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Abstract 

Background: Colorectal cancer (CRC) is a common deadly cancer. Screening for CRC 

saves lives and is cost-effective, but it is unclear if one or more of the screening options 

are preferred. 

Methods: A Markov model was developed and validated and then used to conduct an 

economic evaluation of CRC screening for average risk individuals. All current CRC 

screening modalities and up to date CRC treatment costs were considered. A systematic 

review and meta-analysis of CRC and adenomatous polyp prevalence was also performed 

to inform the model. 

Results: The prevalence of non-advanced adenomas, advanced adenomas and CRC in 

50-64 and 65-75 year olds was 17.1%, 3.8% and 0.1% and 17.3%, 8.2% and 0.7%, 

respectively. In the base case analysis CRC screening with annual FIT reduced the risk of 

CRC and CRC-related deaths and was associated with lower health care costs compared 

to no screening and the other screening options. 

Conclusion: Health policy decision makers should prioritize funding for CRC screening 

using FIT. 

iii 



 

 

 

Acknowledgements 

Firstly, I would like to thank my wife and closest friend Nili for putting up with 

me while completing this second Master’s Degree. Nili, life has certainly been eventful 

over the past couple of years! Thank you for being there for me. My two beautiful 

children Hilit and Joshua also deserve thanks for being so tolerant during the extra times 

when their daddy was away working towards this Master’s. 

I would like to thank Dr. Braden Manns for introducing me to health economics 

and for being such an incredible mentor for me over the past decade during both my 

medical training and this Master’s. Braden, you have been tremendously supportive of 

my endeavours over the years and I simply cannot thank you enough. I would also like to 

thank Dr. Bob Hilsden for supervising me and for his efforts in connecting my research 

interests within the context of gastroenterology. Bob, I look forward to our continued 

collaboration. A thank you as well to my committee members, Dr. Elizabeth McGregor 

and Dr. Deborah Marshall for their important input on the project. 

Paul Ronksley deserves recognition as well for his tireless efforts in completing 

the systematic review and meta-analysis (aka “the polyp extravaganza”) with me and for 

making me laugh. My sincere gratitude also goes to Dr. Brenda Hemmelgarn for 

mentoring Paul and I through the systematic review. 

Finally, I would like to extend a special thank you to Flora Au for her many hours 

of assistance with the Markov model. A model of this magnitude could not have been 

created without your tremendous help Flora – thank you!  

iv 



  

 

The Canadian Association of Gastroenterology, Canadian Institutes of Health 

Research, and Alberta Innovates - Health Solutions (formerly Alberta Heritage 

Foundation for Medical Research) provided financial support. 

v 



 

 

 

Dedication 

This thesis is dedicated in loving memory of my father, Dr. James Hubert 

Heitman. 

vi 



 

 

 

 

 

  

 

Contributions of Authors 

Prevalence of adenomas and colorectal cancer in average risk individuals: A 

systematic review and meta-analysis. Heitman SJ, Ronksley PE, Hilsden RJ, Manns 

BJ, Rostom A, Hemmelgarn BR. Clin Gastroenterol Hepatol. 2009 Dec;7(12):1272-8 

SJ Heitman: study concept and design, acquisition of data, analysis and interpretation of 

data, drafting of the manuscript 

PE Ronksley: study concept and design, acquisition of data, analysis and interpretation of 

data, drafting of the manuscript 

RJ Hilsden: analysis and interpretation of data, critical revision of the manuscript for 

important intellectual content 

BJ Manns: analysis and interpretation of data, critical revision of the manuscript for 

important intellectual content 

A Rostom: critical revision of the manuscript for important intellectual content, statistical 

analysis 

BR Hemmelgarn: study concept and design, analysis and interpretation of data, critical 

revision of the manuscript for important intellectual content, statistical analysis, study 

supervision 

vii 



 

 

 

Colorectal cancer screening for average-risk North Americans: An economic 

evaluation. Heitman SJ, Hilsden RJ, Au F, Dowden S, Manns BJ. PLoS Med 2010 

Nov 23;7(11):e1000370. 

SJ Heitman: designed and validated the model, performed the economic evaluation and 

wrote the manuscript 

RJ Hilsden: helped develop the model, participated in drafting and revising the 

manuscript 

F Au: assisted in the construction of the model and its validation, helped perform the 

economic evaluation and revised the manuscript 

S Dowden: provided the costing data for the management of colorectal cancer and 

revised the manuscript 

BJ Manns: supervised the creation of the model, provided overall supervision of the 

economic evaluation and revised the manuscript 

viii 



 
 
 
 
 
 

 
 
 

   
   
 

 
   

   
   

   
   
   
   
   
   
   
 

 
   

   
   
   
   
   

   
   
   
   

 

 

 

 

 

Table of Contents 

Approval Page..................................................................................................................... ii 

Abstract .............................................................................................................................. iii
 
Acknowledgements ............................................................................................................ iv
 
Dedication .......................................................................................................................... vi
 
Contributions of Authors .................................................................................................. vii
 
Table of Contents............................................................................................................... ix
 
List of Symbols, Abbreviations and Nomenclature ........................................................... xi
 

CHAPTER ONE: BACKGROUND.................................................................................1
 
Brief Introduction ..........................................................................................................1
 
Background and Literature Review.............................................................................3
 

1.0 The Burden of Colorectal Cancer ..................................................................3
 
1.0.1	 Epidemiology ............................................................................................3
 
1.0.2	 The Cost of Colorectal Cancer to the Health Care System and 


Society.......................................................................................................3
 
1.1 Screening for Colorectal Cancer ....................................................................5
 

1.1.1	 Adenoma-Carcinoma Sequence ................................................................5
 
1.1.2	 Clinical Practice Guidelines......................................................................5
 

1.2 Health Economics.............................................................................................7
 
1.2.1	 Scarcity, Choice and Opportunity Cost.....................................................7
 
1.2.2	 Economic Evaluation – An Overview ......................................................7
 
1.2.3	 Cost-Minimization Analysis .....................................................................8
 
1.2.4	 Cost-Effectiveness Analysis .....................................................................8
 
1.2.5	 Cost-Utility Analysis.................................................................................9
 
1.2.6	 Cost-Benefit Analysis .............................................................................10
 
1.2.7	 Choosing a Type of Economic Evaluation for Colorectal Cancer 


Screening.................................................................................................11
 
1.3 Conducting an Economic Evaluation...........................................................12
 

1.3.1	 Alongside a Clinical Trial .......................................................................12
 
1.3.2	 Decision Analysis ...................................................................................13
 
1.3.3	 Types of Decision Models ......................................................................14
 
1.3.4	 Analyzing Markov Models .....................................................................14
 
1.3.5	 Other Types of Microsimulation Models................................................16
 

1.4	 Elements of an Economic Evaluation...........................................................17
 
1.5	 Validating a Decision Analytical Model.......................................................17
 
1.6	 Interpreting the Results of an Economic Evaluation..................................19
 
1.7	 Why Another Economic Evaluation of Colorectal Cancer Screening 


Was Needed. ...................................................................................................20
 

CHAPTER TWO: MANUSCRIPT................................................................................23
 

CHAPTER THREE: MANUSCRIPT............................................................................24
 

ix 



 
   
   
   
   
   

 

 

 

 

 
 

 

 

 

CHAPTER 4: DISCUSSION ..........................................................................................25
 
4.0 Summary of Research Findings....................................................................25
 
4.1 Considerations for Health Care Decision Makers and Public Policy .......27
 
4.2 Limitations......................................................................................................31
 
4.3 Future Directions ...........................................................................................36
 
4.4 Concluding Remarks .....................................................................................38
 

APPENDIX 1: EFFECTIVENESS DATA FOR THE DIFFERENT CRC   

SCREENING OPTIONS........................................................................................40
 

APPENDIX 2: ELEMENTS OF AN ECONOMIC EVALUATION ..........................45
 

APPENDIX 3: COST-EFFECTIVENESS PLANE ......................................................53
 

APPENDIX 4: MODEL VALIDATION .......................................................................54
 

REFERENCES: ...............................................................................................................58
 

x 



 

 
  

 

 

 

 
 

  
  
  
  
  
  
  
  
  
  

 

List of Symbols, Abbreviations and Nomenclature 

If you do not have any symbols, abbreviations, or specific nomenclature in your thesis, 

you do not need to fill out this table.  To add another row to the table, with your cursor in 

the bottom right cell, press the TAB key (beside the letter Q on your keyboard). 

Symbol 	Definition 
ACRCSP 	Alberta Colorectal Cancer Screening Program 

Canadian Agency for Drugs and Technologies 
CADTH 	 in Heath 
CBA 	cost benefit analysis 
CCSC 	 Colon Cancer Screening Centre 
CEA 	cost-effectiveness analysis 
CRC 	colorectal cancer 
CTC 	 computed tomographic colonography 
CUA 	cost-utility analysis 
FIT 	 fecal immunochemical test 
FOBT 	 fecal occult blood test 
HRQOL 	 health related quality of life 
ICER 	incremental cost-effectiveness ratio 
QALY 	 quality adjusted life year 
RCT 	randomized controlled trial 

xi 



 

 

 

 

1 

CHAPTER ONE: BACKGROUND 

Brief Introduction  

Colorectal cancer (CRC) is a common deadly cancer. In addition, CRC is costly 

to society from the standpoint of lost quantity and quality of life and it is expensive to 

treat. However, CRC can be prevented through screening. Yet despite being 

recommended by numerous consensus guidelines in North America and Europe, the 

uptake of screening, particularly in Canada, is low. In today’s fiscally strained 

environment, it is imperative that governments fund not only effective, but cost-effective 

interventions. CRC screening is felt to offer good value for health care money, but there 

are many available screening options and it remains unclear if one or more are preferred. 

It is unlikely that health care jurisdictions will be able to continue providing the necessary 

funding and infrastructure to support all of the currently available CRC screening 

modalities. 

Economic evaluations can assist medical decision making. Although a number of 

economic evaluations assessing the impact and cost-effectiveness of CRC screening have 

been conducted, several important limitations exist with these previous studies. Given 

these limitations, we aimed to develop and validate a comprehensive decision analytic 

model that considered all relevant CRC screening strategies and recent CRC treatment 

costs so that the cost-effectiveness of CRC screening among average risk individuals 

could be rigorously assessed. During the initial construction of this model we discovered 

that precise prevalence rates for precursor adenomatous polyps and CRC among a truly 

average risk population had surprisingly not been reported. Instead, a vast number of 
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studies reporting a wide range of prevalence rates were available without a clear 

explanation for the observed differences. Yet, it seemed plausible that these baseline 

inputs could be critically important in driving the cost-effectiveness of the various CRC 

screening strategies and we had no justification for selecting a given study over the 

others. Systematic reviews facilitate the object appraisal and summary of evidence. 

Furthermore, meta-analysis is a power tool for pooling data to generate more precise 

parameter estimates and can be used to help account for heterogeneity in data. Systematic 

reviews and meta-analyses are often used to inform decision analytic models and one had 

not been done on the prevalence of adenomatous polyps and CRC among average risk 

individuals. 

Thus, the primary objective of this thesis was to conduct an economic evaluation 

of CRC screening for average risk individuals using a decision analytic model that was 

developed and validated for this purpose. In order to inform the model a systematic 

review and meta-analysis of adenomatous polyp and CRC prevalence among average risk 

individuals was first performed. Both the systematic review and economic evaluation 

summarize and synthesize a vast body of literature and make up the research content of 

this thesis. Although each study has been published independently, these manuscripts 

together form a coherent body of research. Therefore, the manuscripts are presented 

together in the framework of a paper-based thesis. 

Following the background and literature review contained in chapter one, the 

systematic review and meta-analysis 2 and economic evaluation 3 are presented in 

published manuscript form in chapters two and three, respectively. The fourth and final 

chapter provides a general discussion of the policy implications arising from this thesis 
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and a description of the future work that should follow. It is intended that the present 

work will help inform future CRC screening guidelines and drive health care decision 

making. 

Background and Literature Review 

1.0 The Burden of Colorectal Cancer 

1.0.1 Epidemiology 

In Canada colorectal cancer (CRC) is the fourth most commonly 

diagnosed cancer and the second leading cause of cancer-related death in both men and 

women 4. In 2011, it was estimated that approximately 22,200 Canadians would be 

diagnosed with CRC and 8,900 would die from it 5. 

The majority of CRCs are sporadic arising in individuals without increased 

familial risk. It is known that CRC is more common with increasing age and in those with 

a family history 6, in males 7, among smokers 8, and in those who are overweight 9. 

However, prior to completing this thesis, precise estimates on the prevalence of precursor 

adenomatous polyps and CRC among the average risk population that comprise the 

majority of the disease burden were not known. 

1.0.2 The Cost of Colorectal Cancer to the Health Care System and Society 

In addition to its impact on loss of life, the economic burden of managing CRC is 

considerable. Canadian data are limited, but the lifetime direct health care costs of 

managing a Canadian cohort of nearly 17,000 patients with CRC was estimated at $520 

million in 2000 10. A study evaluating the economic burden to Medicare alone in the US 
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estimated that that the costs of care in 2000 in the initial, continuing and last year of life 

phases of care were approximately $3.18 billion, $1.68 billion and $2.63 billion, 

respectively 11. These authors also considered a current trends scenario with decreasing 

incidence, improving survival, and increasing costs and determined that these figures are 

expected to increase to $5.19 billion, $3.57 billion and $5.27 billion, respectively by 2020 

11 . 

The cost of managing CRC has increased due to advancements in 

chemotherapeutic agents and this will likely continue to drive much of the increase in 

costs in managing patients with CRC. The monoclonal antibody Bevacizumab has been 

shown to extend life by an average of 5 months in patients with metastatic disease 12. A 

Canadian analysis from a direct-payer perspective estimated that the additional cost to 

achieve this benefit would be nearly $40,000 per patient in 2005 dollars 13. 

