline testing.
Screening should be restricted to those under 70 years. (Chapter 1)

Although the screening program that is currently implemented in Shanghai is effective at
reducing colorectal cancer incidence and mortality, using a validated test would result in
improved efficiency. (Chapter 2)

Protracted implementation timelines result in unnecessary disease burden. While
consideration needs to be given to resources, screening should be implemented in an
expedited manner. (Chapter 3)

The background risk of colorectal cancer influences the effectiveness of colorectal cancer
screening, such that the absolute benefit of screening increases with increasing risk.
(Chapter 4)

All screening strategies are effective at reducing colorectal cancer mortality over 15 years
follow-up. Follow-up time impacts the magnitude of effect — a longer follow-up (lifetime)
results in larger reductions in colorectal cancer incidence and mortality. (Chapter 4)

An individual’s comorbidity and screening history are important determinants of the
balance of harms and benefits of screening and can be used to establish the optimal age
to stop screening. Individuals without comorbidities or who are screening naive could
continue screening past the recommended stop age, in some cases up to 90 years of age.
Others, such as those who have severe comorbidities or high levels of participation should
consider stopping screening earlier. (Chapter 5)

Although personalised screening based on polygenic risk and family history is an effective
method to reduce colorectal cancer incidence and mortality, with the current
discriminatory performance and cost of determining colorectal cancer risk, it is not cost
effective compared to uniform screening. This may change as more common genetic
variants associated with colorectal cancer are discovered or as the cost of determining risk
decreases. (Chapter 6)
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RECOMMENDATIONS

Based on these conclusions, we formulated the following recommendations:

In Australia, all colorectal cancer cases below the age of 70 years should be tested
for Lynch syndrome using immunohistochemistry followed by MLH1 methylation
(if indicated) and germline testing.

The cost-effectiveness of screening for Lynch syndrome in those over the age of 70
years should be further investigated.

Countries with low incidence should also consider the benefits of implementing
screening, as even in this setting screening can be a cost-effective method to
reduce colorectal cancer related incidence and mortality.

To avoid unnecessary deaths from colorectal cancer, the implementation of
screening programs should not be unnecessarily delayed.

Decisions about when to stop screening should be based on an individual’s
screening history and comorbidity. To assist clinicians and participant in making
these decisions, decision aids should be developed.

Research into the discovery of additional common genetic variants that are
associated with colorectal cancer risk is warranted to improve the discriminatory
performance of risk stratification using this measure.

=iljle = =ilje =je =ille =Je¢

To improve the discriminatory performance of risk stratification, personalised
screening guidelines should contain a comprehensive set of factors including
screening history, comorbidity, polygenic risk, family history and environment and
lifestyle risk factors.
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INTRODUCTION

This appendix provides a detailed description of the MISCAN-Colon model, outlining the
assumptions and the parameters that inform the model. In brief, it describes the model
structure and details the quantification of model parameters that are common to all analyses.
Parameters that differ between the individual chapters are presented in the final part of the
appendix.

MODEL OVERVIEW

The Microsimulation Screening Analysis-Colon (MISCAN-Colon) model is a stochastic, semi-
Markov, microsimulation model that is useful in explaining and predicting trends in colorectal
cancer incidence and mortality and to quantify the effects and costs of primary prevention of
colorectal cancer, screening for colorectal cancer and surveillance.

The term ‘microsimulation” implies that individuals are moved through the model one at a
time rather than as proportions of a cohort. This allows future state transitions to depend on
past transitions, giving the model a ‘memory’. Furthermore, unlike most traditional Markov
models, MISCAN-Colon does not use yearly transition probabilities; instead it generates
durations in states, thereby increasing model flexibility and computational performance. The
term ‘stochastic’ implies that the model simulates sequences of events by drawing from
distributions of probabilities/durations, rather than using fixed values. Hence, the results of
the model are subject to random variation. Possible events are birth and death of a person,
adenoma incidence and transitions from one state of disease to another.

MODEL STRUCTURE AND QUANTIFICATION OF COMMON PARAMETERS

At two expert meetings at the National Cancer Institute (Bethesda, Maryland, United States
of America) held on June 5-7, 1996, and May 12-13, 1997, the structure of the model was
devised in agreement with the currently accepted model of the adenoma-—carcinoma
sequence. MISCAN-Colon consists of 3 modules: a demography module, natural history
module, and screening module (Figure 1). Although these parts are not physically separated
in MISCAN-Colon, it is useful to consider them separately.

DEMOGRAPHY MODULE

The demography module of MISCAN-Colon simulates individual life histories without
colorectal cancer to form a population. Using birth tables and life tables representative of the
population under consideration, the model draws a date of birth and a date of non-colorectal
cancer death for each simulated individual. Life tables often include mortality related to
colorectal cancer. However, as the percentage of colorectal cancer mortality in overall
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mortality is small and the data on colorectal cancer deaths by age, sex and race are sparse, no
adjustment to the life tables is made. The model restricts the maximum age a person can
achieve to 100 years.

NATURAL HISTORY MODULE

In the natural history module, MISCAN-Colon simulates the development of colorectal cancer
in the population. It was assumed that all colorectal cancers are preceded by adenomas. As
each simulated individual ages, one or more adenomas may develop (Figure 2). These
adenomas can be either progressive or non-progressive and both can grow in size from small
(<5 mm), to medium (69 mm), to large (210 mm). Only progressive adenomas can develop
into preclinical cancer and these may progress through stages | to IV. In every stage there is a
chance of the cancer being diagnosed because of symptoms. After clinical diagnosis, colorectal
cancer survival is simulated using age-, stage-, and localisation-specific survival estimates for
clinically diagnosed colorectal cancer specific to the population being modelled. For
individuals with synchronous colorectal cancers at time of diagnosis, the survival of the most
advanced cancer is used. The date of death for individuals with colorectal cancer is set to the
earliest simulated death either because of colorectal cancer or because of another causes (see
Demography model).

Inputs MISCAN Program Outputs Results
) /ﬁ
Demography .| Demography _ Cancer Effects of
Assumptions - Part mudencg and changes in risk
mortality
\ ), ) exposure and
without
. treatment
] screening
Natural History
Natural

Assumptions

(including risk exposure
and treatment)

History Part

( ) incidence and Effects of
Screening R mortality with screening
Assumptions “| Screening Part screening
—__ —

Figure 1: Structure of MISCAN-Colon.
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adenoma phase cancer phase 2 cancer phase ?
e A e A e A
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. T J . \l, J . J
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- Dependent on age, independent of localisation
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Figure 2: Schematic representation of the natural history module of the MISCAN-Colon model.

Abbreviations: CRC, colorectal cancer

The arrows between the states show which types of transitions can occur. In every state before death, a

transition to “death from other causes” can occur (state and connect arrows not shown).

a. Cancer stages correspond to the American Joint Committee on Cancer / International Union Against Cancer
staging system for colorectal cancer.

An individual’s risk of developing adenomas depends on the individual’s age and a personal
risk index. As a result, most individuals will not develop adenomas, whilst others develop
many. The distribution of adenomas over the colon and rectum is assumed to equal the
distribution of cancers observed before the introduction of screening and is specific to the
population under consideration. The age-specific onset of adenomas and the personal risk
index were calibrated to data on the prevalence and multiplicity distribution of adenomas as
observed in autopsy studies (Figure 3).%%° The preclinical incidence of non-progressive
adenomas (adenomas that will never grow into cancer) was varied until the simulated
prevalence of all adenomas matched with data from autopsy studies.'*° The size distribution
of adenomas over all ages was assumed to be 73% for stages less than or equal to 5 mm, 15%
for stages 6-9 mm, and 12% for stages greater than or equal to 10 mm.!! The age-specific
probability that an adenoma will progress and the age- and localisation-specific transition
probabilities between preclinical cancer stages and between preclinical and clinical cancer
stages are specific to the population under consideration as observed before the introduction
of screening.
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Figure 3: Adenoma prevalence observed in selected autopsy studies vs simulated by MISCAN-
Colon (% of individuals with adenomas). Observed results are shown only for the 2 largest
studies on which the model has been calibrated. 2 The model has also been calibrated to
eight other autopsy studies.3°

The average durations of the preclinical cancer stages were calibrated to the rates of screen-
detected and interval cancers observed in randomised controlled trials evaluating screening
using guaiac faecal occult blood tests.'?* This exercise has been described extensively in a
publication by Lansdorp-Vogelaar and colleagues.’® The average duration from the emergence
of an adenoma until progression into preclinical cancer (the adenoma dwell-time) was
estimated based on the interval cancer rate observed in a randomised controlled trial
evaluating once-only sigmoidoscopy screening (Figure 4).%6

Based on expert opinion, we assume an equal overall dwell-time for adenomas developing
into colorectal cancer from a medium size (30% of all colorectal cancers) and from a large size
(70% of all colorectal cancers). Durations within the adenoma phase and within the preclinical
phase were assumed to be perfectly correlated (meaning that if a small adenoma progresses
rapidly to a medium-sized adenoma, it will also progress rapidly to a large adenoma or into
colorectal cancer. However, we assume an absence of correlation between durations in the
adenoma phase and duration in the preclinical cancer phase (meaning that a rapidly growing
adenoma does not necessarily develop into a rapidly progressing cancer.).