The medical costs of treating patients with CRC typically have not taken into 

consideration the large losses in economic productively that result from premature death 

due to CRC. Using the human capital approach in which productivity is heavily 

influenced by working-age individuals and earnings, Bradley et al. 14 estimated that the 

present value of lifetime earnings lost from CRC in the US will be $12.8 billion in 2010. 

Another approach to estimating lost productivity that values each year of life lost equally 

($150,000 per year) regardless of age, employment status, earnings, care-giving or 

housekeeping activity, estimated lost productivity due to CRC in the year 2000 in the US 

at just over $90 billion 11. CRC is thus an important public health issue and is costly to 

society. 
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1.1 Screening for Colorectal Cancer 

1.1.1 Adenoma-Carcinoma Sequence 

It is widely accepted that most CRCs develop from pre-cancerous adenomatous 

tissue. Evidence for this is supported by epidemiologic 15, clinicopathologic 15, 16 and 

molecular genetic 17 studies. In the adenoma-carcinoma sequence 18 a series of genetic 

mutations accumulate over time resulting in normal colonic epithelium becoming 

dysplastic (adenomatous) and then malignant. During this process, morphological 

changes occur including the formation of the adenomatous polyp. These changes are 

generally believed to take place over a decade or more among those at average risk 19. 

Polyps and cancers bleed intermittently and shed DNA into stool and they can generally 

be identified visually. These factors make CRC amenable to screening and form the basis 

for the available stool-based (guaiac-based fecal occult blood test (FOBT), fecal 

immunochemical test (FIT), and fecal DNA), radiological (barium enema and computed 

tomographic colonography (CTC)) and endoscopic screening strategies (sigmoidoscopy 

and colonoscopy). Information of the effectiveness of each of these screening modalities 

can be found in Appendix 1. 

1.1.2 Clinical Practice Guidelines 

Current clinical practice guidelines in both Canada 20 and the U.S. 21-23 

recommend screening for CRC starting at age 50 in average risk individuals. In Canada 

average risk CRC screening is recommended until the age of 74 20 whereas The U.S. 

Preventive Services Task Force recommends routine screening until the age of 75 21. 
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Despite these recommendations, the uptake of CRC screening remains disappointingly 

low, especially in Canada at far less than 50% 24. 

To date, no single screening modality has been shown to be uniformly superior 

and thus current clinical practice guidelines continue to recommend that patients be 

offered a choice between the available screening options. Differences exist, but in general 

the guidelines support FOBT or FIT every 1-2 years, sigmoidoscopy every 5-10 years 

and colonoscopy every 10 years. The American College of Gastroenterology 23 and the 

joint committee of the American Cancer Society, the U.S. Multi-Society Task Force on 

Colorectal Cancer and the American College of Radiology 22 support the use of CTC 

every 5 years. However, a number of issues including whether or not to report diminutive 

lesions (polyps < 5 mm not routinely reported by radiologists) and the impact of radiation 

exposure over time need clarification. The US Preventive Services Task Force does not 

endorse CTC citing that the “evidence is insufficient to assess the benefits and harms of 

the technology” 21. Nevertheless, US Medicare and Medicaid do not cover CTC for CRC 

screening and it is not currently funded for primary screening in most jurisdictions in 

Canada. 

The joint committee recently concluded that there are now sufficient data to 

include fecal DNA as an acceptable option for CRC screening, but the recommended 

interval remains uncertain 22. However, the American College of Gastroenterology 23 and 

the U.S. Preventive Services Task Force 21 do not currently support fecal DNA for CRC 

screening and it has not been recommended in Canada. Nonetheless, the test is no longer 

commercially available. 
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1.2 Health Economics 

1.2.1 Scarcity, Choice and Opportunity Cost 

Resources whether people, time or the proportion of the provincial budget 

available for health care are scarce. Health care expenditures in general, and in particular 

for costly new drug treatments has risen exponentially over the past decade 25. Given the 

expectation for further medical advancement together with an aging population, the cost 

of providing health care will undoubtedly continue its upward trajectory. 

Given competing demands for scarce resources, choices must be made regarding 

which programs to fund. These decisions are rarely straightforward – e.g. should we 

create additional capacity in the intensive care unit or expand ambulatory clinics? 

Whatever choice is made, a decision to allocate scarce resources for a given program 

comes at a cost of not being able to allocate the same resources towards another 

potentially equally important use. Thus, the “opportunity cost” of any program is the 

value of the forgone benefits achievable by choosing to allocate resource to one program 

over another 1. 

1.2.2 Economic Evaluation – An Overview 

Economic evaluation facilitates decision making under conditions of scarcity 

when by definition one cannot produce all the desired outputs. Its analytical framework 

incorporates the concepts of scarcity, choice and opportunity cost. According to 

Drummond et al. 1, economic evaluation is the comparative analysis of alternative 

courses of action in terms of both their costs and consequences. There are four basic 

types of economic evaluation: cost-minimization analysis, cost-effectiveness analysis, 
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cost-utility analysis and cost-benefit analysis. Costs are measured similarly across all 

types of economic evaluation. However, the manner in which health outcomes are 

measured is unique to each type of analysis. A brief overview of each of the four types of 

economic evaluation is presented in the following sections. Additional detail can be 

found elsewhere 1. 

1.2.3 Cost-Minimization Analysis 

In a cost-minimization analysis the health outcomes of the treatments/programs 

under consideration are believed to be identical. Thus, the analysis becomes a simple 

comparison of the costs involved. For example, although a new migraine prevention 

medication was shown to be as effective as the standard therapy, it was determined to be 

the most costly treatment option in a cost-minimization analysis 26. The authors 

concluded that the standard therapy offered better value for money unless additional 

benefits could be shown for the new medication. One issue that often arises in cost-

minimization analysis is whether the treatments are in fact truly equivalent, as subtle 

differences in effectiveness, safety or convenience often exist. 

1.2.4 Cost-Effectiveness Analysis 

It is often the case that different interventions vary not only in cost, but also in 

their ability to achieve a given health outcome of interest. In a cost-effectiveness analysis 

(CEA), health outcomes are measured in a single common denominator, typically a 

naturally occurring unit such as the number of life-years saved. For example, accelerated 

tissue plasminogen activator (t-PA) was shown to have a cost per life-year saved of 
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approximately $33,000 compared to streptokinase, the traditional therapy at the time for 

patients suffering an acute myocardial infarction 27. 

An important advantage of a CEA is that it can be used to compare any 

alternatives (even if very different) as long as they have a common effect. Open- heart 

surgery can be compared to mandatory seat belt legislation if the common health 

outcome is the number of life-years saved. However, a common unit of health benefit is 

not always available. For instance, it would be difficult to compare the health benefits of 

a renal transplantation program to that of a women’s shelter. In addition, even when a 

common metric exists, the benefits of the health outcome in question are not always easy 

to comprehend. For instance, how could a cost of $10,000 per heart attack avoided be 

compared with a cost of $5,000 per additional central line insertion avoided to inform 

health care policy? 

1.2.5 Cost-Utility Analysis 

Health-related quality of life (HRQOL) is an important health outcome. Indeed, 

the greatest impact of many health programs rests in the ability to improve physical and 

social function and psychological well-being. Thus, CUA is appropriate when HRQOL is 

an important consideration. In a CUA a single composite index that combines length of 

life and quality of life termed the quality adjusted life year (QALY) is used as a common 

measure of health benefit 1. This can facilitate comparisons across different interventions 

lacking a common unit of health benefit, which is an important advantage of this type of 

analysis. 
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A variety of tools have been developed to measure HRQOL using two general 

approaches: health status and health utility 28. Health status is generally assessed using 

questionnaire-based instruments of which both generic and disease specific examples 

exist. In contrast, utility is a health state preference that ranges from zero (death) to one 

(perfect health), although values less than zero (worse than death) are also possible. 

Health utility values are what are used to produce QALYs. Utilities can be generated 

either directly or indirectly. The three direct methods include the standard gamble, the 

time trade-off and the visual analogue scale. The main disadvantages of these direct 

measurement techniques are that they are expensive and cumbersome to perform. A 

number of widely available indirect instruments are also available for obtaining utilities 

including the Health Utilities Index, the EQ-5D, and the SF-6D and SF-15D 28. 

Different programs can have a wide range of health outcomes that are difficult to 

compare. By generating a common unit of output (the QALY), a CUA facilitates 

allocative decision making across different programs. For example, if it has been decided 

that a given level of funding will be spent to improve the health of patients with a certain 

medical condition, an intervention that costs $10,000 per QALY (intervention A) would 

likely be considered more attractive than another that costs $50,000 per QALY 

(intervention B). More health (QALYs) can be “purchased per dollar spent” with 

intervention A compared to intervention B. 

1.2.6 Cost-Benefit Analysis 

The last type of analysis is the cost-benefit analysis (CBA). In CBA the costs and 

consequences of alternative interventions are valued in monetary terms which has been 
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considered the broadest measure of value 1. The advantage of this approach is that one 

can directly answer the question of whether the benefits of a therapy for example justify 

its costs without reference to another intervention or external benchmark. In contrast, the 

result of a CUA study can only be interpreted in relation to some standard that is 

considered ‘acceptable’ to pay for a QALY. Hence, CBA can directly address questions 

of allocative efficiency which the other methods cannot. CBA is used less frequently in 

health care due to the fact that many people find it difficult to value health effects such as 

quality of life in monetary terms 29. However, one can estimate the monetary value of an 

intervention’s effect on health by assessing an individual’s willingness-to-pay for 

improved health. 

1.2.7 Choosing a Type of Economic Evaluation for Colorectal Cancer Screening 

Patients with CRC not only face obvious losses in quantity of life, but suffer 

significant reductions in their quality of life as well. As such, CUA is an appropriate 

method of economic evaluation of interventions for CRC including screening given that 

the QALY can capture these important changes in quantity and quality of life. 

Furthermore, interventions such as screening for many other chronic diseases and cancers 

that broadly impact health have been evaluated in this manner. Therefore, economic 

evaluations of CRC screening using CUA can facilitate comparisons across programs that 

are competing for scarce health care dollars.  
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1.3 Conducting an Economic Evaluation 

Economic evaluations are conducted using two general approaches: 1) as part of a 

clinical trial or 2) through the use of decision analytical modeling. Both approaches are 

discussed in some detail in the following sections. 

1.3.1 Alongside a Clinical Trial 

The randomized controlled trial (RCT) is considered the most robust study design 

of clinical research. By controlling for both known and unknown confounders 

randomization helps ensure that the conclusions drawn from RCTs are valid.  RCTs 

typically address topical issues and approval by licensing bodies often rests on the results 

of these pivotal studies. Economic data are becoming increasing important to funders and 

thus RCTs lend the opportunity to capture patient-specific data on costs and outcomes 

simultaneously. Therefore, performing an economic evaluation alongside a clinical trial 

can capitalize on efficiencies in data capture as well as timeliness. 

There are also important disadvantages to conducting an economic evaluation 

alongside a clinical trial. Although bias is minimized, RCTs are not necessarily reflective 

of “real life” clinical practice. Feasibility is also a major factor, especially considering 

clinical trials of CRC screening which generally require tens of thousands of subjects 

with follow-up lasting more than a decade. Even when large clinical trials are performed, 

long-term outcomes and costs are frequently unavailable given that follow-up may halt 

after a desired clinical endpoint has been attained. Therefore, the long-term impact of an 

intervention on costs and health outcomes are not typically available from an RCT. 

Finally, surrogate (intermediate) endpoints are often selected over final outcomes to 
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minimize the duration and ultimately the cost of an RCT. How to incorporate health 

benefit which has only been measured using surrogate endpoints into an economic 

evaluation can be problematic. All of these issues make conducting an economic 

evaluation exclusively alongside RCTs impractical.   

1.3.2 Decision Analysis 

Decision making in the “real world” can rarely be achieved solely on the basis of 

a single data source such as an RCT. Human conditions are complex and long-term 

outcomes often depend on many uncertain variables. Decision analytical modeling has 

been developed as a framework to assist decision-making under conditions of uncertainty 

1. In this type of analysis a model is constructed as a simplification of reality in order to 

reproduce the health outcomes that are associated with a health condition. The model is 

then populated with data, typically from a number of sources. High quality clinical trial 

data are used if available, but other data sources are also generally required. Although 

often viewed by sceptics as artificial, non-transparent and susceptible to bias from the 

modeller 30, a major advantage of modeling is that sensitivity analyses can be performed 

where uncertain variables are varied to assess their influence on the results. Though it is 

true that a model can never be “real life”, such a criticism is also relevant to the artificial 

conditions that accompany an RCT. On the other hand, a model can be used to overcome 

many of the shortcomings of an RCT, such as a relatively short time horizon. When 

designed and validated rigorously (see below) and when extensive sensitivity analyses 

are performed on variables where data are lacking, decision analytical models can 

produce high quality results. 
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1.3.3 Types of Decision Models 

Two commonly used model designs are the simple decision tree and the Markov 

model 1. In a simple tree structure, the decision in question is represented through a series 

of chance nodes that define points of transition from one event to another. Branches 

emanating from the chance nodes define the events, which occur at a given probability. 

The combination of the different branches in the tree establishes a series of outcomes that 

depend on the transition probabilities, which can be varied. Although widely used, simple 

decision trees are not particularly suitable for addressing more complex problems. For 

events that can recur over long time horizons, as is often the case of chronic conditions, 

the framework of a simple decision tree can become unmanageable. 

In contrast, a Markov model has features designed to overcome the limitations of 

simple decision trees. Whereas different outcomes within a decision tree are created 

through alternative branches, events in a Markov model are based on transitions between 

a series of defined health ‘states’ that an individual can assume at any point in time. Time 

elapses at pre-set time intervals termed cycles, the length of which depends on the nature 

of the process being modeled. Movement can occur both within and between the states, 

but transitions can only occur once per cycle. 

1.3.4 Analyzing Markov Models 

The traditional method in which Markov models are analyzed is through cohort 

simulation. In cohort simulation a hypothetical cohort is distributed proportionally among 

the possible states with subsequent movement within and between states from cycle to 

cycle occurring according to the transition probabilities in the model. These proportions 
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are then linked to the costs and outcomes associated with each state in order to calculate 

the overall costs and outcomes for each of the alternatives being compared. In essence, 

this sorting of the cohort generates the average experience of the patients in the cohort 29. 

Another approach to analyzing a Markov model is through Monte Carlo 

simulation. There are two types: first-order simulation (also called microsimulation) and 

second-order simulation. First-order simulation involves the use of random numbers to 

generate a single path (also called a trial) through the model, where transitions of higher 

probability events occur more frequently. Instead of proportions of patients making 

transitions through the model, individual patients are simulated going from cycle to cycle.  

First order Monte Carlo simulation can be used to track individual events within a model 

29, which cannot be done with cohort simulation alone. First order Monte Carlo 

simulation can also be used to overcome a limiting property of a Markov model whereby 

a given cycle is not dependent on the history of previous cycles. Indeed, one of the 

challenges of analyzing Markov models involves accounting for important events that 

occurred prior to the current cycle and how this “history” (e.g. type, order of events) 

influences subsequent state transitions in the model. “Memory” can be incorporated into 

Markov models by simply creating additional states that reflect past experiences. 

Although effective, this can result in cumbersome models. Another method to overcome 

the inherent lack of memory in a Markov model is to perform first order Monte Carlo 

simulation using tracker variables that identify or “flag” each individual’s characteristics 

and events experienced running through the model. Tracker variables can then be used to 

adjust subsequent transition probabilities, health state utilities and corresponding costs 

based on the individual’s history through the model. 
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Second order Monte Carlo simulation helps deal with parameter uncertainty. In 

this type of simulation, parameters are sampled from their probability distributions, and 

as a result a greater weight is placed on more likely combinations of values. The major 

benefit of second order simulation is that it quantifies the total impact of parameter 

uncertainty on the model, thus providing a degree of confidence in the results of the 

analysis. Second order Monte Carlo simulation is used to perform probabilistic sensitivity 

analyses (see below). 

1.3.5 Other Types of Microsimulation Models 

Modeling of disease and interventions can also be performed using discrete-event 

microsimulation. In contrast to microsimulation of Markov models in which time is 

partitioned into intervals (cycles) during which events may or may not occur, in discrete 

event microsimulation the life history of individual subjects is simulated over time as 

they develop disease(s) using sets of equations that track the time to the next event. The 

equations take into consideration the demographic characteristics and risk factors of the 

subjects and simulate their life histories as they age, develop disease and ultimately die. 

Similar to Monte Carlo Markov simulation, individual events are simulated via random 

draws from distributions that reflect the probability of an event 29. The impact of 

interventions (e.g. screening) can then be evaluated in terms of reducing disease 

incidence and mortality. This type of model has been used to study CRC and screening. 

Notable Examples include the Population Health Model (POHEM) from Canada 31 and 

the Microsimulation Screening Analysis (MISCAN) model from the Netherlands and the 

US 32. 
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1.4 Elements of an Economic Evaluation 

There are multiple elements of an economic evaluation that are critical 

determinants in evaluating the quality of this type of research. These items include a clear 

description of 1) the study question, 2) the target population, 3) the type of economic 

evaluation chosen, 4) the comparators being evaluated, 5) the perspective of the analysis 

chosen, 6) the effectiveness data selected for analysis, 7) the time horizon of the analysis, 

8) the method(s) used for evaluating health outcomes, 9) the resource and costing 

methodology used, 10) whether differential timing of costs and health benefits were 

considered (i.e. the discount rate), and 10) the manner in which variability and 

uncertainty was addressed. A full description of these “ingredients” can be found in the 

2006 guidelines for the economic evaluation of health technologies published by the 

Canadian Agency for Drugs and Technologies in Health (CADTH) 33 and a brief 

overview is included in Appendix 2. Of note, each of these elements had to be explicitly 

addressed in the text of the manuscript in order for our economic evaluation of CRC 

screening (Chapter 3) to be considered for publication in PLoS Medicine. 

1.5 Validating a Decision Analytical Model 

Validating a model is a multi-stage process. The first step involves ensuring that 

the model structure and flow are acceptable from the viewpoint of experts in the field (i.e. 

face validity). The programming and formulae that comprise the model need to be 

carefully reviewed for syntactical errors and the results of the model should make 

intuitive sense. This can be an arduous task necessitating deliberate testing of the model 

using null or extreme input values to ensure they produce the expected outputs. This 
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process is commonly referred to as “debugging” the model and is intended to ensure its 

technical accuracy. Models should also be calibrated with the real world observations 

used to inform the model. Examples include national health statistics and published 

clinical trials. With the time horizon of the model equal to that of the cohort, the model 

outputs should compare favourably to the actual observations. Models that aren’t 

calibrated against suitable data are open to criticism. Furthermore, discrepancies between 

model outputs and reference data should be explained. All of the above is ultimately 

aimed at ensuring the internal validity of the model 34. 

The ISPOR guidelines recommend that “between-model validation” be carried 

out when more than one model addressing a topic exists. When discrepancies are found, 

an effort should be made to account for them. Indeed, credibility is earned when a 

modeller can clarify important between-model disparities. 

External validation from a modeling perspective involves comparing the model 

outputs to observations from external data sources that have not been used to inform the 

model itself. This requires the identification of suitable independent data sources, which 

may not always be available. 

Finally, there is predictive validation. This refers to a model’s ability to predict 

future events. Although helpful, predictive validity is not essential since future events 

may depend on information that is not available at the time a model is developed and 

calibrated. However, the most powerful models are capable of being adapted and 

recalibrated as new evidence evolves. 
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1.6 Interpreting the Results of an Economic Evaluation 

While new health care interventions brought to market usually improve health, 

they also tend to be offered at an increased cost to society. The figure in Appendix 3 

categorizes health interventions in terms of their cost and their effect on health. This type 

of figure is commonly referred to as the “cost-effectiveness plane” 1. New interventions 

that are more effective and less costly (quadrant II) are considered ‘dominant’ and should 

be adopted. These interventions are uncommon. Likewise, new interventions that are 

more expensive and less effective should be discontinued if currently used and not 

adopted if new. The alternatives ‘dominate’ such interventions (quadrant IV). In practice 

most interventions fall into quadrant I. That is, they increase effectiveness but also add to 

cost. 

The incremental cost-effectiveness ratio (ICER) is the standard method for 

presenting the results of cost-effectiveness and cost-utility analyses. Please note that an 

ICER in a cost-utility analysis equates with an incremental cost per QALY. In calculating 

ICERs the intervention and alternatives are first rank ordered according to rising cost. An 

intervention’s ICER is then the ratio of the difference in cost over the difference in 

outcome between the intervention and the next least expensive alternative. Thus, the 

ICER tells us how much we are paying for each additional health increment. 

An ICER alone is relatively meaningless without some idea of what society 

considers acceptable in terms of additional expense to achieve an increment in health 

benefit. “An in depth discussion of this concept is beyond the scope of this thesis, but 

benchmarks for what constitutes an attractive ICER have been established 35. These are in 

part based on what society is already willing to pay for accepted health interventions. For 
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example, if screening for breast cancer, a highly regarded activity among women, is 

associated with a cost per QALY of $10,000, would it not be worthwhile funding a new 

CRC screening program that costs $9000 per QALY? This question obviously becomes 

more complex if additional resources are unavailable, and of course, other factors are also 

considered within health care priority setting. At a minimum this situation demands 

difficult choices regarding the efficient allocation of health care dollars. In Canada, an 

intervention with a cost per QALY of $20,000 or less has been thought of as strongly 

worth considering 35. 

1.7 	 Why Another Economic Evaluation of Colorectal Cancer Screening Was 

Needed. 

A number of economic evaluations addressing CRC screening have been 

published. The National Committee on Colorectal Cancer Screening formed by Health 

Canada concluded in 2002 that CRC screening should be made available to Canadians 50 

to 74 years of age using FOBT every 2 years. This recommendation was partly based on 

favourable cost-effectiveness data of a biennial FOBT screening program generated from 

the POHEM microsimulation model mentioned above 36. In 2002 a systematic review for 

the U.S. Preventive Services Task Force concluded that each of the available CRC 

screening options was considered cost-effective compared to no screening. However, no 

one test consistently had the best ICER 37, and screening using all of the available tests 

were thus considered reasonable options for average risk individuals. Since that time the 

landscape of CRC treatment and screening has changed significantly. A number of 

promising new CRC screening modalities have been developed including fecal DNA and 
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CTC 38, 39, some tests have fallen out of favour such as barium enema 40, and important 

new data on the more traditional screening tests have emerged 41, 42. Furthermore, new 

chemotherapeutic agents for CRC have come to market. While these treatments are more 

effective, they are also far more expensive, strengthening the economic argument for 

CRC screening. 

Many of the more recently conducted economic evaluations have produced 

inconsistent results. Some cost-effectiveness analyses of CTC have supported use of the 

technology 43, 44 while others have not 45-47. An older study looking at fecal DNA found it 

to be cost-effective compared to no screening, but inferior to FOBT and colonoscopy 48. 

New test performance data on fecal DNA are available 49 and the test is now less 

expensive. Contemporary economic evaluations of flexible sigmoidoscopy are lacking in 

the literature given previous economic evaluations of flexible sigmoidoscopy do not 

incorporate the more recent data from RCTs.   

There are also a number of issues with many of the recent decision analytical 

models which warrant discussion. Some have not considered all the commonly available 

CRC screening modalities 45, 50, 51, while others have ignored costs 51 and very few 52 have 

considered the impact of non-medical costs in the primary analysis. Furthermore, many 

analyses have simply inflation adjusted out dated CRC treatments rather than considering 

modern-day treatment costs, which is suboptimal. 

A Canadian economic evaluation of CTC for CRC screening among average risk 

individuals 52 was recently performed to help inform decision makers in provincial 

jurisdictions across Canada regarding whether to fund CTC for primary CRC screening. 

CTC was found to be both more costly and less effective than colonoscopy 52. We 
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performed the economic evaluation and budget impact analysis comprising the report. 

Although this major effort followed recommended guidelines for conducting economic 

evaluations 33, further work was needed, since that model did not include FIT, flexible 

sigmoidoscopy and fecal DNA, which are significant omissions. Moreover, this analysis 

did not properly account for the higher costs of treating advanced-stage CRC. 
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CHAPTER TWO: MANUSCRIPT
 

Prevalence of adenomas and colorectal cancer in average risk individuals: a systematic 

review and meta-analysis. Heitman SJ, Ronksley PE, Hilsden RJ, Manns BJ, Rostom A, 

Hemmelgarn BR. Clin Gastroenterol Hepatol. 2009 Dec;7(12):1272-8 

Included with permission from the publisher. 
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revalence of Adenomas and Colorectal Cancer in Average Risk 
ndividuals: A Systematic Review and Meta-analysis 
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ACKGROUND & AIMS: There is an extensive yet incon
istent body of literature reporting on the prevalence of adeno

atous polyps (adenomas) and colorectal cancer among aver
ge risk individuals. The objectives of our study were to 
etermine the pooled prevalence of adenomas and colorectal 
ancer, as well as nonadvanced and advanced adenomas, among 
verage risk North Americans. METHODS: Articles were ob
ained by searching electronic databases (MEDLINE: 1950 
hrough March 2008 and EMBASE: 1980 through March 2008), 
ibliographies, major journals, and conference proceedings, 
ith no language restrictions. Two reviewers independently 

elected cross-sectional studies reporting adenoma and colorec
al cancer prevalence rates in average risk individuals and as
essed studies for inclusion and quality, and extracted the data 
or analysis. Pooled adenoma and colorectal cancer prevalence 
ates were estimated using fixed and random effects models. 
tratification and metaregression was used to assess heteroge
eity. RESULTS: Based on 18 included studies, the pooled 
revalence of adenomas, colorectal cancer, nonadvanced ad
nomas, and advanced adenomas was 30.2%, 0.3%, 17.7%, and 
.7%, respectively. Heterogeneity was observed in the pooled 
revalence rates for overall adenomas, advanced adenomas, 
nd colorectal cancer and was explained by the mean age (2 
5 years vs < 65 years) with older cohorts reporting higher 
revalence rates. None of the study quality indicators was 
ound to be significant predictors of heterogeneity. CON
LUSIONS: The high prevalence of advanced adenomas 

nd colorectal cancer, especially among older screen-eligi
le individuals, provides impetus for expanding colorectal 
ancer screening programs. Furthermore, the pooled prev
lence estimates can be used as quality indicators for estab
ished programs. 

olorectal cancer (CRC) is the fourth most commonly 
diagnosed cancer and the second most common cause of 

ancer death in North America.1,2 Screening has been shown to 
educe mortality through removal of adenomatous polyps and 
dentifying earlier stage cancers.3–5 Furthermore, CRC screening 
s considered cost effective6 and is recommended for average 
isk individuals 50 to 75 years old in North America.7,8 

The prevalence of adenomas and CRC reported among av
rage risk individuals has varied in the literature.9,10 This may 
e attributed to differences in study demographics including 

ge, gender, and possibly ethnicity. A clearer understanding of 
he prevalence of adenomas and CRC is important for a num
er of reasons. First, clinicians need to be able to inform their 
atients of the risk of CRC such that informed decisions re
arding screening can be made. Second, a firm understanding 
f the prevalence of colorectal neoplasia offers an objective 
ethod for evaluating the quality of CRC screening programs. 

inally, the cost effectiveness of the available screening mo
alities may depend on adenoma and CRC prevalence and 
hus provide important information for health policy deci
ion makers. 