Table 1 summarises the natural history parameters common to all of the analyses in this
thesis.
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a. Incidence per year of follow-up.
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Figure 4: Distal colorectal incidence observed in the intervention group of the UK Flexible

Sigmoidoscopy Trial vs simulated by MISCAN-Colon for a) incidence per year of follow-up and
b) incidence cumulative. Incidence is measured as cases per 100,000 person years).
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SCREENING MODULE

Screening interrupts the development of colorectal cancer and therefore alters some of the
simulated life histories. With screening, some cancers will be prevented by the detection and
removal of adenomas; other cancers will be detected in an earlier stage than with clinical
diagnosis which offers a more favourable survival. In this way, screening prevents colorectal
cancer incidence or colorectal cancer death. The life-years gained by screening are calculated
by comparing the model-predicted life-years lived in the population with and without
screening. The effects of different screening policies can be compared by applying them to
identical natural histories. As seen in randomised controlled trials on guaiac faecal occult
blood testing, the stage-specific survival of screen-detected colorectal cancer was more
favourable compared with clinically detected colorectal cancer, even after the lead-time bias
correction.®

We therefore assign screen-detected cancers that would have been clinically detected in the
same stage the survival corresponding to a cancer that is one stage less progressive. For
example, a cancer which is screen-detected in stage Il, that would also have been clinically
diagnosed in stage Il, is assigned the survival of a clinically diagnosed stage | cancer. The only
exceptions were screen-detected stage IV cancers. For these cancers we assume no possibility
for within-stage shift and they are therefore assigned the same survival as a clinically
diagnosed cancer stage IV. The removal of an adenoma always prevents development of any
subsequent cancer that may have arisen from this adenoma.

In addition to modelling the positive health effects of screening, we also model colonoscopy-
related complications, over-diagnosis and over-treatment of colorectal cancer (for example,
the detection and treatment of cancers that would not have been diagnosed without
screening).*®2° Risks of complications reported in organised screening programs?23 are lower
than those reported for general practice colonoscopies.?* 2> The major complications of
colonoscopy are perforations (which can occur with or without polypectomy), serosal burns,
bleeds requiring transfusion and bleeds not requiring transfusion.?>> For the purposes of
these analyses, complications are conditional on polypectomy,’® and we assume that
polypectomy is only performed if colonoscopy is positive.

The sensitivity of the stool tests for cancer was split to take into account the variance in test
sensitivity at different time points before clinical diagnosis (shortly before and longer before).
It was assumed that the probability a colorectal cancer bleeds, and thus the sensitivity of stool
tests for colorectal cancer, depends on the time until clinical diagnosis, hence the distinction
between ‘early’ and ‘late’ preclinical colorectal cancer. This is to be expected when cancers
that bleed do so increasingly over time, starting with occult blood loss and progressing to
clinically visible bleeding.® In addition, the effect of systematic false negative stool tests (that
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is, individuals with adenomas that do not bleed) and systematic false positive (individuals who
always test positive but do not have adenomas) results were taken into account.?®

In all analyses, it was assumed that after a positive stool test result, a diagnostic colonoscopy
was offered. Adenomas identified at both screening and diagnostic colonoscopies were
removed and the individual entered colonoscopy surveillance at intervals dependent on
adenoma findings. Surveillance intervals are adjusted to the setting which is being
investigated.

For colonoscopy procedures the caecal intubation rate was assumed to be 95%.27-2° The
percentage of the population without adenomas or cancer but with hyperplastic polyps,
lipomas, or other lesions that lead to polypectomy and pathology after colonoscopy
(colonoscopy lack of specificity) was estimated as 10% in Chapter 3.3° This was increased to
16% in Chapters 2, 4, 5 and 6.3! This percentage was assumed to be independent of the
screening round.

The sensitivity for each lesion within reach was based on back-to-back colonoscopy studies
increasing from 75% for small adenomas (<5 mm) to 85% for medium-sized adenomas (6-9
mm) and to 95% for large adenomas (210 mm) and colorectal cancer.3? At detection, lesions
are removed immediately. Removal of an adenoma always prevents development of any
subsequent cancer that may have arisen from this adenoma. We assume the same test
characteristics for screening, diagnostic and surveillance colonoscopies.

INTEGRATION OF THE MODEL COMPONENTS

For each individual, the demography module of MISCAN-Colon simulates a date of birth and
a date of death of other causes than colorectal cancer, creating a life history without
adenomas or colorectal cancer.

For Patient A in Figure 5, the natural history module generates an adenoma. This adenoma
progresses into preclinical cancer (diagnosed as stage Il colorectal cancer because of
symptoms) and results in colorectal cancer death before non-colorectal cancer death would
have occurred. However, in the screening module, a screening examination is introduced
(indicated by the blue arrow). During this examination, the adenoma is detected and then
removed, and both colorectal cancer and colorectal cancer death prevented. Hence, in Patient
A, the positive effect of the screening intervention is indicated by the green arrow and
represents the increased life years gained for this patient because of screening.

Patient B also develops an adenoma, and although this adenoma does progress into preclinical
cancer, Patient B would never have been diagnosed with colorectal cancer in a scenario
without screening (see Life history 2). However, during the simulated screening examination
(purple arrow) colorectal cancer is screen-detected in stage | and for this patient, the
screening results in over-diagnosis and overtreatment of colorectal cancer: in this situation,
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screening does not prolong life, but it does result in additional life years with colorectal cancer

care (overtreatment) as indicated by the red arrow.

Patient A
( )
Demography
Birth| | Non CRC death
Life history 1 I |
Without adenomas or CRC 2
J
( . )
Natural History
Birth| JPre-invasive lesion | Preclinical cancer ] Clinical cancer ] CRC death
Life history 2 | | | | |
Develops CRC H
: J
. )
Screening i
Birth| |Pre-invasive lesion | Non CRC death
Life history 3 I | |
Undergoes screening H
d J
Screening detecting the pre-invasive lesion <—>
Life years gained by screening
Patient B
( )
Demography
Birth| | Non CRC death
Life history 1 I |
Without adenomas or CRC i
J
( )
Natural History ;
Birth| JPre-invasive lesion | Preclinical cancer iNon CRC death
Life history 2 | | | |
Develops CRC i
J
( . )
Screening i
Birth| JPre-invasive lesion | Preclinical cancer iNon CRC death
Life history 3 I | ]
Undergoes screening

J

Screening detecting the preclinical cancer

Life years with overtreatment of cancer

Figure 5: Integrating modules: two example individuals (A and B).



346 | Model Appendix

CHAPTER SPECIFIC DIFFERENCES IN MODEL QUANTIFICATION

The quantification of the demography, natural history and screening parameters in the model
vary depending on the simulated population. The following section provides a description of
the parameters unique to each chapter. Table 2 provides a summary of the demography,
natural history and screening parameters used in the analyses in this thesis

CHAPTER 2

In Chapter 2, a cohort of 45-year-old males and females in China was modelled. Life tables
were based on data from China’s 6% population census in 2010 (most recent available data).??

Colorectal cancer incidence and mortality data was estimated from data sourced from
Shanghai Municipal Center for Disease Control and Prevention.3* The incidence of progressive
adenomas was chosen to reproduce the colorectal cancer incidence by age, stage, and
localisation in Shanghai.3*3¢ The anatomic site distribution of both progressive and non-
progressive adenomas and thus of preclinical and clinical cancers is assumed to be equal to
the site distribution of colorectal cancers as reported by the Shanghai Municipal Center for
Disease Control and Prevention.3® Stage-specific survival was based on data from 2015 in
Shanghai.?® The survival data was divided into colon and rectal cancer, and the data was
transformed into a weighted colorectal cancer survival for use in MISCAN-Colon.

We estimated the test characteristics of the Shanghai screening program so that the model
predicted positivity and detection rates for advanced neoplasia are similar to those observed
in the first three years of screening in Pudong (2013-2015, data provided by the Pudong Centre
for Disease Control). The test characteristics of the validated FITs were fitted to the positivity
and detection rates of advanced neoplasia observed in the first screening round of two Dutch
randomised trials, which utilised the OC-Sensor micro (Eiken Chemical, Tokyo, Japan).37%° To
estimate the test characteristics we followed the approach described in Goede and
colleagues.** The characteristics differ to those previously presented as the natural history of
the MISCAN-Colon model has been updated since this publication.*?