Systematic reviews are effective tools for summarizing exist
ng evidence. Although a systematic review of advanced ade
oma incidence among individuals with a previous history of 
denomatous polyps has been performed,11 to our knowledge a 
ystematic review among patients lacking a personal history or 
trong family history of adenomas and CRC has not been done. 
hus, an important gap in the literature remains. The primary 
bjective of this study, therefore, was to perform a systematic 
eview and meta-analysis of cross sectional studies reporting the 
revalence of adenomas and the prevalence of CRC among 
verage risk North American individuals age 50 to 75. We also 
ought to determine the pooled prevalence of nonadvanced and 
dvanced adenomas as a secondary objective. 

Methods 
Search Strategy 
We performed this systematic review using a predeter

ined protocol and in accordance with published guidelines 
or reporting of observational studies.12 We identified all po
entially relevant articles regardless of publication language by 
earching MEDLINE including the In Process and Non-Indexed 
itations (1950 through March 2008) and EMBASE (1980 

hrough March 2008). Searches were enhanced by scanning 
ibliographies of identified articles and review articles, as well as 
eviewing conference proceedings from 2 major North Ameri
an gastroenterology meetings (Digestive Disease Week and 
merican College of Gastroenterology) and the tables of con

ents for 3 major gastrointestinal journals (Gastroenterology, Gut, 
nd American Journal of Gastroenterology) and 2 major diagnostic 

Abbreviations used in this paper: CI, confidence interval; CRC, colo
ectal cancer; CT, computed tomography. 

© 2009 by the AGA Institute 
1542-3565/09/$36.00 
doi:10.1016/j.cgh.2009.05.032 
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maging journals (Radiology and American Journal of Roentgenol
gy) from 2005 to 2008. Experts in the field were contacted 
egarding missed, ongoing, or unpublished studies. 

Using the strategy recommended for systematic reviews of 
bservational studies13 we searched the electronic databases 
sing 3 comprehensive search themes that were then combined 
sing the Boolean operator “and.” To identify relevant testing 
ethodology (theme 1), the first search was undertaken using 

he Boolean operator “or” to explode and map the Medical 
ubject Headings “Colonography, Computed Tomographic” or 
Colonoscopy” or “Autopsy” or “Pathology” or text words 
Colonoscop$” or “Colonograph$” or “CT” or “Autop$” or 
Patholog$.” To identify relevant outcomes (theme 2), a second 
earch was performed using the Boolean operator “or” to ex
lode and map the Medical Subject Headings “Polyps” or “Co

onic Polyps” or “Adenomatous Polyps” or “Intestinal Polyps” 
r “Colonic Neoplasms” or text words “Colon$” or “Cancer$ or 
Neoplasm$.” To identify relevant study designs (theme 3), a 
nal search using the Boolean operator “or” to explode and 
ap the Medical Subject Headings “Prevalence” or “Cohort 

tudies” or “Cross Sectional Studies” or “Follow-up Studies” 
r “Incidence” or text words “Prevalence$” or “Concurrent” or 
Cohort$” or “Cross Sectional” or “Survey$” or “Follow up” or 
Followup” or “Incidence” or “Studies” was performed. 

Study Selection 
Two individuals (SJH and PER) independently reviewed 

dentified abstracts for eligibility. All abstracts reporting origi
al adenoma and/or CRC prevalence data among adults were 
elected for full text review. This initial stage was intentionally 
iberal; we only discarded abstracts that clearly did not meet the 
forementioned criteria. The interrater agreement for this stage 
as high (K = 0.80; 95% confidence interval [CI], 0.75– 0.84). 
isagreements were resolved by consensus. 
The same reviewers then performed a full text review of 

rticles that met the inclusion criteria and of articles for which 
here was uncertainty regarding eligibility. Full text articles were 
etained if they met the inclusion criteria of study design (cross 
ectional study), study population (asymptomatic average risk 
0- to 75-year-old individuals), intervention (full colonic eval
ation by colonoscopy or autopsy), and outcome (prevalence of 
denomas and/or CRC). At least 95% of the cohort had to have 
ndergone a colonoscopy to the cecum in order to be retained 

or analysis unless the article was an autopsy study. Histological 
onfirmation of all polyps was required. 

We defined average risk as asymptomatic individuals lacking 
igh risk medical conditions (polyposis syndromes, inflamma
ory bowel disease, etc), and a personal or strong family history 
f adenomatous polyps or CRC. We excluded all studies con
aining >10% of individuals with a first degree relative with 
RC. Authors had to specifically state that the cohort was 

average risk” if details regarding family history were not pro
ided. Autopsy studies were excluded if the premorbid CRC risk 
rofile of the subjects was not reported. Both complete manu
cripts and abstracts not yet published in full were eligible for 
nclusion. We attempted to contact authors of studies pub
ished only in abstract form to obtain additional study infor

ation and confirm final results. 
Our primary intent was to determine adenoma and CRC 

revalence estimates for asymptomatic average risk 50- to 75

ear-old North Americans. We elected to exclude non-North C
merican studies to limit potential sources of heterogeneity 
hat could arise from differences in regional demographics (eg, 
iet, smoking habits). 

Data Extraction and Quality Assessment 
Both reviewers independently extracted data from all 

tudies that fulfilled the inclusion criteria; disagreement was 
esolved by consensus. The following data were extracted: num
er of patients, cohort demographics, adenoma and CRC prev
lence, referral type (community vs hospital-based cohort), 
tudy setting (registry, single center, or multicenter). We also 
bstracted details of study quality including: whether consecu
ive subjects were enrolled; whether explicit criteria were used to 
efine adenoma and CRC; whether patients were referred; and 
hether baseline differences and important confounders were 
ddressed. 

The primary outcomes were overall adenoma prevalence and 
RC prevalence. We also determined, as secondary outcomes, 

he prevalence of nonadvanced adenomas (<10 mm without 
igh risk histology) and advanced adenomas (210 mm, villous 
r tubulovillous histology, or high grade dysplasia). 

Data Synthesis and Analysis 
The proportion of adenomas and CRC, along with 95% 

I, was identified in each study. For small proportions (when 
he numerator is small), the calculated lower limit of a confi
ence interval may fall below 0 based on a Gaussian distribu
ion. To ensure that all CIs were between 0 and 1 the Wilson 
core interval was calculated using a binomial distribution.14 

his has been shown to be suitable for studies with small 
ample size and/or extreme probabilities.15 Weights for the 
ndividual studies were calculated using the inverse of the 
ariance method. To obtain a pooled estimate of adenoma and 
RC prevalence, a fixed effect model was initially performed. 
he Q statistic was calculated to assess for significant hetero
eneity between the included studies. In light of the heteroge
eity observed, we also used a random effects model to obtain 
 pooled estimate of prevalence when appropriate. 

We performed metaregression to explore clinical and meth
dological factors contributing to heterogeneity. Factors as
essed included consecutive versus nonconsecutive patient re
erral, single versus multicenter recruitment, sample size (n 2 
00 vs n < 100), and cohort demographics (age and gender). We 
lso assessed the potential importance of study quality factors 
ncluding the extent to which the study population was de
cribed and whether or not potential confounders were ad
ressed. 

All analyses were performed using STATA 10.0 (Statacorp, 
ollege Station, TX). P - .05 was considered statistically sig
ificant. 

Results 
Identification of Studies 
The progress through stages of the systematic review is 

ummarized in Figure 1. Our initial search yielded a total of 
710 citations. After an initial screen, 333 met criteria for full 
ext review, of which 298 were excluded. None of the autopsy 
tudies could be included given that the premorbid state of the 
ncluded subjects was not reported. Three studies based on the 

linical Outcomes Research Initiative (CORI) electronic regis

http:0.75�0.84
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Figure 1. Article flow diagram. 

ry16 –18 were identified and were not included in the final 
nalysis because histopathology was not available. When dupli
ate reporting of the same cohort of patients was apparent, we 
elected the largest study containing the most information on 
nique subjects. Seventeen studies meeting all of the inclusion 
riteria were from countries outside of North America. As such, 
8 studies reporting on adenoma and/or CRC prevalence 
mong North American populations were used for the present 
nalysis.10,19 –35 Of these, 11 were available in full manu
cript10,20,22,24 –28,30,31,33 and 7 were published in abstract form 
nly.19,21,23,29,32,34,35 No unpublished or ongoing studies were 

dentified. 

Details of Included Studies 
Table 1 shows details of the studies that met our inclu

ion criteria. The publication dates ranged from 1990 to 2008, 
ith the number of patients per study ranging from 84 to 4404. 
ll 18 studies were based in the United States. The proportion 
f male subjects within each study cohort ranged from 40.5% to 
00%. Only 8 of the 18 studies reported a mean age for the 
ubjects (range 56.9 to 68.6 years). Although we had initially 
ntended to exclude results for patients over age 75, none of the 
ncluded studies stratified by age categories to permit this. No 
tudies in our initial search and none of the results on the 
ncluded studies were lost due to an upper age cutoff. 

Not all studies reported data on all outcomes of interest. 

s a result, different combinations of studies were pooled to i
roduce our prevalence estimates for polyps (nonadvanced 
nd advanced) and CRC. Of the 18 studies, 14 reported on 
verall adenoma prevalence; CRC prevalence was reported in 
7 of the studies. Nonadvanced adenomas and advanced 
denomas were reported in 6 and 12 of the 18 studies, 
espectively. 

Study Quality Assessment 
The quality of the studies varied (Table 2). Seven of the 

8 studies did not report whether patient recruitment was 
onsecutive. Only 6 of the 18 studies provided demographic 
etails beyond the age and sex of the cohorts. Furthermore, age 
nd gender-specific prevalence values were not reported in the 
ajority of studies. Therefore, we examined differences between 

lder and younger cohorts (age < 65 vs 2 65), and male-
ominated (>2/3 males) studies. Finally, other potential con
ounders such as race, body mass index, and smoking status 
ere not addressed in over half of the studies. 

Prevalence of Adenomas and CRC 
The prevalence of adenomas among the 14 studies 

anged from 22.2% to 58.2% (Table 1). When individual studies 
ere combined in a meta-analysis there was significant hetero
eneity as defined by the Q statistic (Q statistic: P < .001). The 
ooled estimate of adenoma prevalence using a random effects 
odel was 30.2% (95% CI, 27.1%–33.3%; Figure 2A). Colon 

ancer prevalence among the 17 studies ranged from 0% to 
.7%. When combined in a meta-analysis, there was significant 
eterogeneity (Q statistic: P = .012) and therefore a pooled 
stimate of 0.3% (95% CI, 0.2%– 0.5%) was calculated using a 
andom effects model (Figure 2B). A sensitivity analysis was 
erformed in which the prevalence estimates were determined 
eparately for full text manuscripts and abstracts, with similar 
esults obtained, therefore combined results only are presented 
ere. 

Prevalence of Nonadvanced and Advanced 
Adenomas 
Nonadvanced adenoma prevalence ranged from 

6.3% to 19.9% among the 6 studies. No heterogeneity was 
bserved when these values were combined in a meta-analysis 
Q statistic: P = .465). Using a fixed effects model, we 
alculated a pooled estimate of 17.7% (95% CI, 16.7%–18.6%; 
igure 2C). Advanced adenoma prevalence ranged from 2.5% 
o 9.7% in 12 studies. When these studies were combined in 
 meta-analysis, there was significant heterogeneity (Q sta
istic: P < .001). The pooled estimate using a random effects 

odel was 5.7% (95% CI, 4.1%–7.4%; Figure 2D). A sensitivity 
nalysis was performed in which the prevalence estimates 
ere determined separately for full text manuscripts and 
bstracts, with similar results obtained, therefore combined 
esults only are presented here. 

Methodological and Clinical Sources of 
Heterogeneity 
A number of factors were assessed using metaregression 

o explain potential sources of underlying heterogeneity in our 
ooled estimates of adenoma, CRC, and advanced adenoma 
revalence. None of the methodological factors assessed was 
dentified as significant sources of heterogeneity; however, stud
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able 1. Characteristics of Included Studies 

Demographics of study subjects 

Number of Mean age 
Study patients (y) Male (%) 

ickhardt et al (2004)27 1201 57.8 59.0 
ehran et al (2003)26 91 NR 49.5 
iSario et al (1991)20 119 NR 100 
ieberman et al (1991)25 84 64.0 100 
mperiale et al (2004)10 4404 68.6 44.6 
ohnson et al (1990)22 90 65.0 67.8 
rajapati et al (2003)28 257 62.0 40.5 
ex et al (2000)30 121 60.5 43.0 
tevens et al (2003)33 272 NR 49.8 
ex et al (1993)31 496 NR 62.5 
im et al (2007)24 3163 58.1 44.4 
pellman et al (2007)32,a 3968 NR 46 
ang et al (2005)23,a 809 NR NR 
inston et al (2005)35,a 1000 NR 43 
erlihy et al (2005)21,a 792 NR 50.6 
andall et al (2005)29,a 1324 NR NR 
nderson et al (2008)19,a 600 56.9 41.8 
ehbi et al (2006)34,a 2547 NR NR 

R, not reported. 
Abstract only. 

es with less than 100 subjects tended to report higher preva
ence rates (Table 3). Of the clinical factors, age was a significant 
ource of heterogeneity for all 3 outcomes (P < .001). Cohorts 
ith a mean age of 265 years reported higher prevalence rates 

ompared with studies with a mean age of <65 years for 
dvanced adenomas (8.2% vs 3.8%) and CRC (0.7% vs 0.1%). This 
elationship was not found for overall adenomas (Table 3), 
hich demonstrated a higher prevalence in the younger group. 

able 2. Cohort Details and Quality Indicators of Included St

Cohort details 

Study 
Referral 

type Study setting 
Sample 

described 
Con

pa

ickhardt et al (2004)27 Community Multi center Yes 
ehran et al (2003)26 Hospital Single center Yes 
iSario et al (1991)20 Community Single center Yes 
ieberman et al (1991)25 Community Multi center Yes 
mperiale et al (2004)10 Community Multi center Yes 
ohnson et al (1990)22 Community Single center Yes 
rajapati et al (2003)28 Community Single center Yes 
ex et al (2000)30 Community Multi center Yes 
tevens et al (2003)33 Hospital Single center Yes 
ex et al (1993)31 Community Single center Yes 
im et al (2007)24 Community Single center Yes 
pellman et al (2007)32,a Community Single center No 
ang et al (2005)23,a Community Single center No 
inston et al (2005)35,a Community Single center Yes 
erlihy et al (2005)21,a Community Single center Yes 
andall et al (2005)29,a Community Single center No 
nderson et al (2008)19,a Community Single center Yes 
ehbi et al (2006)34,a Community Multi center No 

R, not reported. 