Information on complications arising from colonoscopy are scarce in China. We only reported
perforations associated with polypectomy*? as we were unable to find any information of
deaths associated with colonoscopy. Complications of colonoscopy were based on hospital
admissions within 30 days of index colonoscopy. We modelled surveillance consistent with
the European Society of Gastrointestinal Endoscopy Guidelines.** We simulated these
guidelines because there is conflicting advice in China about the post diagnostic colonoscopy
pathway (including when to return to screening and the surveillance pathway),**° and the
Asia Pacific Consensus Group did not provide precise guidelines on interval of surveillance,
other than to suggest that such intervals should be tailored to the risk level.>® Therefore,
individuals with low risk findings (less than 3 low risk (less than 10mm) adenomas at primary
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screening) did not receive any surveillance while individuals with high-risk findings were
offered surveillance with colonoscopy after three years, and thereafter repeated
colonoscopies with intervals of three to five years depending on the findings. It was assumed
that surveillance stopped at 80 years of age.

CHAPTER 3

In Chapter 3, we simulated the Australian population from 1911 and 2011 (inclusive) with
births distributed to match the 2011 Australian population by sex and age.>! Life expectancy
was modelled on data from the Australian Bureau of Statistics 2009 life tables.>?

Incidence of progressive adenomas was chosen to reproduce the colorectal cancer incidence
by age, stage, and localisation in Australia in 2006 as this was prior to the commencement of
the National Bowel Cancer Screening Program.>3>> The anatomic site distribution of both
progressive and non-progressive adenomas and thus of preclinical and clinical cancers is
assumed to be equal to the site distribution of colorectal cancers in Australia.>® Five-year
relative survival after clinical diagnosis of colorectal cancer was based on literature available
in the Australian setting.>*

In absence of high quality nation-wide data, the FIT characteristics were adjusted to simulate
the positivity and detection rates observed in the Queensland Bowel Health Cancer Screening
Program between August 2006 and December 2010.°® Sensitivity and specificity were chosen
so that simulated positivity rates and positive predictive values matched the observed rates
to within 0.1%. The effects of systematic false negative and systematic false positive stool test
results were not taken into account in this analysis.

Risk of complications were based on estimates reported in organised screening programs.?!”
23 Risk of dying from colonoscopy was based on Australian literature.>” Surveillance was based
on the National Health and Medical Research Council approved guidelines.*® If no adenomas
were found during the colonoscopy, the individual was invited to re-screen with FIT after five
years.”® It was assumed that surveillance stopped at 75 years of age.

CHAPTER 4

In Chapter 4, we simulated seven population cohorts consisting of men and women aged 50-
79 years with a 15-year colorectal cancer risk varying from 1% to 7%. Life expectancy was
based on sex-specific lifetables for 2007, the middle of the Norwegian Colorectal Cancer
Prevention trial period, from Statistics Norway.°

We developed a version of the MISCAN-Colon model calibrated to the sex-, age-, stage-, and
localisation-specific colorectal cancer incidence and survival as observed in Norway during the
timeframe of the Norwegian Colorectal Cancer Prevention trial (1999-2011), using data
provided by the Norwegian Cancer Registry.?! The age-specific onset of adenomas in MISCAN-
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Colon for all ages was adjusted to match the 15-year colorectal cancer risk in seven cohorts.
The modelled risk levels were chosen to cover the majority of individuals under consideration
for this study (healthy people aged 50 to 79 years), but still with a manageable number of risk
levels. We used the range of risk levels found when applying the QCancer® risk prediction
model to the UK Biobank cohort as guidance.?? The simulated risk levels from 1% to 7% cover
approximately 90% of the colorectal cancer risk levels found in the UK Biobank cohort
(personal communication UK Biobank researcher Juliet Usher-Smith). We confirmed that the
chosen risk levels also cover the range of risk levels observed in the general population, by
comparing the risk levels with the 15 year colorectal cancer risk ranges found in two large
population-based cancer databases.®® % Data from the UK Biobank were also used to validate
the QCancer® prediction model for colorectal cancer. The QCancer® Calculator is an open-
access online tool that aims to predict individual colorectal cancer risk based on risk factors
such as medical history, lifestyle factors, and ethnicity.®®

A FIT cut-off of 20 pg Hb/g faeces was chosen as this is used in many screening programmes.5¢
Sensitivity and specificity of the screening tests were based on diagnostic test accuracy
studies.®” Age-specific risks for complications associated with colonoscopy were derived from
Surveillance, Epidemiology, and End-Results Medicare data.'®2° Only complications requiring
hospital admission within 30 days after the colonoscopy were taken into account.

We modelled surveillance consistent with the European Society of Gastrointestinal Endoscopy
Guidelines.* Individuals with low risk findings (less than 3 low risk (less than 10mm) adenomas
at primary screening) did not receive any surveillance while individuals with high-risk findings
were offered surveillance with colonoscopy after three years, and thereafter repeated
colonoscopies with intervals of three to five years depending on the findings. It was assumed
that surveillance stopped at 80 years of age.

CHAPTER 5

In Chapter 5, a cohort of 50-year-old males and females was modelled. To develop Canadian
specific comorbidity life tables, we took hazard ratios from comorbidity specific life tables
from the United States®® compared to the average life table, and applied this ratio to the 2010-
2012 Canadian life tables from Statistic Canada.®®

The incidence of progressive adenomas was chosen to reproduce the colorectal cancer
incidence by age, stage, and localisation in Ontario in 2001 as this was prior to the
commencement of screening.’® The anatomic site distribution of both progressive and non-
progressive adenomas and thus of preclinical and clinical cancers is assumed to be equal to
the site distribution of colorectal cancers in Ontario in 2001.7°

As stage-specific data on colorectal cancer relative survival were not available for Ontario, we
assumed the same age- and stage-specific colorectal cancer relative survival as observed in
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the Surveillance, Epidemiology, and End-Results database in the US, in the period 2000-
2003.*

The test characteristics of the faecal immunochemical test (FIT) used in this analysis were
based on the test characteristics of faecal occult blood (FOB)-Gold (Sentinel, Italy) based on
data from the Dutch colorectal cancer screening program.’? The FIT cut-offs were chosen to
match an overall FIT positivity of 7.5% (main analysis) and 9.0% (sensitivity analysis). The
characteristics of the guaiac faecal occult blood test (Hemoccult II, only used in sensitivity
analyses) were based on a prior calibration of the MISCAN model to three large gFOBT
screening trials.®

Complications of colonoscopy were based on hospital admissions within 30 days of index
colonoscopy and were based on Canadian literature.”® 74 Risk of dying from colonoscopy was
based on Canadian literature.” A death was attributed to colonoscopy if it occurred within 30
days following an index colonoscopy. We modelled surveillance according to evidence based
provincial screening program surveillance guidelines from Ontario.”> If no adenomas were
found during a diagnostic colonoscopy (i.e. after a positive stool test), then the individual was
invited to rescreen with a stool test after 10 years. It was assumed that surveillance stopped
at 85 years of age.

CHAPTER 6

In Chapter 6, we modelled a cohort of 40-year-old males and females with age specific all-
cause mortality based on 2013-2015 life tables from the Australian Bureau of Statistics.”® As
in Chapter 3, the incidence of progressive adenomas was chosen to reproduce the colorectal
cancer incidence by age, stage, and localisation in Australia in 2006 as this was prior to the
commencement of the National Bowel Cancer Screening Program.>3->> The anatomic site
distribution of both progressive and non-progressive adenomas and thus of preclinical and
clinical cancers is assumed to be equal to the site distribution of colorectal cancers in
Australia.>? Five-year relative survival after clinical diagnosis of colorectal cancer was based on
literature available in the Australian setting.>*

The FIT characteristics were adjusted to simulate the positivity and detection rates observed
in the Queensland Bowel Health Cancer Screening Program between August 2006 and
December 2010.%® Complications of colonoscopy were based on hospital admissions within 30
days of assessment colonoscopy and were stratified by age.”” Risk of dying from colonoscopy
was based on Australian literature.”® Surveillance was based on the National Health and
Medical Research Council approved guidelines.” If no adenomas were found during
colonoscopy, the individual was invited to rescreen with a FIT after 2 years.”® It was assumed
that surveillance stopped at 75 years of age.”®

&=
o
=
(7]
Q
Qo
<




350 | Model Appendix

ST E]]
ueleAISNY WOy
pa1eWIISS [BAIAINS JeBA-G

1,£00C

-000¢ WouJj aseqeiep
Y33S 9Y3 wouy pajewiiss
|eAIAINS JedA-QT

19AI3SI180Y
J0ue) ueiSamioN

I EIEMT]
ue|[eJISNY WoJy
Pa1eWIIS [BAIAINS JBDA-G

seleysueys
U1 STOT WOJ B3RP WOy
pa1eWIISS [BAIAINS JedA-G

24D Jo sisouselp
|ea1ul|d Ja)4e |eAIAING

65 gsDINIRIDY| UBljRIISNY
wouy pajewsy

£g9N1eIdY| URljRIISNY
wouj pajewnnsy
or-1591PNIS

Asdoine ul aousjeaaud
ewouape 01 114

ssCTOC Ul

el|eJISNY WOJ) 9dU3PIdUL
J92UBD puUe (;;S9IPNIS
Asdoine uj @ouajenasd
ewouape 03 }4

o1-1S31pN1s Asdoine uj
Sewouape 4o UolINguISIp
Ardijdiynw o1 114

0,0MEIUQ Ul UonNqU3sIp
23e1s wouy parewns]
0,100C

Ul 92UapIUI JBIURD
OlJeIUQ WOJ) palewnsy
or-1591PNIS

Asdoine uj aousjeaaud
ewouape 01114

0,.T00¢

Ul OLIEJUQ WOJ) SdUIPIdUI
192UBd pUB (;_;S9IPNIS
Asdoine uj aouajenasd
ewouape 031 }i4

0,.100C Ul olleyup

woJ} 92UapUI JJURD
pue ¢;;salpnis Asdoine uy
SEWOUIpE 40 UoIINQUISIP
Aydydiinw 03 314

19AI1S139Y
J3oue) ueliSamioN

19AI1S180Y

J90UB) URISAMION

08 ‘or-1S9IPNIS

Asdoine ul souajeasud
ewouape 03 114

9|1404d-3s11 yojew o3
P3IBA PUE og or-1SIIPNIS
Asdoine ui aauajenasd
ewouape 03 34

08 ‘ot-1S9IPNIS
Asdoine ui aauajeaaud
ewouape 03 14

ss‘es24NleIall| ueljedisny
woJy pajewisy

£594N1RIDY| UelRIISNY
woJj pajewnnsy
or-1591PMIS

Asdoine ui asusjeaaud
ewouape 01 14

ssCTOC Ul

el|eJisNy WOy 9dU3pIdUl
J92UBD pUB (1;S3IPNIS
Asdoine uj @auajenaud
ewouape 03 H4

ssCTOT Ul eljedisny

wioJj 9dU3PIdUL J3JUED
pue o-;Sa1pnis Asdoine uj
Sewouape 4O UolINgLISIp
Apidiynw o3 114

9€

-veleysueys ur uoingulsip
o8e1s wouy parewns]y
veSTOC

ul 92UapUI JBIURD
leySueys wouy paewinsy
or-1S9IPNMIS

Asdoine ul 9ousjenaud
ewouape 01 114

»eSTOC Ul

1eySueys wouy aouapdul
J92UBD pUB (;;S9IPNIS
Asdoine uj @ouajenasd
ewouape 03 34

»ST0T Ul ley3ueys

WwoJ} 92U3PIdUI J3JUed
pue o-;sa1pnis Asdoine uj
Sewouape 4o UolINgUISIp
Arpdijdinw o1 114

uonnquisip ageis

J32Ued pue sewouape
40 UOHNQLASIP UoKEs[ed0

9AIssaldoud s| ewouspe
Mau e 1ey3 Ajjigeqold

JedA Jad aouapioul ewouspy

uone|ndod
|e12uas 2y} JanO sewouape
104 3su Jo uoiinguisia

9 Jo1deyd g Ja1dey) t Jo1deyd € J91deyd z 1aadey) siolowesed Aioasiy jesnieN
s9BPBUEBD S211S13e1S WOy
S9|qel 31| pue goS9|qel
91| 214129ds Aypigiowod
9,590} SN Wouy paALIap oohemion 2sS9|qe}
941 STOC-ETOT S213s13EIS ‘sa|qel 91| Avipigiowod SOlIsiiels wody £00¢ 9411 600¢ Sd13s11e1s £e0TOT ‘SNSUd
JO neaung uejjessny J1j109ds-xas pue 98y 10y} S9|qe1adl| d1199ds-Xas JO neaung uejjesisny uone[ndod 9 s,eulyd Adueydadxa ay
1g93e
pue xas Aq uonejndod
uejjesisny TT0Z
siedh 9y} Yyolew 03 painquisip

S9|eway pue sajew
plo-1eaA-0p ueljeisny

S3|eway pue sajew
p|o-1eaA-0g ueipeue)

6/-0G paSe usawom pue
uaw 4o 8u11SISu0d 1J0yod
uone|ndod ueiSamioN

SYMIG yum (aaisnpul)
TT0C pue TT6T Wouy
uolie|ndod ueljesisny

S9|eway pue sajew
plo-1eaA-gp asauiyd

pajjepow uonendod

9 Ja1dey)

g Ja1dey)

p 191deyd

€ J91deyd

C Jadey)

si91awesed AydesSowaq

"SIS9Y3 SIY3 JO sasAjeue ay3 Ul pasn sia3aweded Sujuaalos pue AJoisly jednieu ‘AydesSowap ay3 Jo sadUIKIQ 1T dgeL



Model Appendix | 351

*aninsod s1 Adoasouo|od 41 pawuogiad Ajuo s AwozdoadAjod 1eyy swnsse am pue ‘AwozdadAjod uo jeuonipuod ale suoneddwo)  ‘p
*Asdoiq pue AwozdadAjod sanpul
9J0J3J3Y1 pue PaAOLWSJ 3. SUOIS3| SNOJBWOUIPE-UOU 3] 9J3YM ‘SUOISS| SNO1RLIOUSPE-UOU JO U0I1D313p 3Y] S109|4a4 Adoosopua yum A1doi1ads Joyoe|ayy 2
*s91d02S0U0|02 dJUB||IdAINS puk di3souSelp ‘SuiudaJds JO SI1ISLID1IBIRYD 159) SWES BY] SWNSSE A\ g
*19Y31yY s1 AliA1Isuas 15931 pawinsse ‘a8e1s awes ay3 ulyim dizewoldwAs awodaq ||IM YdIym siadued [edjuljdaud o4 '9|qe1da1sp
Ajjeatul)d pue (8uipas|q 9|qisiA) anewoldwAs Sujwodaqg spaemol ssaudoud Ayl se s192ued Ul IAIISUIS 9J0W S| UIUIDIIS POO|Q I NIJ0 JBY) BWNSSE DA\  °B

synsay-pug pue

‘ASo|o1wapId] ‘@IUe||IBAINS “4IIS ‘UOIIUBNIJ JDIUEBD |B1I340]|0) URISIMION ‘dYIDHON “1S31 |[BIIWBYd0UNWW |BISR) ‘][4 ‘43JUBD |B3D310|0D ‘DY) :SUOIIRIADIqQY

6,59ul|9pIng panosdde
|1DUNO) Yoieasay [edIpalAl
pue  yjesH  |euoneN

8.€£00C ‘Bl_lA

,,weadoud 8uluasiog
J92UE) [amog [euoneN
gSaulapIng

pue g; ,z92130e4d |eIaURD
zeS91pNIS

Adoosouo|02 yoeq-01-yoeg

1£€T0T ‘Aoayas

9 WOday weidoud
Sujuaauog Jaoue)
Y1|eaH |amog puejsusany

9|qedijdde JoN

5,OHBIUQ WOJ4 S3UIDPIND
»800¢ “2auagey

v/800T “23uaqgey

€GTOC ‘USPS|IH
zSdUI[dpINg

pue g ,z92110eud |RIBURD
zeSOIpNIs

Adoosouo|0d yoeq-03-yoeg

1£€T0T “Aoayas

z,weidoud Suiusauds
J92Ued |B12940]02 Y21nd

s1600¢
‘Jeeja8op-diopsue

pySaUIIRPIND Adodsopul
|eunsaluloslsen
40 A1a1os ueadouny

oz-g1BIEP SIBDIPIIN-YIIS

oz-gTBIEP 2JBJIPAIN-YIIS
62SdUIPPING

pue g +,zd2130e4d [e4BUD
zeSaIpNIS

Adoasouo|02 yoeq-03-deg

1£€T0T ‘Aoayas

(9¥TOT ‘@leuadw

9|qedi|dde JoN

gsSaul|apIng panosdde
|12UN0) Youeasay [edIpan
pue yijesH |euonenN
(shpnas

Adoosopua aA13dadsold

sz pz9d130eld

|eJauas pue ¢;.r;sweidosd
Sujuaauos pasiuedio
ezSaullapIng

pue g; ,z92130e4d [I3USD
26S91pN1S

Adoasouo|02 3oeq-03-oeg

0e666T ‘UINDT

gcHoday weuSoud
Suluaauds Jaoue)
Y1|eaH [9MOg pue[susany

9|qedidde joN

yySaUIPPIND Adodsopu3
|eUnISa1UI0IISED
Jo Ayaioos ueadoungy

pajjapow 10N

£5ST0C ‘IUS

gSaulapIng

pue g; ,z92130e4d |esausn
zeS21pNIs

Adoosouo|02 yoeq-01-yoeg
1£€T0T ‘Aoayas

op-,£S|BLY pAsiwopues
421nQ pue |0J3uo0)
EN-ENT(RIEINEY)
Buopnd ay1 Aq papiroud
ejep 01 pajeuqi|ed

9|qedijdde JoN

2oue||IaAINS
Adoasouojod
UM 33es uoned|dwod |ejeq

p Adoosouo|od
Y1m a1ed suoiedidwo)

9l}eJ uoljeqniul |ease)

q Adoasouojod jo Ajinanisuas

»q Adoasouo|od jo Aypiynads

e 114 J0 sonsualdesey)
¢ 1591 POO|q }N220 |BJ3EY
Je1ens Jo sansuaeley)

9 Jo1deyd

g Jardey)

t Jo1deyd

€ Jo1deyd

z 1aadey)

si919weled Suiuaaids




352 | Model Appendix

MODEL OUTPUTS

The model generates the following output, both undiscounted and discounted:

DEMOGRAPHY

1.
2.