Abstract only. 
Outcomes reported 

Nonadvanced Advanced 
Adenoma CRC adenoma adenoma 
evalence (%) prevalence (%) prevalence (%) prevalence (%) 

NR 0.162 NR 3.89 
58.2 1.10 NR 3.30 
41.2 1.68 NR NR 
41.7 NR NR NR 
27.0 0.704 17.3 9.67 
22.2 1.10 18.9 8.89 
23.7 0.389 17.1 6.23 
34.7 0.00 NR 2.48 
24.6 0.368 18.8 5.88 
25.2 0.202 16.3 8.87 
NR 0.126 NR 3.70 

22.0 0.479 NR NR 
NR 0.247 NR NR 

28.2 0.700 19.9 8.30 
33.1 0.379 NR 2.65 
24.2 0.227 NR NR 
37.8 0.00 NR NR 
NR 0.628 NR 6.20 

hese results however were driven by the study by Mehran et 
l,26 which reported on a younger cohort that had a higher 
revalence of adenomas. When Mehran et al was excluded age 
as no longer a significant source of heterogeneity for overall 
denomas. Gender was not a significant source of heterogene
ty; however, studies that were composed predominantly of 

ale subjects (>2/3 male) also tended to reported higher prev
lence rates (Table 3). 

 

Study quality indicators 

ive 
 

Referred 
patients 

Demographics 
described 

Polyp 
histology 
reported 

Baseline 
differences 

Confounders 
discussed 

Yes Yes Yes Yes No 
NR No Yes No No 
Yes No Yes No No 
Yes Yes Yes Yes Yes 
Yes Yes Yes Yes Yes 
Yes Yes Yes Yes Yes 
NR No Yes No No 
Yes No Yes No No 
NR No Yes No No 
No Yes Yes Yes Yes 
Yes No Yes No No 
Yes No Yes No No 
Yes No Yes No No 
Yes No Yes No No 
Yes No Yes No No 
Yes No No No No 
Yes Yes Yes Yes Yes 
NR No Yes No Yes 
pr
udies

secut
tients

Yes 
NR 
NR 
NR 
NR 
Yes 
Yes 
No 
NR 
NR 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
NR 
Yes 
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igure 2. Forest plots of (A) Overall adenoma prevalence (random 
onadvanced adenoma prevalence (fixed effects model); and (D) advan
f nonadvanced and advanced adenoma prevalence does not equal ov

or each estimate. 

Discussion	 
In this, the first systematic review and meta-analysis of 

orth American subjects at average risk for CRC, we deter
ined pooled prevalence rates of adenomatous polyps and 
RC. The overall prevalence of adenomas was 30.2% based on 
4 studies reporting on 13,618 individuals and the prevalence 
f CRC was 0.3% based on 17 studies reporting on 21,254 

ndividuals. The prevalence of nonadvanced and advanced ad-

able 3. Stratified Meta-Analysis of Adenoma and Colon Can

Overall adenoma, 
Cohort stratifications % (95% CI) CRC, 

2/3 male 34.9 (21.8–47.9) 1.4 
2/3 male 30.1 (26.5–33.7) 0.3 
65 years 26.6 (23.8–29.3)b 0.7 
65 years 34.0 (25.7–42.4)b 0.1 

arge sample size (2100) 28.5 (25.6–31.4) 0.3 
mall sample size (<100) 40.6 (19.3–61.8) 1.1 

OTE. The sum of nonadvanced and advanced adenoma prevalence 
tudies were pooled for each estimate.
 
Based on random effects modeling.
 

Significant sources of heterogeneity identified by metaregression (P < .0
ts model); (B) Colon cancer prevalence (random effects model); (C) 
denoma prevalence (random effects model). Please note that the sum 

adenoma prevalence as different combinations of studies were pooled 

nomas was 17.7% based on 6 studies reporting on 6519 indi
iduals and 5.7% based on 12 studies reporting on 14,434
ndividuals, respectively. 

A number of steps were taken to ensure our systematic 
eview was limited to average risk individuals. We excluded 
utopsy studies as it was not possible to determine whether the 
tudy subjects were truly average risk. Also by excluding studies 
ith more than 10% of individuals having a first degree relative 

revalence By Demographic and Methodological Sourcesa 

Nonadvanced Advanced 
% CI) adenoma, % (95% CI) adenoma, % (95% CI) 

2.9) 18.9 (10.8–27.0) 8.9 (3.0–14.8) 
0.4) 17.7 (16.6–18.9) 5.5 (3.6–7.5) 
0.9)b 17.3 (16.2–18.4) 8.2 (5.4–11.1)b 

0.2)b 17.1 (12.5–21.7) 3.8 (3.1–4.5)b 

0.5) 17.7 (16.6–18.9) 5.8 (4.0–7.5) 
2.6) 18.9 (10.8–27.0) 5.6 (0.2–11.0) 

 not equal overall adenoma prevalence as different combinations of

effec
ced a
erall 
cer P

% (95

(0.2–
(0.2–
(0.4–
(0.0–
(0.2–
(0.4–

does
5).
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ith CRC, we are confident that our pooled estimates are based 
n a relatively “pure” average risk sample. 

Although current North American guidelines recommend 
hoice among available screening modalities,7,8 we limited our 
ystematic review to studies in which a complete colonoscopy 
as used for screening. However, colonoscopy is itself an im
erfect test. Studies that report the combined findings of com
uted tomography (CT) colonography and colonoscopy can 
rovide a more complete assessment of the entire colon by 
educing the false negative rate of colonoscopy.36 For this rea
on we included CT colonography-related Medical Subject 
eading terms in order to ensure that these studies were iden

ified in our initial search. Studies where colonoscopy was only 
erformed as a follow-up procedure (ie, following a positive 
ecal occult blood test or when a polyp was found on sigmoid
scopy or suspected on barium enema or CT colonography) 
ere excluded given the possibility for higher prevalence esti
ates among this higher risk group. Including studies where 

nly flexible sigmoidoscopy was used could have underesti
ated our prevalence estimates given that 2%–5% of patients 
ay have isolated proximal neoplasia beyond the reach of a 

igmoidoscope.37 

In this meta-analysis, we found significant heterogeneity 
mong the 18 studies reporting on the prevalence of adenomas, 
dvanced adenomas, and CRC. Male gender is a known risk 
actor for adenomatous polyps.38 Unfortunately, the included 
tudies did not report data for males and females separately and 
hus we could not stratify by gender. Most studies did however 
eport the proportion of males and females. Although it did not 
each statistical significance, when studies with >2/3 males 
ere compared with studies that had <2/3 male participants, 

he rates for overall adenomas, advanced adenomas, and CRC 
ere higher among male-dominated studies (Table 3). 

The mean age of the cohort was identified to be an impor
ant source of heterogeneity for these prevalence estimates. Age 
s perhaps the single most important independent determinant 
f adenoma prevalence.39 This was particularly true for the 
revalence of advanced adenomas and CRC in which the rates 
ere 2- and 7-fold higher among older cohorts, respectively 

Table 3). 
Our study has limitations. First, the reporting of prevalence 

y type of neoplasia (ie, adenomas and/or CRC) was not com
lete across all studies. In fact, only 6 of the 18 articles reported 
ll the outcomes of interest. Whereas data on overall adenoma, 
dvanced adenoma, and CRC prevalence were either reported or 
ould be extracted in the majority of studies, only 6 of the 18 
tudies reported on nonadvanced adenoma prevalence sepa
ately. Thus, different combinations of studies had to be pooled 
o calculate each of our prevalence estimates. This explains why 
he sum of nonadvanced and advanced adenoma prevalence 
oes not equate to the overall adenoma prevalence that we 
eport. Furthermore, our pooled nonadvanced adenoma preva
ence may not be accurate given the limited data that were 
vailable for analysis. Definitions for advanced adenomas were 
imilar across studies. However, some reported on advanced 
eoplasia, which included invasive carcinomas. We took this 

nto consideration by excluding these values from the advanced 
denoma proportions. Second, many of the factors that we 
ttempted to extract from studies were either not available or 
ot explicitly stated by the authors. As such, we could not 

eliably test for these potentially important study quality indi-
ators in our metaregression. Third, the findings of cross sec
ional studies are subject to both known and unknown con
ounders. Age was identified as an important confounder. 
owever, we were limited in our ability to stratify by narrower 

ge categories and by gender. In addition, we were unable to 
xplore other potential confounders such as race, body mass 
ndex, smoking status, and medication use including nonste
oidal anti-inflammatory drugs, as the data were not generally 
rovided. Finally, our metaregression was likely underpowered 
nd unable to detect the significance of some of the moderate 
ources of heterogeneity given that the number of pooled stud
es in each analysis was relatively small. 

In addition to summarizing this large body of literature and 
ccounting for sources of heterogeneity, this systematic review 
nd meta-analysis is important for a number of reasons. First, 
ur data provide important information for practitioners to 
ducate the public regarding the importance of CRC screening. 
dherence to CRC screening recommendations remains low.40 

his may be particularly relevant for those over age 65 given 
hat our results suggest that 1 in every 150 average risk patients 
creened would have prevalent CRC and 1 in every 12 patients 
arbor advanced adenomas, lesions known to be at significant 
isk of progression to CRC. Secondly, our data provide impor
ant baseline inputs for decision analytic models evaluating the 
ost effectiveness of current and emerging CRC screening mo
alities. Finally, population-based CRC screening programs are 
ecoming increasingly common. Our pooled prevalence esti
ates offer an important performance metric for evaluating 

ew and existing programs. Although all studies were con
ucted in the United States, we believe that our results are 
eneralizable across North America. Programs reporting lower 
denomatous polyp and CRC prevalence among average risk 
ndividuals need to explore reasons for their lower detection 
ates. 
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Colorectal Cancer Screening for Average-Risk North 
Americans: An Economic Evaluation 
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Abstract 

Background: Colorectal cancer (CRC) fulfills the World Health Organization criteria for mass screening, but screening uptake 
is low in most countries. CRC screening is resource intensive, and it is unclear if an optimal strategy exists. The objective of 
this study was to perform an economic evaluation of CRC screening in average risk North American individuals considering 
all relevant screening modalities and current CRC treatment costs. 

Methods and Findings: An incremental cost-utility analysis using a Markov model was performed comparing guaiac-based 
fecal occult blood test (FOBT) or fecal immunochemical test (FIT) annually, fecal DNA every 3 years, flexible sigmoidoscopy 
or computed tomographic colonography every 5 years, and colonoscopy every 10 years. All strategies were also compared 
to a no screening natural history arm. Given that different FIT assays and collection methods have been previously tested, 
three distinct FIT testing strategies were considered, on the basis of studies that have reported ‘‘low,’’ ‘‘mid,’’ and ‘‘high’’ test 
performance characteristics for detecting adenomas and CRC. Adenoma and CRC prevalence rates were based on a recent 
systematic review whereas screening adherence, test performance, and CRC treatment costs were based on publicly 
available data. The outcome measures included lifetime costs, number of cancers, cancer-related deaths, quality-adjusted 
life-years gained, and incremental cost-utility ratios. Sensitivity and scenario analyses were performed. Annual FIT, assuming 
mid-range testing characteristics, was more effective and less costly compared to all strategies (including no screening) 
except FIT-high. Among the lifetimes of 100,000 average-risk patients, the number of cancers could be reduced from 4,857 
to 1,782 and the number of CRC deaths from 1,393 to 457, while saving CAN$68 per person. Although screening patients 
with FIT became more expensive than a strategy of no screening when the test performance of FIT was reduced, or the cost 
of managing CRC was lowered (e.g., for jurisdictions that do not fund expensive biologic chemotherapeutic regimens), CRC 
screening with FIT remained economically attractive. 

Conclusions: CRC screening with FIT reduces the risk of CRC and CRC-related deaths, and lowers health care costs in 
comparison to no screening and to other existing screening strategies. Health policy decision makers should consider 
prioritizing funding for CRC screening using FIT. 