Life-years lived in the population by calendar year and age.

Deaths from other causes than colorectal cancer by calendar year and age.

NATURAL HISTORY

v A wN e

Colorectal cancer cases by calendar year, stage and age.

Colorectal cancer deaths by calendar year and age.

Life years lived with colorectal cancer by calendar year, stage and age.
Total number of life years with surveillance for adenoma patients.

Total number of life years with initial therapy after screen-detected or clinical
invasive cancer by stage.

Total number of life years with continuing therapy after screen-detected or clinical
invasive cancer by stage.

Total number of life years with terminal care before death from other causes by
stage.

Total number of life years with terminal care before death from colorectal cancer by
stage.

SCREENING

1.

w

© N o v &

Number of invitations for screen tests, screen tests, diagnostic tests, surveillance and
opportunistic screen tests by calendar year.

Number of positive and negative test results per preclinical state and per year.

Total number of life years lived, life years lost due to cancer, number of specific
deaths and non-specific deaths.

Number of screenings that prevented cancer by year of screening.

Number of screenings that detected cancer early by year of screening.

Number of surveillance tests that prevented cancer by year of surveillance.
Number of surveillance tests that detected cancer early by year of surveillance.

Number of life years gained due to screening by year of screening.
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PATHWAYS FOR OPTIMISING COLORECTAL CANCER SCREENING

Colorectal cancer is an important global public health issue. With over 1.8 million new
diagnoses in 2018, colorectal cancer was the third leading cause of cancer incidence. Each
year, almost half of all colorectal cancer patients die from the disease, making it the second
leading cause of cancer-related deaths. Traditionally thought of as a disease of the “western
world”, incidence of colorectal cancer is rising in populations historically considered to be at
low risk. This change is largely a result of temporal trends such as population ageing and
improved standards of living, which has resulted in the adoption of the Western lifestyle
including changes in dietary habits and a rise in modifiable risk factors such as smoking, alcohol
consumption, obesity, and lack of physical activity.

Although individuals in westernised countries generally experience greater risk of colorectal
cancer, globally the overall burden of colorectal cancer is unevenly distributed. Increased
incidence, coupled with large population size means that lower incidence countries are
noteworthy contributors to the global burden. For example, in 2018, China accounted for
almost a third of all colorectal cancer cases and deaths. In comparison, Australia and the
Netherlands collectively contributed less than 2% of cases and 1.5% of deaths.

Encouragingly, the burden of colorectal cancer can be reduced with screening. With its long
sojourn time and effective treatment options, colorectal cancer is especially suitable for
screening. However, although screening has been recommended by several health
organisations and medical associations worldwide, it has not been universally implemented.
Screening programs have predominantly been introduced in Western countries which
generally have higher colorectal cancer incidence and more available resources. However, this
is changing, with a growing number of middle-income countries introducing screening in
recent years.

Colorectal cancer screening programs differ markedly throughout the world, reflecting
differences in decision-making processes and uncertainty about which strategy is best.
Although some variation is not entirely unexpected given that risk of colorectal cancer varies
significantly around the world, the extent of variety suggests there may be room to improve
screening programs. Risk of colorectal cancer risk not only varies between countries, it also
varies between individuals. There are a range of lifestyle, environmental and genetic risk
factors that are known to effect risk and it is increasingly recognised that individuals may not
benefit equally from the same screening protocol. While this suggests that screening may be
optimised if these personal risk factors were considered, it is currently unknown to what
extent personalisation could further improve screening outcomes.

Decision models, such as MISCAN-Colon, are useful tools to assist in identifying optimal
policies to reduce colorectal cancer incidence and mortality. These models are able to
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evaluate multiple screening strategies quantifying future outcomes, resource demand and
costs of screening.

In this thesis we investigate pathways to improve colorectal cancer screening programs. In the
first part, we explore pathways to optimise uniform screening programs and ensure they are
designed and implemented to achieve the best possible outcomes for the average risk
population. In the second part, we investigate personalisation as a pathway to improve
colorectal cancer screening programs.

PART I: OPTIMISATION OF UNIFORM SCREENING PROGRAM

Although proven to be effective, uniform screening programs, where the same strategy is
applied to the entire target population, can still be optimised. Consideration should be given
to the selection of appropriate program characteristics (including screening modality,
frequency and start and stop ages) as well as the implementation timeline. The selection of
appropriate program characteristics and implementation timeline are key to ensuring
program effectiveness and an optimal balance of benefits to burdens and harms.

In Chapter 1, we investigated the optimal screening program for identifying Lynch syndrome
in those who are diagnosed with colorectal cancer. Although Lynch syndrome is only
responsible for a small proportion of colorectal cancers, carriers experience an increased
lifetime risk for colorectal cancer and the mutation puts them at risk of other cancers.
Screening for Lynch syndrome is widely recognised as important as the identification of Lynch
syndrome aids clinical decision-making in cancer patients and can help identify at risk
relatives, potentially saving their lives. Despite this, there is limited consensus on the optimal
screening pathway and whether screening should be universally applied to all colorectal
cancer diagnoses or limited by an age-at-diagnosis threshold. In our investigation we assessed
two commonly followed tumour screening pathways to identify Lynch syndrome (mismatch
repair immunohistochemistry (MMR IHC) followed by either aMLH1 methylation test or a
BRAF V600E mutation test), and explored the effectiveness of universal screening compared
to three age-at-diagnosis thresholds (Screening<50, Screening<60 and Screening<70). Based
on our results, the optimal screening pathway to identify Lynch syndrome includes MMR IHC
followed by MLH1 methylation (if indicated) and germline testing for colorectal cancers
diagnosed in those aged under 70 years. Although not found to be cost effective in our study,
we believe screening those over 70 years requires ongoing investigation, as cases in this age
cohort were under-represented in our investigation.

In Chapter 2 we explored opportunities to optimise the recently initiated colorectal cancer
program in Shanghai, China. Both incidence and mortality of colorectal cancer are relatively
low in China, however, due to its large population it is a noteworthy contributor to the global
burden of colorectal cancer. Shanghai, one of the largest and most developed cities in China,
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experiences some of the highest colorectal cancer incidence and mortality in China. In an
effort to reduce the burden of colorectal cancer, the Shanghai Municipal Government
implemented a colorectal cancer screening program in 2013, offering triennial screening using
a locally manufactured faecal immunochemical test (FIT) and a risk questionnaire to
individuals aged 50-74 years. However, as uptake is low, it is uncertain if this is the optimal
screening program for the population. To determine what the optimal screening program
might look like, we assessed the performance of the existing screening program against a
program using standardised and validated FITs, varying program characteristics including test
cut-off, screening interval and screening start- and stop age. Our results show that also in
lower-incidence setting such as Shanghai, CRC screening can be cost-effective. Although the
screening program currently implemented in Shanghai is effective at reducing colorectal
cancer incidence and mortality, it could be further optimised by transitioning to a validated
screening test and, depending on desired outcomes, test cut-off could be reduced, screening
frequency could be increased and the age range could be expanded. Such a program could be
more effective, less costly and require lower colonoscopy capacity than the current program.
Depending on desired outcomes, several strategies could be selected, however, all of these
alternatives utilise a validated FIT. These results may be relevant to other low incidence
jurisdictions as they indicate that, even in this setting, screening is a cost-effective method for
reducing colorectal cancer burden.

Our investigation in Chapter 3 highlights the significant impact the implementation timeline
of a screening program has on incidence and mortality. In Australia, the implementation of
the National Bowel Cancer Screening Program was long and complicated. Although the federal
government eventually committed to fully implement the screening program, the protracted
time line (it was initially slated to take nearly 30 years to achieve full implementation of
biennial screening with FIT for those age 50-74 years) caused concern. We therefore
investigated the impact of this protracted timeline and compared it to a series of feasible
alternative implementation timelines to determine the optimal implementation timeline in
terms of mortality reduction. Not surprisingly, our findings suggested that although the
protracted timeline would prevent colorectal cancer deaths (approximately 61,000), an
expedited timeline, where full implementation was achieved by 2020, would substantially
increase the number of preventable deaths (to approximately 70,000) over the subsequent
40-year period. These results provide a strong argument for policy makers to act with
immediacy and resulted in the federal government committing to an expediated timeline with
full implementation of the screening program achieved within five years.
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PART Il: OPTIMISATION THROUGH PERSONALISATION

Despite the importance of improving uniform screening programs, it is increasingly recognised
that individuals differ and may not benefit equally from a uniform screening strategy. This
presents an opportunity to tailor screening to the individual rather than the average
population. Despite the potential gains to be made by personalising screening, at present
there are no population level screening programs that offer such recommendations.
Therefore, this emerging method to optimise colorectal cancer screening programs requires
further investigation.

In Chapter 4 we address the question of which screening modality provides the best outcomes
for individuals based on their background risk of colorectal cancer. As screening effectiveness
is influenced by baseline risk, investigating how it affects the balance between benefits,
burden and harms is warranted. To do this, we assessed the impact of screening on a
population of individuals aged 50-79 years, with varying baseline 15-year colorectal cancer
risk (1%-7%). We considered four screening strategies: annual FIT; biennial FIT; a single
sigmoidoscopy; and a single colonoscopy and followed individuals for 15 years. We found that,
regardless of baseline risk, all of the assessed screening strategies were equally effective at
reducing colorectal cancer mortality over a 15-year follow-up period. A single colonoscopy or
sigmoidoscopy was more effective at reducing colorectal cancer incidence. As risk of
colorectal cancer increases, so too do the benefits and harms, although the benefits increase
to a greater extent. We also assessed the impact of lifetime follow-up, finding that a longer
follow-up up resulted in larger reductions in colorectal cancer incidence and mortality. This is
likely due to the slow developing nature of colorectal cancer (the time from an asymptomatic
polyp to a symptom detectable colorectal cancer is estimated to take between 10-25 years).

Although colorectal cancer screening guidelines typically recommend screening for colorectal
cancer in individuals at average risk between the ages of 50-74 years, the optimal age to stop
screening is affected by both general health status (comorbidity) and screening history. Our
research group has previously shown that screening stop age is impacted by these factors,
however, an investigation considering the complexity and varied nature of screening history
was lacking. Our investigation in Chapter 5 was aimed at addressing this gap in knowledge.
We found that the optimal age to stop screening varies from <66 to 90 years, depending on
comorbidity and screening history. For example, individuals without comorbidities or those
who have not previously undergone screening may benefit from screening past the
recommended stop age, and in some cases could continue screening up to 90 years of age.
Conversely, those with severe comorbidity or a strong history of prior screening could stop
earlier than currently recommended and, in some instances, this was before the age of 66
years. As these results address the complex nature of screening history, they are more in
keeping with the “real life” scenarios faced by clinicians and participants. By providing reliable



Summary | 367

information about the possible benefits, harms and burden of screening, they support
informed decision-making in relation to screening participation.

Finally, in Chapter 6, we present an early exploration of the potential benefits of risk stratified
screening incorporating family history and polygenic risk. Colorectal cancer risk was
determined by individuals undergoing a polygenic test (used to reveal the presence or absence
of SNPs) and an assessment for family history of colorectal cancer. Future colorectal cancer
screening was determined based on this information. To determine the optimal screening
program, we compared the costs and effects of personalised screening based on risk to those
of uniform screening. We found that while personalised screening was slightly more effective
than uniform screening, at this stage, it is not more cost effective. This is due to the costs
associated with determining an individual’s risk of colorectal cancer and the suboptimal
performance of the risk stratification algorithm. We noted that as costs to determine risk
decrease, and the discriminatory performance of risk stratification algorithms improve,
screening based on polygenic risk and family history will become a viable option. Despite the
potential health gains, personalising screening will introduce a range of new and significant
challenges for population screening policy makers. These fundamental economic, ethical and
policy issues must be identified and resolved before personalised screening could be
implemented.
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CONCLUSIONS

Based on the results of the studies described in this thesis, we derived the following

conclusions:

The optimal screening pathway to identify Lynch Syndrome includes MMR
immunohistochemistry followed by MLH1 methylation (if indicated) and germline testing.
Screening should be restricted to those under 70 years. (Chapter 1)

Although the screening program that is currently implemented in Shanghai is effective at
reducing colorectal cancer incidence and mortality, using a validated test would result in
improved efficiency. (Chapter 2)

Protracted implementation timelines result in unnecessary disease burden. While
consideration needs to be given to resources, screening should be implemented in an
expedited manner. (Chapter 3)

The background risk of colorectal cancer influences the effectiveness of colorectal cancer
screening, such that the absolute benefit of screening increases with increasing risk.
(Chapter 4)

All screening strategies are effective at reducing colorectal cancer mortality over 15 years
follow-up. Follow-up time impacts the magnitude of effect — a longer follow-up (lifetime)
results in larger reductions in colorectal cancer incidence and mortality. (Chapter 4)

An individual’s comorbidity and screening history are important determinants of the
balance of harms and benefits of screening and can be used to establish the optimal age
to stop screening. Individuals without comorbidities or who are screening naive could
continue screening past the recommended stop age, in some cases up to 90 years of age.
Others, such as those who have severe comorbidities or high levels of participation should
consider stopping screening earlier. (Chapter 5)

Although personalised screening based on polygenic risk and family history is an effective
method to reduce colorectal cancer incidence and mortality, with the current
discriminatory performance and cost of determining colorectal cancer risk, it is not cost
effective compared to uniform screening. This may change as more common genetic
variants associated with colorectal cancer are discovered or as the cost of determining risk
decreases. (Chapter 6)
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RECOMMENDATIONS

Based on these conclusions, we formulated the following recommendations:

In Australia, all colorectal cancer cases below the age of 70 years should be tested
for Lynch syndrome using immunohistochemistry followed by MLH1 methylation
(if indicated) and germline testing.

The cost-effectiveness of screening for Lynch syndrome in those over the age of 70
years should be further investigated.

Countries with low incidence should also consider the benefits of implementing
screening, as even in this setting screening can be a cost-effective method to
reduce colorectal cancer related incidence and mortality.

To avoid unnecessary deaths from colorectal cancer, the implementation of
screening programs should not be unnecessarily delayed.

Decisions about when to stop screening should be based on an individual’s
screening history and comorbidity. To assist clinicians and participant in making
these decisions, decision aids should be developed.

Research into the discovery of additional common genetic variants that are
associated with colorectal cancer risk is warranted to improve the discriminatory
performance of risk stratification using this measure.

=ilje = =ilje =j¢ =ilje =

To improve the discriminatory performance of risk stratification, personalised
screening guidelines should contain a comprehensive set of factors including
screening history, comorbidity, polygenic risk, family history and environment and
lifestyle risk factors.
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STRATEGIEEN OM DARMKANKER SCREENING TE OPTIMALISEREN

Darmkanker is wereldwijd een groot gezondheidsprobleem. In 2018 kregen 1,8 miljoen
personen de diagnose darmkanker, waarmee het de derde meest voorkomende kanker was.
Jaarlijks overlijdt ongeveer de helft van de darmkanker patiénten aan de ziekte, waarmee het
de tweede meest voorkomende oorzaak is van overlijden aan kanker. Voorheen was
darmkanker vooral een probleem in de Westerse wereld, maar tegenwoordig neemt ook in
niet-Westerse landen de incidentie van darmkanker sterk toe. De oorzaken hiervan liggen in
de vergrijzing van de bevolking en verbeterde leefomstandigheden die gepaard gaan met het
overnemen van een Westerse leefstijl: Westers dieet en toename van risicofactoren als roken,
alcoholconsumptie en onvoldoende beweging.

Ondanks dat personen in de Westerse wereld nog steeds het hoogste risico hebben op het
ontwikkelen van darmkanker, is wereldwijd de ziektelast niet evenredig verdeeld. De toename
van de incidentie in combinatie met de grootte van de bevolking zorgt ervoor dat landen met
een lage incidentie toch een groot aandeel hebben in de totale ziektelast. Het totaal aantal
ziekte- en sterfgevallen ten gevolge van darmkanker in China bedroeg bijvoorbeeld een derde
van het totaal aantal gevallen in de wereld in 2018. Ter vergelijking: Australié en Nederland
samen waren in hetzelfde jaar maar verantwoordelijk voor respectievelijk 2% van het totaal
aantal ziektegevallen en 1,5% van het totaal aantal sterfgevallen in de wereld.

De ziektelast veroorzaakt door darmkanker kan worden verminderd door screening. Vanwege
de langzame groei van darmkanker en goede behandelmogelijkheden is darmkanker een
geschikte ziekte om op te screenen. Screening wordt geadviseerd door verschillende
gezondheidsorganisaties, maar is nog niet wereldwijd ingevoerd. Met name landen in het
Westen hebben een darmkanker screeningsprogramma ingevoerd. Deze landen hebben vaak
een hoge darmkanker incidentie en beschikken over de juiste middelen om te screenen. In de
afgelopen jaren is er ook een toename van nieuwe screeningsprogramma’s in
middeninkomenslanden.