Please see later in the article for the Editors’ Summary. 
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Economics of Colorectal Cancer Screening 

Introduction 

As the fourth most common cancer and second-leading cause of 
cancer death among men and women [1], colorectal cancer (CRC) 
is an important health issue. CRC fulfills the World Health 
Organization (WHO) criteria for mass screening [2], and existing 
clinical practice guidelines recommend that average risk individ

uals begin screening at age 50 [3–6]. A variety of CRC screening 
modalities are available, including stool-based tests and radiolog

ical and endoscopic examinations of the colon. Colonoscopy has 
high sensitivity for identifying adenomas and cancer and permits 
the removal of polyps during a screening examination [7]. 
However, the risk of complications (including bleeding, perfora

tion, and death) and barriers to access including limited 
availability and high patient-borne costs [8] diminish its appeal. 
The guaiac-based fecal occult blood tests (FOBTs) have been 
shown in randomized controlled trials (RCTs) to reduce CRC 
mortality [9–11]. However, FOBT has low sensitivity for 
identifying colorectal neoplasia, in particular adenomas. The fecal 
immunochemical tests (FITs) have improved test performance 
characteristics [12] and potential to improve participation rates 
compared to FOBT and flexible sigmoidoscopy [13]. A third type 
of stool test, based on the detection of DNA shed by neoplastic 
tissue (fecal DNA) is also available [14,15]. Lastly, computed 
tomographic colonography (CTC) or ‘‘virtual’’ colonoscopy is a 
promising new modality [6]. Although recent studies [16–18] have 
shown CTC to rival colonoscopy in detecting advanced adenomas 
and CRC, CTC is expensive, requires a full colonic preparation, 
and the available cost-effectiveness data have been contradictory 
[19–21]. 

In light of the rapidly rising costs of chemotherapy for CRC 
[22], and evidence that CRC mortality can be reduced by 
screening [9–11], population-based screening programs for 
average risk individuals are being considered in several countries. 
In the absence of firm comparative evidence to guide the selection 
of any one modality, the practice in some jurisdictions has been to 
recommend choice among the available screening options [3–5]. 
However, some countries do not support population-based CRC 
screening and many with organized programs do not offer choice 
[23]. Given the varied test performance characteristics and the 
significant differences in costs and resources associated with each, 
health care decision makers should consider the results of cost-

effectiveness analyses when deciding whether or not to offer 
screening and in selecting the most appropriate screening 
modality. 

There have been several previous economic analyses of CRC 
screening [24], though recent studies have failed to consider all 
potentially relevant strategies including CTC [25,26] and FIT 
[27]. Furthermore, a wide range of FIT test performance has been 
reported, the impact of which requires further exploration in cost-

effectiveness analyses. Finally, many studies have not considered 
current CRC treatment costs, nor the different nonmedical costs 
between CRC screening strategies, both of which may be 
important. Given these limitations, we performed a full economic 
evaluation of all relevant CRC screening modalities in North 
America, and present our results in a transparent fashion to assist 
medical decision makers. 

Methods 

Overview 
An incremental cost-utility analysis was performed comparing 

the following CRC screening modalities: guaiac-based FOBT, 
FIT, fecal DNA, colonoscopy, flexible sigmoidoscopy, and CTC. 

These modalities were compared to each other and to a no 
screening natural history arm among average-risk individuals, 
aged 50 to 75 y. Two average-risk age-stratified patient cohorts 
were simultaneously modelled: people aged 50–64 and 65–75. In 
the base case, screening was assumed to continue from age 50–75, 
but the analysis continued over the lifetime of the cohorts. Average 
risk was defined as asymptomatic individuals with no personal or 
family history of CRC or adenomatous polyps and no history of 
preexisting medical conditions known to increase the risk of CRC 
(e.g., inflammatory bowel disease). 

Although we acknowledge that many jurisdictions are already 
committed to CRC screening, we included a no screening strategy 
given that, despite widespread screening recommendations, the 
majority of individuals are not being screened [28]. In the base 
case analysis, costs were those relevant to a publicly funded health 
care system and included patient time and travel costs in keeping 
with recent guidelines [29]. Consistent with contemporary 
guidelines and the perspective of the publicly funded health care 
system, costs resulting from lost productivity were not considered 
[29]. Given the impact of CRC on both quantity and quality of 
life, health benefits were measured in quality-adjusted life-years 
(QALYs) gained over a lifetime horizon. Future costs and benefits 
were discounted at 5% annually [29]. Base case analyses were 
performed using Markov cohort simulation; second order 
probabilistic sensitivity analysis was used to derive 95% confidence 
intervals around mean costs and QALYs, and for probabilistic 
sensitivity analysis (see below). First order Monte Carlo simulation 
was used to estimate CRC incidence and death rates and the 
number of primary screening tests and colonoscopies required. 
Incremental analyses (expressed as the cost per QALY gained) 
were performed by rank ordering all competing strategies by 
increasing cost after eliminating strategies that were more costly 
and less effective (i.e., dominated). 

Model Validation 
Consistent with guidelines for good modeling in health care 

[30], the validity of our model was formally established including 
extensive ‘‘debugging’’ exercises and calibration to published 
clinical datasets [9–11]. Gastroenterologists, including two of the 
authors (SJH and RJH), carefully reviewed the structure and flow 
of the model. The model was also reviewed by Alaa Rostom, 
Gastroenterologist and Medical Director at the Forzani and 
MacPhail Colon Cancer Screening Centre in Calgary, Alberta. 
Ultimately, it was determined that the model had good face 
validity. After ensuring that there were no syntactical errors, we 
first calibrated the model’s no screening arm against the no 
screening control arms of the landmark FOBT RCTs [9–11]. For 
this we used baseline adenoma and CRC prevalence rates from a 
contemporary meta-analysis [31] and ensured that the number of 
cancers and cancer deaths generated by our model closely 
approximated the control arms of the clinical trials over an 
identical follow-up period. We next ensured that the number of 
cancers and cancer deaths predicted by the FOBT screening arms 
closely approximated those noted within the FOBT arms of the 
FOBT RCTs. All of the other strategies were validated in a similar 
fashion assuring face validity and calibration. Finally, we also 
compared our CRC and CRC death rate with those generated by 
another validated decision analytical model, noting near perfect 
correlation [32]. 

Computer Simulation Model 
The Markov model was constructed using decision analysis 

software (TreeAge Pro Suite 2007). It was assumed that all CRCs 
arise through the following sequence: normal colon R nonadvanced 
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adenoma R advanced adenoma R CRC. Nonadvanced adenomas 
were defined as tubular adenomas ,10 mm in size. Advanced 
adenomas comprised any adenoma $10 mm regardless of histology, 
and adenomas ,10 mm containing at least 25% villous component 
and/or high grade dysplasia. We considered several general health 
states, including (1) alive with no prevalent or prior history of 
adenomas or CRC, (2) alive with a missed adenoma, (3) alive with a 
missed asymptomatic CRC, (4) alive with a missed CRC after 
presenting with symptoms, (5) alive with a CRC found by screening, 
(6) alive post polypectomy, and (7) dead. Each year (1-y cycle length), 
individuals with or without adenomas or CRC could either remain 
in the same health state, progress to another health state, or die 
(Figure 1). 

In the base case, screening was offered annually for FOBT and 
FIT, every 3 y for fecal DNA, every 5 y for flexible sigmoidoscopy 
and CTC, and every 10 y for colonoscopy. Once a patient was 
diagnosed with either an adenoma or CRC, the model’s design 
permitted subsequent surveillance with colonoscopy at either 3- or 
5-y intervals depending on the results of the last colonoscopy, 
consistent with current guidelines [4–6]. Screening and surveil

lance commenced at age 50 and stopped at age 75. 

Data Inputs 
Risk of polyps and CRC and the adenoma-carcinoma 

sequence. We based our prevalence estimates of adenomatous 
polyps and CRC on a recent systematic review among those at 
average risk for CRC [31]. Age was determined to be an 
important source of heterogeneity in the pooled estimates [31], 
and thus the prevalence rates in our model were stratified into two 
age categories: 50–64 and 65–75 y (Table 1). 

Not all polyps are adenomatous. However, determining a 
polyp’s histology generally requires that it be biopsied or removed. 
As a result, some polypectomies expose patients to complications 
without reducing the risk of CRC. We estimated that 41% [33] of 
polyps ,10 mm were adenomatous compared to 82% of polyps 
$10 mm (Table 1) [16]. Screening guidelines recommend that all 
polyps be removed at the time of a colonoscopy to determine 
histology and establish an appropriate surveillance interval. 
Although some advocate for ignoring polyps ,5 mm in size 
found on CTC, we assumed that all patients with polyps found on 
CTC regardless of size would be referred for colonoscopy. The risk 
of proximal adenomatous polyps and CRC is increased among 
those with adenomatous polyps in the left colon [34]. As such, we 
assumed that patients with left-sided adenomas found on flexible 

Figure 1. Model bubble diagram. This diagram depicts the general 
health states and flow through the model. 
doi:10.1371/journal.pmed.1000370.g001 

sigmoidoscopy would be referred for colonoscopy consistent with 
general clinical practice. 

The rate of progression of adenomatous polyps is not well 
established. We initially chose progression rates that were 
consistent with other published models [32], and made small 
adjustments to these rates to ensure that the total number of CRCs 
in our natural history/no screening strategy closely approximated 
the number of CRCs found in the control arms of the FOBT trials 
[27]. 

Mortality. Death occurred according to either age-

dependent population mortality rates observed for Canadians 
[35] or based on the mortality rates observed for patients with 
CRC according to their stage at diagnosis (Table 1) [36]. Those 
with CRC found through screening were assumed to have 
improved survival over patients presenting with symptomatic 
cancer, on the basis of a more favorable stage distribution (i.e., 
more early stage cancers) at diagnosis (Table 1). 

Screening adherence. Adherence is important to the overall 
effectiveness of a screening program. Even in a randomized trial 
comparing annual FOBT with no screening, only 68% of patients 
who were randomized to FOBT actually completed the initial 
screen and 63% were compliant with subsequent rescreening. 
Moreover, for patients with positive FOBT results, only 81% had 
a colonoscopy [11]. We adopted these imperfect adherence rates 
and assumed in the base case that adherence would be the same 
across strategies (Table 1). 

Test performance characteristics of the CRC screening 
strategies. The only method for properly assessing the test 
performance of a given screening modality is to compare it with a 
reference standard in all cases. Although colonoscopy is not 
infallible [7], it remains the accepted gold standard for evaluating 
the entire colon. Therefore, the base case sensitivities and 
specificities for polyps and CRC for each of the screening 
modalities were taken from the literature following a thorough 
search for properly designed studies that included at least a full 
colonoscopy in all individuals (Table 2). For the stool-based tests 
and for CTC, the test performance characteristics were considered 
on a per person basis. 

Stool-based tests. Given significant differences even 
between the alternative stool-based screening tests themselves 
(often due to different collection methods or assay types), it would 
not be appropriate to consider them as a class [37]. As such, we 
modeled different test performance scenarios for each test. A low 
[38] and high [14] performance level was modeled for FOBT tests 
that have reported in the literature (FOBT-low and FOBT-high, 
respectively) and a low [39,40], mid [41], and high [42] 
performance level was modeled for FIT assays that have been 
reported in the literature (FIT-low, FIT-mid, and FIT-high, 
respectively). The intent of modeling different levels of test 
performance for FOBT and FIT was to represent the range 
reported in the literature. This range is greatest for FIT, likely due 
to differences in collection methods and assays (Table 2). FIT-low 
represents that reported by Morikawa et al. [39,40] who studied 
the Magstream system with 1 d of stool collection. FIT-mid 
represents that reported by Nakama et al. [41] who used a 2-d 
method with the Monohaem system. FIT-high represents that 
reported by Levi et al. [42] who used the FlexSure OBT 
technology following 3 d of fecal collection. Both the first- [38] 
and second- [14] generation fecal DNA assays were modeled 
(FDNA-SDT1 and FDNA-SDT2, respectively). 

Flexible sigmoidoscopy. Flexible sigmoidoscopy can 
evaluate the left colon to the splenic flexure, although this is not 
always possible [43]. Routine clinical practice is generally to 
perform a full colonoscopy in individuals found to have an 
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Table 1. Base case model inputs and ranges considered. 

Variable Values Range References 

Age-dependent variables 

50- to 64-y-old individuals 

Prevalence of nonadvanced adenomas 0.171 (0.10–0.25) [31] 

Prevalence of advanced adenomas 0.038 (0.02–0.05) [31] 

Prevalence of CRC 0.001 (0.0005–0.002) [31] 

Annual death risk 0.005 — [35] 

65- to 75-y-old individuals 

Prevalence of nonadvanced adenomas 0.173 (0.10–0.25) [31] 

Prevalence of advanced adenomas 0.082 (0.05–0.10) [31] 

Prevalence of CRC 0.007 (0.002–0.01) [31] 

Annual death risk 0.018 — [35] 

Age-independent variables 

Probability of annual transition from: 

No polyp to nonadvanced adenoma – no history adenoma/CRC 0.02 (0.01–0.03) [32]a 

No polyp to nonadvanced adenoma – history adenoma/CRC 0.038 (0.03–0.05) [32]a 

Nonadvanced to advanced adenoma 0.019 (0.01–0.03) [32]a 

Advanced adenoma to CRC 0.048 (0.03–0.07) [32]a 

CRC 5-y mortality rates 

Stage I 0.068 — [36] 

Stage II 0.175 — [36] 

Stage III 0.405 — [36] 

Stage IV 0.919 — [36] 

CRC stage distributions 

In unscreened patients who develop CRC, the proportion with: 

Stage I 0.145 (0.12–0.25) [9–11] 

Stage II 0.356 (0.34–0.39) [9–11] 

Stage III 0.280 (0.23–0.32) [9–11] 

Stage IV 0.219 (0.18–0.25) [9–11] 

In patients who have CRC found using FIT, FOBT, and FDNA, the proportion with: 

Stage I 0.305 (0.29–0.33) [9–11] 

Stage II 0.318 (0.30–0.35) [9–11] 

Stage III 0.243 (0.20–0.26) [9–11] 

Stage IV 0.134 (0.10–0.15) [9–11] 

In patients who have CRC found using colonoscopy, CTC, and flex sig, the proportion with: 

Stage I 0.425 (0.41–0.50) [38,46,68] 

Stage II 0.226 (0.22–0.26) [38,46,68] 

Stage III 0.267 (0.20–0.27) [38,46,68] 

Stage IV 0.082 (0.0–0.09) [38,46,68] 

Screening adherence rates (all strategies) 

1st screen 0.68 (0.30–0.80) [9–11] 

Subsequent screens 0.63 (0.10–0.80) [9–11] 

Probability of colonoscopy after positive CTC, FOBT, FIT, FDNA, or flex sig 0.81 (0.60–0.90) [11] 

Risk of bleeding 

Colonoscopy, diagnostic 0.0003 (0.0–0.009) [69,70] 

Colonoscopy, therapeutic 0.005 (0.003–0.015) [69–72] 

Risk of perforation 

Colonoscopy, diagnostic 0.0009 (0.0005–0.002) [70,73] 

Colonoscopy, therapeutic 0.0024 (0.001–0.005) [70,73] 

Flexible sigmoidoscopy 0.0002 (0.0001–0.0004) [32] 

Risk of death after endoscopic perforation 0.049 (0.01–0.15) [74] 
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Table 1. Cont. 