De opzet van screeningsprogramma’s verschilt wereldwijd. Dit is het gevolg van keuzes die
gemaakt worden tijdens het ontwikkelingsproces van de programma’s en wisselende visies op
de beste strategieén voor screening. Ondanks het feit dat sommige verschillen verklaard
kunnen worden door een verschil in achtergrondrisico, lijkt er toch ruimte te zijn voor
verbetering. Het risico op darmkanker verschilt niet alleen tussen landen, maar ook tussen
individuen. Eris een verscheidenheid aan leefstijl, omgevings- en genetische factoren waarvan
bekend is dat ze bijdragen aan een verhoogd risico op darmkanker. De voordelen van
screening kunnen daarom verschillen tussen individuen. Dit suggereert dat screening mogelijk
verbeterd zou kunnen worden als die afgestemd wordt op persoonlijke risicofactoren. Tot op
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heden is niet bekend in hoeverre het personaliseren van screening inderdaad een positieve
bijdrage kan leveren aan het screeningsprogramma.

Rekenkundige beslismodellen, zoals het door Erasmus MC ontwikkelde MISCAN-colon,
kunnen gebruikt worden om de optimale screeningsstrategie te bepalen. Deze modellen
kunnen verschillende screening strategieén doorrekenen en zo de lange-termijn voor- en
nadelen en bijbehorende capaciteit en kosten kwantificeren.

In dit proefschrift evalueren we verschillende manieren om darmkanker screening te
optimaliseren. In het eerste gedeelte evalueren hoe we screening kunnen optimaliseren voor
de algemene bevolking als geheel (uniforme screening), terwijl we in het tweede gedeelte
onderzoeken of het personaliseren van screening kan leiden tot verdere verbetering van
darmkanker screening.

PART |: OPTIMALISEREN VAN EEN UNIFORM SCREENINGSPROGRAMMA

Ondanks het feit dat bewezen is dat een uniforme screeningsstrategie effectief is, blijft er
veelal ruimte over voor verbetering. Men kan veranderingen in de programma opzet
overwegen, (screeningtest, frequentie en start en stop leeftijd) evenals het aanpassen van de
duur van implementatiefase. Het kiezen van de juiste strategie en doorlooptijd van de
implementatiefase zijn cruciaal voor de effectiviteit van het programma en een goede balans
tussen de voor- en nadelen van screening.

In hoofdstuk 1 hebben we onderzocht wat de optimale strategie is om bij personen met de
diagnose darmkanker het Lynch-syndroom vast te stellen. Ondanks dat een laag percentage
van alle darmkankers wordt veroorzaakt door het Lynch-syndroom, hebben dragers van dit
gen een sterk verhoogd risico op het ontwikkelen van darmkanker gedurende hun leven. Ook
hebben ze een verhoogd risico op het krijgen van andere soorten kanker. Screening op Lynch-
syndroom is belangrijk om de drager te identificeren, wat helpt bij de klinische besluitvorming
en het vaststellen van de mutatie bij familieleden. Er is echter beperkte consensus wat de
optimale screeningsstrategie is en of screening op Lynch mutaties moet worden uitgevoerd
bij alle personen die de diagnose darmkanker hebben gekregen of alleen voor bepaalde
leeftijdscategorieén. In hoofdstuk 1 hebben we twee veel gebruikte screeningsstrategieén
voor Lynch-syndroom vergeleken: mismatch repair immunohistochemistry (MMR IHC)
gevolgd door een “MLH1 methylation test” en MMR IHC gevolgd door een “BRAF V600E”
mutation test. We vergeleken de effectiviteit van screening van iedereen met darmkanker met
drie strategieén, waarbij de leeftijd op moment van diagnose bepaalde of er op Lynch-
syndroom gescreend moest worden (<50 jaar, <60 jaar en <70 jaar). De resultaten toonden
aan dat de optimale screeningsstrategie voor Lynch-Syndroom bestond uit testen op MMR
IHC gevolgd door de MLH1 methylation test voor personen met darmkanker die jonger waren
dan 70 jaar op het moment van diagnose. Screening voor personen ouder dan 70 jaar bleek
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niet kosteneffectief in onze studie, maar dit kwam mogelijk door een
ondervertegenwoordiging van deze leeftijdsgroep binnen de onderzoekspopulatie. Nader
onderzoek naar deze leeftijdscategorie is daarom noodzakelijk.

In hoofdstuk 2 hebben we mogelijkheden bekeken om een nieuw darmkanker
screeningsprogramma in Shanghai, China te optimaliseren. Shanghai is één van de grootste
en meest ontwikkelde steden van China en de incidentie van en sterfte aan darmkanker
behoren tot de hoogste in China. In 2013, heeft de Shanghai Municipal Government een
darmkanker screeningsprogramma ingevoerd, waarbij er driejaarlijkse een FIT (van een
Chinese fabrikant), samen met een vragenlijst om het risico op darmkanker te bepalen, wordt
aangeboden aan personen in de leeftijd van 50-74 jaar. De deelname is echter laag en het is
onbekend wat de optimale screeningsstrategie is voor de doelgroep. Om de optimale
screeningsstrategie te bepalen, hebben we de het huidige programma vergeleken met een
programma waarbij gestandaardiseerde en gevalideerde FIT testen worden gebruikt.
Daarnaast hebben we gekeken naar de uitkomsten wanneer we veranderingen aanbrachten
in de afkapwaarde, het screeningsinterval, en de leeftijdscategorie waarin mensen werden
uitgenodigd om deel te nemen aan screening. De resultaten toonden aan dat in steden of
landen met een relatief lage incidentie, zoals in Shanghai, darmkanker screening een bijdrage
kunne leveren aan het terugdringen van de ziektelast van darmkanker en kosteneffectief kan
zijn. Het programma in Shanghai zou verder geoptimaliseerd kunnen worden door een
gevalideerde FIT te gebruiken, de afkapwaarde te verlagen, het screeningsinterval te
verkorten en de leeftijdsgroepen die worden uitgenodigd voor screening uit te breiden. Een
dergelijk geoptimaliseerd programma kan effectiever zijn dan het huidige programma, kost
minder geld en heeft minder coloscopiecapaciteit nodig. Afhankelijk van de gewenste
uitkomst van het screeningsprogramma bestaan er verschillende efficiénte
screeningsstrategieén, maar al deze alternatieven gebruiken een gevalideerde FIT test. Deze
resultaten zijn relevant voor andere regio’s met een lage darmkanker incidentie die screening
overwegen, omdat ze aantonen dat screening ook dan kosteneffectief kan zijn in het verlagen
van de darmkanker incidentie en sterfte.

In hoofdstuk 3 toonden we aan dat de duur van de implementatiefase van aan
screeningsprogramma een significante invioed kan hebben op darmkanker incidentie en
sterfte. De invoering van het National Bowel Cancer Screening program in Australié was een
lang en gecompliceerd proces. Na het besluit van de overheid om een screeningsprogramma
in te voeren, was de geplande doorlooptijd 30 jaar. Deze langdurige periode voor de volledige
invoering van een landelijk screeningsprogramma met tweejaarlijkse FIT voor personen in de
leeftijdscategorie van 50 tot 74 jaar oud was een zorgwekkende situatie. Wij hebben daarom
geévalueerd wat de invloed van deze lange doorlooptijd is op darmkanker sterfte. We
vergeleken dit met haalbare alternatieve doorlooptijden om de optimale doorlooptijd te
bepalen. Uit de resultaten bleek dat ook bij een (lange) implementatiefase van 40 jaar sterfte
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aan darmkanker kon worden voorkomen (ongeveer 61.000 doden), maar dat bij een versnelde
implementatiefase waarbij het programma volledig werd uitgerold in 5 jaar, veel meer doden
ten gevolge van darmkanker voorkomen konden worden (tot ongeveer 70.000 doden). Deze
resultaten hebben ertoe bijgedragen dat de Australische overheid inderdaad voor een
versnelde invoering heeft gekozen waarbij het programma volledig uitgerold was binnen 5
jaar.

PART Il: OPTIMALISEREN DOOR GEPERSONALISEERDE SCREENING

Ondanks het belang van het verbeteren van uniforme screeningsprogramma’s, wordt er
steeds vaker erkend dat personen verschillen in hun risico op darmkanker en dat daarom de
voordelen van screening bij een uniforme screeningsstrategie niet gelijk zijn voor iedereen.
Dit suggereert dat het individualiseren van screening in plaats van het richten op de algehele
bevolking effectief zou kunnen zijn. Ondanks de mogelijke voordelen van gepersonaliseerde
screening zijn er op dit moment geen georganiseerde screeningsprogramma’s die dit
aanbevelen. Om deze veelbelovende screeningsstrategie, met de potentie om darmkanker
screening verder te optimaliseren, in kaart te brengen, is verdere analyse vereist.

In hoofdstuk 4 behandelden we de vraag welke screeningstest voor de beste uitkomsten zorgt
indien rekening gehouden wordt met het risico op darmkanker van een individu. Daarom is
het belangrijk om de invloed van het dit risico op de balans tussen de voor- en nadelen van
screening te onderzoeken. We hebben dit geévalueerd door vier verschillende
screeningsstrategieén te evalueren in personen van 50 tot 79 jaar met een 15-jaars cumulatief
risico op darmkanker variérend van 1%-7%: jaarlijkse FIT, tweejaarlijkse FIT, eenmalige
sigmoidoscopie en eenmalige coloscopie. We hebben de screening strategieén gesimuleerd
voor een periode van 15 jaar. Ongeacht het veronderstelde achtergrondrisico, leidden al deze
screeningsstrategieén tot een eenzelfde relatieve afname in darmkanker sterfte. Een
eenmalige sigmoidoscopie of coloscopie waren wel effectiever in het verlagen van de
darmkanker incidentie. Wanneer het risico op darmkanker toeneemt, wegen de absolute
voordelen van screening meer op tegen de nadelen. Bij een levenslange follow-up in plaats
van een periode van 15 jaar, was er een grotere afname in darmkanker incidentie en sterfte
voor alle testen. Dit wordt verklaard door de langzame groei van darmkanker (de ontwikkeling
van een asymptomatische poliep tot een symptomatische darmkanker wordt geschat tussen
de 10 en 25 jaar).

In de richtlijnen voor darmkankerscreening wordt meestal geadviseerd om personen met een
gemiddeld darmkanker risico te screenen van 50 tot 74 jaar, maar de optimale leeftijd om te
stoppen met screenen wordt beinvioed door de algemene gezondheidstoestand
(comorbiditeit) van een individu en of deze persoon eerder heeft deelgenomen aan screening
en wat de uitkomsten hiervan waren (screeningsgeschiedenis). Onze onderzoeksgroep heeft
dit in het verleden al geanalyseerd, maar toen is er nog geen rekening gehouden met de
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complexiteit en verschillen in screening geschiedenis. In hoofdstuk 5 hebben we de optimale
leeftijd om te stoppen met screening daarom nader onderzocht. We toonden aan dat de
optimale stopleeftijd varieerde van 66 tot 90 jaar, afhankelijk van de aanwezigheid van
comorbiditeit en screeningsgeschiedenis. Personen zonder comorbiditeit of personen die niet
eerder meegedaan hebben aan screening, kunnen bijvoorbeeld baat hebben bij screening na
de nu geadviseerde leeftijd om te stoppen met screening, waarbij sommigen zelfs nog baat
hebben bij screening tot en met de leeftijd van 90 jaar. Omgekeerd gold hetzelfde: personen
met ernstige comorbiditeit of die regelmatig screening hebben ondergaan, kunnen mogelijk
voor de geadviseerde stopleeftijd stoppen. Doordat deze analyse de complexiteit van
mogelijke screeningsgeschiedenissen meeneemt, zijn ze direct toepasbaar in situaties in de
dagelijkse praktijk. Met behulp van deze resultaten over mogelijke voor- en nadelen van
screening kunnen deelnemers in samenspraak met hun artsen een geinformeerde keuze
maken over het al dan niet continueren van screening.

In het laatste hoofdstuk, hoofdstuk 6, hebben we een eerste analyse uitgevoerd over
mogelijke voordelen van volledig gepersonaliseerde screening op basis van
familiegeschiedenis en polygene risicoscore (bepaald met behulp van DNA-test op aan- of
afwezigheid van Single Nucleotide Polymorphisms). Voor deze analyse hebben we de
bevolking in vijf quintielen van risico opgedeeld op basis van die polygene risico score en
familiegeschiedenis en voor ieder van die kwantielen de optimale screeningsstrategie
bepaald. Vervolgens hebben we de kosten en effecten van deze gepersonaliseerde strategie
gebaseerd op risico, vergeleken met die van uniforme screening. Ondanks dat
gepersonaliseerde screening iets effectiever was dan uniforme screening, was het niet
kosteneffectiever. Dit is te wijten aan de kosten die verbonden zijn aan het vaststellen van het
individuele risico en het relatief beperkte onderscheidend vermogen van de polygene
risicoscore. Indien de kosten van de risicobepaling zouden afnemen en het onderscheidend
vermogen van de risicobepaling verbetert, kan screening op basis van polygeen risico en
relevante familiegeschiedenis een goed alternatief zijn. Ondanks de veelbelovende voordelen,
leidt gepersonaliseerde screening ook tot veel nieuwe uitdagingen voor beleidsmakers van
screeningsprogramma’s. Deze fundamentele economische, ethische en politieke
vraagstukken moeten eerst in kaart gebracht worden voordat gepersonaliseerde screening
kan worden ingevoerd.
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CONCLUSIES

Op basis van de resultaten gepresenteerd in dit proefschrift kunnen de volgende conclusies

worden getrokken:

De optimale screeningsstrategie voor het vaststellen van het Lynch syndroom bestaat uit
MMR immunohistochemistry, gevolgd door MLH1 methylation en testen op
kiembaanmutaties indien van toepassing. (Hoofdstuk 1)

Ondanks dat het huidige screeningsprogramma in Shanghai effectief is in het verlagen van
darmkankerincidentie en sterfte, zou het gebruik van een gevalideerde test de effectiviteit
verder kunnen verbeteren. (Hoofdstuk 2)

Lange doorlooptijd van de implementatiefase resulteert in een onnodige ziektelast. De
implementatie van een screeningsprogramma moet zo snel als de beschikbare middelen
toelaten, worden ingevoerd. (Hoofdstuk 3)

Het risico op darmkanker heeft invloed op de effectiviteit van darmkanker screening: de
absolute voordelen van screening nemen toe met het risico op darmkanker. (Hoofdstuk
4)

Alle screeningsstrategieén zijn effectief in het verlagen van de darmkanker sterfte over
een periode van 15 jaar. De follow-up duur heeft invloed op de grootte van het effect: een
langere follow-up tijd (levenslang) resulteerde in een grotere afname van darmkanker
incidentie en sterfte. (Hoofdstuk 4)

Comorbiditeit en screeningsgeschiedenis van een persoon dragen bij aan de balans tussen
de voor- en nadelen van screening en kunnen daarom gebruikt worden voor het bepalen
van de optimale leeftijd om te stoppen met screening. Personen zonder comorbiditeit of
personen die niet eerder meegedaan hebben aan screening, kunnen baat hebben bij
screening voorbij de geadviseerde stopleeftijd, soms zelfs tot de leeftijd van 90 jaar. Voor
andere personen, bijvoorbeeld die met ernstige comorbiditeit of die regelmatig gescreend
zijn, kunnen mogelijk voér de geadviseerde stopleeftijd stoppen. (Hoofdstuk 5)

Gepersonaliseerde screening gebaseerd op polygeen risico en relevante
familiegeschiedenis kan effectief zijn in het verlagen van darmkanker incidentie en sterfte,
maar met het huidig onderscheidend vermogen en de bijkomende kosten is het niet
kosteneffectiever dan uniforme screening. Dit kan veranderen indien meer genetische
varianten geassocieerd met darmkanker ontdekt worden of als de kosten voor het
vaststellen van het risico afnemen. (Hoofdstuk 6)
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AANBEVELINGEN

Op basis van bovenstaande conclusies kunnen de volgende aanbevelingen worden gedaan:

@ InAustralié moeten alle personen met een darmkanker diagnose voor de leeftijd
van 70 jaar getest worden op het Lynch-syndroom door middel MMR

“ immunohistochemistry, gevolgd door MLH1 methylation en testen op
kiembaanmutaties indien van toepassing.

@
De kosteneffectiviteit van screening op Lynch-syndroom in personen ouder dan 70
jaar moet verder onderzocht worden.

Landen met een lage darmkanker incidentie zouden de voordelen van het invoeren
van een screeningsprogramma moeten overwegen, omdat is aangetoond dat
screening ook in deze situaties een kosteneffectieve methode kan zijn voor het
verlagen van de darmkanker incidentie en sterfte.

=0

Om onnodige overlijdens als gevolg van darmkanker te voorkomen, moet de
invoering van een screeningsprogramma niet onnodig vertraagd worden.

=ije

Beslissingen omtrent stoppen met screening moeten gebaseerd worden op de
screeningsgeschiedenis van een individu en diens comorbiditeit. Om artsen en
deelnemers te helpen in het maken van deze beslissingen, moeten er keuzehulp
instrumenten worden ontwikkeld.

=0

geassocieerd met de ontwikkeling van darmkanker te ontdekken, zodat het

®  Er moet verder onderzoek gedaan worden om nieuwe genetische varianten
w onderscheidend vermogen van risicostratificatie verbeterd kan worden.

Om het onderscheidend vermogen van risicostratificatie te verbeteren, moeten
richtlijnen voor gepersonaliseerde screening een uitgebreide set van factoren
bevatten, zoals screeningsgeschiedenis, comorbiditeit, polygeen risico, relevante
familiegeschiedenis, en risicofactoren als omgeving en leefstijl.
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