Variable 

adenomatous polyp on flexible sigmoidoscopy. As such, the 
sensitivity of flexible sigmoidoscopy includes the additional 
lesions found by colonoscopy in patients identified as having an 
adenoma on flexible sigmoidoscopy [44–46]. 

CTC and colonoscopy. Landmark studies [16,18] that 
employed segmental unblinding methodology [47] provided the 
base case test performance estimates for both CTC and 
colonoscopy when possible. The sensitivity and specificity of 
CTC for polyps $10 mm was taken from the National CT 
Colonography Trial of the American College of Radiology 
Imaging Network (ACRIN) [16], a large multicenter study of 
CTC among primarily average-risk individuals. Polyps ,5 mm  
were not reported in this study or other large cohorts of average 
risk individuals. However, we optimistically assumed that the 
sensitivity reported for 6–9 mm polyps would be the same for all 
polyps ,10 mm. In a sensitivity analysis we reduced the sensitivity 
of polyps ,10 mm to that reported in a meta-analysis of CTC that 
included higher risk patients [48]. The sensitivity of colonoscopy 
for polyps $10 mm was taken from the study of Pickhardt et al. 
[18], which reported the test performance of both CTC and 
colonoscopy based on segmental unblinding. As this study also did 
not report data for polyps ,5 mm, the sensitivity of colonoscopy 
for polyps ,10 mm was taken from two back-to-back colonoscopy 
studies (Table 2) [49,50]. 

Screening-related risks. Flexible sigmoidoscopy and 
colonoscopy are associated with risks including bleeding, 
perforation, and rarely, death (Table 1). Even though CTC is 

Patient utility 

No CRC 0.91 — [63] 

Early CRC 0.74 — [63] 

Advanced CRC 0.46 — [63] 

Discount rate 0.05 — [29] 

aMinor adjustments were applied to the rates used in the US Multi-Society Task Force model [32] such that the total of our baseline prevalence of CRC plus the number 
of new CRCs developing in our natural history arm closely approximated the number of CRCs observed in the control arms of the FOBT RCTs [9–11]. 

doi:10.1371/journal.pmed.1000370.t001 

Values Range References 

less invasive than colonoscopy, colonic perforations have been 
reported [51–53], though many of the small CTC induced 
perforations diagnosed with the CT in asymptomatic individuals 
may not be clinically important. We assumed a low risk of CTC-

induced perforation in the base case analysis [51,52], and that this 
would never result in death (Table 1). 

Costs. Costs related to screening. All costs are reported 
in 2008 CAN$. The direct costs of flexible sigmoidoscopy and 
colo

noscopy, as well as costs attributed to bleeding and perforation 
complications [54], were based on local estimates derived from the 
Calgary Health Region costing database [55] and included the 
nonphysician costs (capital, nursing, drugs, and cleaning costs) and 
the physician fees for the procedure (Table 3). CTC for primary 
CRC screening is not currently part of the schedule of medical 
benefits in any province in Canada. The direct costs of CTC were 
therefore conservatively assumed to be the same as that of a CT 
abdomen/pelvis, likely an underestimate (Table 3). We assumed 
that stool-based screening would be offered at a person’s annual 
visit to their general practitioner, and as such, we only considered 
the cost of the screening kit and related laboratory/processing 
costs (Table 3). 

For all screening modalities, we included the relevant patient 6 
caregiver time and travel costs (nonmedical costs), on the basis of 
available surveys for flexible sigmoidoscopy, colonoscopy, FOBT, 
and CTC (Table 3) [8,56,57]. The nonmedical costs of FIT and 
fecal DNA were assumed to be the same as FOBT. In the base 

Table 2. Base case test performance characteristics for the screening modalities. 

Screening Modality Sensitivity Specificity 

Nonadvanced Adenoma Advanced Adenoma Cancer 

FOBT-low [38] 0.052 0.107 0.129 0.952 

FOBT-high [14] 0.030 0.074 0.500 0.980 

FIT-low [39,40] 0.07 0.224 0.660 0.950 

FIT-mid [41] 0.180 0.540 0.810 0.960 

FIT-high [42] 0.180 0.610 0.940 0.910 

Colonoscopy [18,49,50,75] 0.850 0.875 0.966 1.000 

Colonoscopy after positive CTC 0.900 0.970 0.99 1.000 

CTC [16] 0.760 0.900 0.966 0.890 

Flexible sigmoidoscopy [44,45,46] 0.650 0.750 0.750 1.000 

FDNA-SDT2 [14] 0.040 0.447 0.580 0.840 

FDNA-SDT1 [38] 0.076 0.151 0.516 0.944 

doi:10.1371/journal.pmed.1000370.t002 
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Table 3. Base case direct health care costs and nonmedical costs and ranges considered. 

Variable Values CAN$ 

case, we did not consider the capital costs of initiating or 
administering a screening program and thus assumed that 
screening would be opportunistic in all strategies. 

Costs related to managing CRC. Existing published data 
on the total costs of managing patients with CRC are outdated. 
We assumed that the cost of surgery for CRC has remained 
relatively stable and thus based our surgical costs on a Canadian 
study reporting 1998 figures, inflation adjusted to 2008 dollars 
[58]. 

In contrast, the cost of treating CRC with chemotherapy has 
increased substantially because of the development of more 
expensive agents [22]. To estimate the cost of chemotherapy 
provided for advanced CRC, we used data from the Canadian 
Inter-Provincial Joint Oncology Drug Review (JODR) Process 
[59]. These estimates were the average stage-based treatment costs 
for chemotherapy, taking into account that not all patients would 
be eligible for or would comply with treatment. Patients with stage 
IIB disease (,50% of stage II patients) are generally managed with 
adjuvant chemotherapy using eight cycles of capecitabine [60,61]. 
First line therapy for patients with stage III CRC was assumed to 
be 6 mo of oxaliplatin-based therapy [62]. Considering the most 
recent clinical trials and assumed standards of care, the average 
patient with stage IV CRC received approximately 10 mo of 
infusional fluorouracil (5-FU), leucovorin, and oxaliplatin (FOL

FOX) in combination with bevacizumab, followed by 14 doses of 
infusional 5-FU, leucovorin, and irinotecan (FOLFIRI). Those 
lacking K-Ras mutations were assumed to go on to receive 4 mo of 
anti-epidermal growth factor receptor–based inhibition therapy. 

FOBTa 12 6–18 [27] 

FIT 19 10–30 [76] 

Colonoscopy, diagnosticb 857 500–1,200 [27] 

Colonoscopy, therapeuticc 999 700–1,700 [27] 

CTC 582 440–730 [27] 

FDNA 336 200–500 [25] 

Flex sig 650 400–900 Determined locally 

Bleeding complication 3,194 (2,400–4,000) [54] 

Perforation complication 31,223 (23,500–39,000) [54] 

Total cost of managing CRC Determined locally and [58–62] 

Stage I CRC 25,049 — 

Stage II CRC 36,143 — 

Stage III CRC 96,768 — 

Stage IV CRC 134,014 — 

Nonmedicald [8,56,57,77] 

FOBT 36 (25–50) 

FIT 36 (25–50) 

FDNA 36 (25–50) 

Colonoscopy 308 (200–450) 

CTC 105 (100–200) 

Flex sig 105 (100–200) 

aFOBT: includes cost of FOBT kit (CAN$5), processing (CAN$7). 
bDiagnostic colonoscopy: includes physician cost of diagnostic colonoscopy (CAN$327), and nonphysician cost of colonoscopy (CAN$530). 
cTherapeutic colonoscopy: includes physician cost of therapeutic colonoscopy (CAN$401), and nonphysician cost of therapeutic colonoscopy (CAN$598). 
dIncludes patient 6 caregiver time and travel costs, but excludes productivity losses [29]. 
doi:10.1371/journal.pmed.1000370.t003 

Range CAN$ References 

We did not include the potential costs of liver metastectomy 
among stage IV patients, or the cost of preoperative radiation 
therapy in patients with operable rectal cancer. 

Valuing health benefits. Health benefits were measured in 
terms of QALYs gained. We obtained utilities for relevant health 
states on the basis of a study that used a standard gamble exercise 
in patients with a previous history of CRC or polyps who were 
presented with stage-dependent outcome states for CRC (Table 1) 
[63]. 

Sensitivity Analysis 
Allowance for uncertainty in the base case polyp and CRC 

prevalence estimates, mortality assumptions, screening test per

formance characteristics, screening-related risks, and costs were 
considered through the use of univariate and probabilistic 
sensitivity analyses. A number of scenario analyses were also 
included. We considered a scenario in which the additional costs 
of biologic chemotherapies for advanced stage CRC were 
excluded. We also examined scenarios where FIT was offered 
every 2 y instead of annually and analyzed our results without 
nonmedical costs. We assessed the impact of differential adherence 
rates across strategies at the initial screening encounter. For this 
analysis, we used the adherence rates determined by Hol et al. in a 
RCT comparing participation rates of FOBT, FIT, and flexible 
sigmoidoscopy in a screening population [13]. As Hol et al. [13] 
did not study fecal DNA, colonoscopy, or CTC, we assumed that 
fecal DNA would have the same adherence as FIT due to its 
comparable simplicity for patients, and we assumed that 
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colonoscopy would have the same adherence as flexible sigmoid

oscopy. We also assessed the impact of lower subsequent 
adherence for the annual stool-based tests, since screening 
noncompliance may be more prevalent with an annual test 
compared to one offered less frequently. To do this assessment, we 
examined scenarios with decreased FOBT and FIT follow-up 
adherence. 

Because we did not include any administrative costs for any of 
the CRC screening programs, we performed a sensitivity analysis 
to assess the impact of including administrative costs for the 
various screening tests. We were unable to identify a document 
that has reported the setup and operating costs for a population-

based CRC screening program, but it is possible that programs 
that screen annually (i.e., stool-based tests) might have higher 
administrative costs than ones that screen patients every 10 y (i.e., 
colonoscopy). We provide sensitivity analyses varying the admin

istrative costs per screening test between CAN$10 and CAN$50 to 
determine the impact on the results, making the assumption that 
programs screening more frequently will incur higher administra

tive costs. 
To address limitations in classic univariate sensitivity analysis, 

we also performed probabilistic sensitivity analysis, which allows 
for the simultaneous sensitivity analysis of all variables over their 
plausible range [64,65]. It does so by replacing estimates of 
probabilities, utilities, and costs with specific probability distribu

tions, which are based on the reported means and variances for 
each variable. Statistical distributions were created around all of 
the variables for which there was substantial measurement 
uncertainty, including use of a beta distribution for proportions 
(i.e., mortality, proportion of patients with Stage I, II, III, and IV 
cancer), use of a normal distribution for normally distributed 
variables (i.e., certain costs and utility measures), log-normal 
distribution for skewed variables (i.e., certain costs), and triangular 
distributions for variables with a range, but no statistical 
distribution (i.e., adenoma transition over time, probability of 
adherence). Given that sensitivity and specificity are linked 
variables that do not vary independently (linked via receiver 
operating curves that were unavailable), these variables were not 
included within the probabilistic analyses—as noted above, the 
sensitivity and specificity of the various screening tests were 
subjected to wide sensitivity analysis using the testing character

istics provided by different primary studies. 

Results 

Base Case Analysis 
Annual CRC screening using FIT, assuming mid-range test 

performance characteristics, was the preferred strategy for average 
risk individuals in the base case analysis (Table 4). It was more 
effective and less costly than almost all of the other strategies 
including no screening. Only FIT when assuming even better test 
performance characteristics (i.e., FIT-high) produced more 
QALYs and resulted in fewer CRCs than FIT-mid, but at an 
additional cost of CAN$85,150 per QALY gained. 

Using base case estimates, over the lifetimes of a 100,000 patient 
cohort, 4,857 and 1,782 individuals would develop and die from 
CRC, respectively, if CRC screening was not undertaken (Table 5). 
This ‘‘no screening’’ strategy would be expected to cost an average 
of CAN$1,901 per patient. Annual screening with FIT-mid would 
reduce the overall number of cancers by 71% and CRC mortality 
by 74% while saving CAN$68 per patient. Compared with the 
most effective FOBT strategy, FIT-mid would be expected to 
reduce the number of cancers by 60%, and CRC mortality by 
63%, while saving CAN$362 per person. 

Sensitivity Analysis 
Under no circumstances did flexible sigmoidoscopy, FOBT, 

CTC, or fecal DNA appear attractive in comparison to other 
CRC screening modalities. As such, these strategies are not 
reported in our sensitivity analysis table (Table 6). Lowering the 
cost of CRC treatment by excluding the use of biologic 
chemotherapies resulted in a scenario where FIT-mid resulted in 
additional costs compared to no screening (CAN$163 per patient 
or CAN$3,691 per QALY gained). Increasing the cost of FIT 
testing by 50% had a similar effect; FIT-mid cost an additional 
CAN$105 per patient and was associated with a cost per QALY of 
CAN$2,375 compared to no screening. Biennial screening using 
FIT-mid increased the cost savings when compared to no 
screening. However, performing FIT less frequently also made it 
less effective. 

When the initial adherence rates for each of the strategies was 
no longer assumed to be identical, FIT-mid remained dominant 
over no screening (Table 6). Assuming the base case initial 
adherence rates, when we dropped the adherence rates for 
subsequent screens for all of the annual fecal-based strategies, FIT-

mid remained dominant over no screening. However, when 
subsequent adherence for FIT was dropped from 63% to 40%, 
both FIT-mid and FIT-high became dominant over no screening, 
and colonoscopy became the most effective strategy at a cost per 
QALY gained of CAN$300,609 compared to FIT-high. When 
subsequent adherence for FIT was decreased to only 20%, 
colonoscopy remained the most effective strategy, at a cost per 
QALY gained of CAN$32,912 compared to FIT-high (Table 6). 

Finally, we performed a sensitivity analysis to assess the impact 
of higher administrative costs that might be associated with an 
annual screening program (i.e., FIT) compared to one offered less 
frequently (i.e., colonoscopy). We noted that FIT remained 
dominant over no screening unless the administrative costs were 
,CAN$10 per test. If administrative costs were CAN$30 per test, 
annual FIT was associated with a cost per QALY of CAN$3,120 
compared with no screening. However, if the administrative costs 
were CAN$50 per test, then colonoscopy would be the preferred 
screening modality compared with FIT, and would be associated 
with a cost per QALY gained of CAN$5,903 compared with no 
screening. 

Our probabilistic sensitivity analysis revealed that FIT-mid was 
cost saving and more effective compared with no screening in 
nearly 100% of the simulations performed, confirming the 
robustness of the results (Figure 2). 

Discussion 

Our study demonstrates that annual screening with FIT, 
assuming mid-range test performance characteristics, is more 
effective and less costly than other CRC screening strategies, 
including the most commonly used stool-based CRC screening 
test, FOBT, and no screening. Among a cohort of 100,000 average 
risk individuals followed until death, 4,857 cancers and 1,782 
cancer-related deaths would be expected with no screening. An 
annual FIT with high sensitivity for cancer (81%) and moderate 
sensitivity for advanced adenomas (54%) [41] could reduce costs 
and decrease the number of CRCs and cancer-related deaths to 
1,393 and 457, respectively. Screening with FIT was also more 
effective at reducing cancer and cancer-related deaths at lower 
costs compared with FOBT. 

FIT represents a significant advance over the traditional guaiac

based FOBTs, in large part due to FITs improved sensitivity for 
identifying adenomatous polyps. Our findings underscore the 
importance of identifying patients with advanced adenomas and 
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Table 5. Cancer outcomes and number of screening tests required during the lifetimes for a hypothetical 100,000 average risk 
patient cohort. 

n Primary Screening Cost Of Screening And 
Screening Test n Cancers Overalla n Cancer Deaths Tests n Colonoscopies Managing CRC (CAN$) 

FIT-mid 1,393 457 822,077 53,909 1,833 

Colonoscopy 1,825 624 155,210 N/A 2,100 

FIT-low 2,634 918 871,986 31,597 2,005 

FOBT-low 3,457 1,250 889,168 21,805 2,195 

FDNA-SDT1 4,131 1,530 331,699 14,548 2,720 

FIT-high 1,290 432 819,178 56,541 2,004 

CTC 1,796 593 188,315 58,354 2,409 

Flex Sig 2,036 699 189,135 49,484 2,263 

FDNA-SDT2 3,129 1,143 331,090 20,805 2,491 

FOBT-high 3,890 1,368 902,299 15,089 2,084 

No screening 4,857 1,782 n/a n/a 1,901 

a n cancers overall include symptomatic and screen found CRC.
 
doi:10.1371/journal.pmed.1000370.t005
 

preventing cancer through the identification and removal of 
precancerous polyps. Indeed, changing the sensitivity of FIT for 
cancer had relatively little impact on our results, whereas reducing 
the sensitivity of FIT for advanced adenomas from 54% to below 
45% resulted in FIT no longer being cost saving compared with no 
screening. 

Although it may seem counter-intuitive that screening with FIT 
could be even more effective than colonoscopy, this is due to the 
more frequent screening interval with FIT. In base case analyses, 
and consistent with current guidelines [3,6], screening with FIT 
was done annually compared to every 10 y with colonoscopy. 
Therefore, even though the test performance of a single FIT test 
was inferior to colonoscopy, there were more opportunities to 
identify previously missed pathology with FIT compared to 
colonoscopy. 

Our results are robust. FIT with mid-range performance (FIT

mid) remained optimal compared with no screening and all the 
other strategies except FIT with even better test performance 
(FIT-high) unless the cost of CRC treatment was reduced, or the 
sensitivity for advanced adenomas was decreased significantly. 
However, even with lower CRC treatment costs, FIT remained 
economically attractive. Many health jurisdictions now fund 
biologic chemotherapies for advanced-stage CRC and with further 
advances in CRC chemotherapy, it is unlikely that management 
costs for CRC will decrease [22]. In addition, our modeled CRC 
treatment costs were lower than those used in a recent US study 
that had similar results [25], lending further support to the notion 
that CRC screening can indeed save money. 

It is possible that the administrative costs of annual screening 
programs such as FIT would be more expensive over the long-run 
compared with those offered every 5 or 10 y. As these data are not 
known, we did not consider administrative costs or the costs to build 
and staff additional screening centers in our primary analysis. 
However, in sensitivity analysis, we noted that FIT-mid remained 
cost saving if the administration costs were ,CAN$10 per test, and 
remained attractive compared with colonoscopy even if the 
administrative costs per test were CAN$30 per test. It should also 
be noted that the additional infrastructure required to implement 
primary screening with CTC, flexible sigmoidoscopy, or colonos

copy would likely counterbalance a substantial portion of these 
additional administrative costs of an annual screening program. 

We assumed in the base case that adherence would be identical 
across all of the CRC screening strategies. Although this may not 
be true, we are unaware of a study that has evaluated screening 
uptake for all of the strategies we considered. However, fecal-based 
screening does not require a bowel preparation, is associated with 
lower patient-borne costs, and is safe to perform, which may be 
more appealing to the general population. Furthermore, FIT does 
not require any dietary restrictions. Indeed, in a recent 
randomized trial, FIT was associated with higher screening uptake 
than flexible sigmoidoscopy and FOBT [13]. Of course, this 
finding only strengthens our conclusions as illustrated in our 
scenario analysis in which FIT had relatively higher adherence 
than all of the other strategies (Table 6). Recent data suggest that 
screening adherence with FOBT may drop by 50% after only 2 y 
in a biennial screening program [66]; this may affect programs 
with frequent screening (i.e., annual fecal-based strategies) to a 
greater extent than programs requiring less frequent screening 
(i.e., colonoscopy). As expected, when we dropped our subsequent 
adherence rates for FOBT and FIT, FIT-mid became less 
effective, though it remained dominant compared with no 
screening. In contrast, colonoscopy became the most effective 
strategy when the subsequent adherence rates for FOBT and FIT 
were dropped from 63% to 40%, though it was associated with an 
unattractive incremental cost per QALY. It is clear that further 
information on long-term adherence rates for annual stool-based 
tests are needed. 

Our study has limitations. As with most economic evaluations, 
our results are limited by available evidence. The natural history of 
adenomas and their progression to cancer is not clearly known. 
However, we populated our model with the best available 
evidence including a systematic review of adenoma and CRC 
prevalence rates [31] and modeled new adenoma growth and 
adenoma progression over time to closely match high quality 
clinical datasets [9–11]. We did not model cancers arising from 
lesions other than adenomas. However, most CRCs arising in 
average risk individuals are believed to develop via the traditional 
adenoma-carcinoma sequence. A small proportion of CRC may 
develop from undetectable lesions (i.e., flat or depressed 
adenomas), and it is known that some interval cancers can arise 
through a rapid adenoma-carcinoma sequence between screening 
studies [67]. It should be noted that this potential issue would 
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Table 6. Sensitivity analysis. 

Incremental Cost per QALY Gained 
Screening Cost of Screening and Management (CAN$)a QALY (CAN$)a,b 

Base case 

FIT-mid 1,833 11.300 

No screening 

FIT-high 2,004 11.302 84,876 

1,901 11.255 (Dominated)c 

Colonoscopy 2,100 11.296 (Dominated)c 

Lower stage III and IV cancer costs, including chemotherapy, but without biologics (Stage II CAN$35844, Stage III CAN$80,345, and stage IV 
CAN$99,574) 

No screening 1,582 11.255 

FIT-mid 1,745 11.300 3,691 

FIT-high 1,842 11.302 89,921 

Colonoscopy 1,990 11.296 (Dominated)c 

Increase FIT direct cost by 50% 

No screening 1,901 11.255 

FIT-mid 2,006 11.300 2,375 

Colonoscopy 2,100 11.296 (Dominated)c 

FIT-high 

Biennial FIT screening (versus annual FIT screening modeled in baseline analyses) 

2,177 11.302 84,750 

1,736 11.289FIT-mid 

FIT-high 1,784 11.291 19,606 

No screening 1,901 11.255 (Dominated)c 

Colonoscopy 2,100 11.296 64,741 

Initial adherence 60% for FIT and fecal DNA, 50% for FOBT, 40% for CT colonoscopy, and 30% for colonoscopy [13] 

FIT-mid 1,815 11.299 

No screening 1,901 11.255 (Dominated)c 

FIT-high 1,986 11.301 85,927 

Colonoscopy 2,055 11.279 (Dominated)c 

Decrease subsequent adherence rates for FITs and FOBTs from 63% to 40% 

1,751 11.293FIT-mid 

FIT-high 1,839 11.295 38,536 

No screening 

Colonoscopy 2,100 11.296 300,609 

Decrease subsequent adherence rates for FITs and FOBTs from 63% to 20% 

FIT-mid 1,752 11.283 

1,901 11.255 (Dominated)c 

FIT-high 1,772 11.286 8,709 

No screening 1,901 11.255 (Dominated)c 

Colonoscopy 2,100 11.296 32,912 

CAN$10 administrative cost added for all screening tests 

No screening 1,901 11.255 

FIT-mid 1,902 11.300 17 

FIT-high 2,075 11.302 85,831 

Colonoscopy 2,109 11.296 (Dominated)c 

CAN$50 administrative cost added for all screening tests 

No screening 1,901 11.255 

Colonoscopy 2,143 11.296 5,903 

FIT-mid 2,176 11.300 10,202 

FIT-high 2,357 11.302 89,651 

aNumbers rounded to nearest CAN$1.
 
bEach incremental value compares the value of that strategy to next most costly, nondominated, strategy.
 
cDominated is defined as more costly and fewer QALYs compared with a comparator strategy.
 
doi:10.1371/journal.pmed.1000370.t006
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Figure 2. Probabilistic sensitivity analysis. An incremental cost-
effectiveness scatterplot comparing FIT-mid with no screening in which 
the uncertainty in all model inputs has been tested simultaneously. 
Data points in the lower right quadrant reflect situations where FIT-mid 
is more effective and less costly than no screening. 
doi:10.1371/journal.pmed.1000370.g002 

impact the effectiveness of all CRC screening modalities, and thus 
would be unlikely to impact the differential effectiveness between 
our modeled strategies. Given data limitations, we modeled 
identical CRC stage distributions for cancers detected using all 
of the stool-based strategies despite differences in testing 
characteristics. Given FIT’s superior sensitivity compared to 
FOBT, patients diagnosed with CRC might be expected to have 
more earlier stage cancers, which again would make FIT appear 
more attractive. We assumed that the results of each screening test 
were independent of the prior test result. While not informed by 
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evidence, it is possible that this is not entirely true; however, it is 
important to note that the results of our analysis were robust to 
small changes in the sensitivity and specificity of each of the 
screening tests. Finally, although we did model the most widely 
available and promising screening strategies, additional technol

ogies are being developed and it is possible that other screening 
paradigms, including nurse-based endoscopy, may become viable 
in the future as a means to reduce the cost of delivering flexible 
sigmoidoscopy and potentially colonoscopy. 

In conclusion, annual screening with FIT having test perfor

mance characteristics within the mid-range reported in the 
literature is both more effective and less costly than other CRC 
screening modalities, including FOBT and colonoscopy, and not 
screening for CRC. Even if this level of test performance is not 
attainable in clinical practice, annual screening with a lower 
performing FIT is still highly attractive with a cost per QALY 
gained of ,CAN$5,000 compared to no screening. Our results are 
robust suggesting that screening for CRC with FIT should be 
considered the modality of choice for average risk patients between 
the ages of 50 and 75 in North America. 
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Editors’ Summary 

Background. Colorectal (bowel) cancer is the second leading 
cause of cancer deaths for both men and women in North 
America. Colorectal cancer screening is an important means for 
reducing morbidity and mortality and fulfils the World Health 
Organization criteria for mass screening. However, a variety 
of CRC screening approaches are available. Colonoscopy is 
viewed as the gold standard of colorectal cancer screening as it 
has a high sensitivity for identifying adenomas and cancer and 
polyps can be removed during the screening examination. 
However, colonoscopy is associated with a number of com
plications and there are also barriers to access. Another type of 
test, the guaiac fecal occult blood test, has been shown to 
reduce mortality from colorectal cancer but this test has low 
sensitivity for identifying colorectal neoplasia, particularly 
adenomas. Fecal immunochemical tests, which also detect 
blood in the stool, have improved test performance char
acteristics (high sensitivity and specificity) and the potential to 
improve participation rates compared to guaiac fecal occult 
blood test and flexible sigmoidoscopy. Fecal DNA (a stool test, 
based on the detection of DNA shed by cancerous tissue) is 
another screening option, as is computed tomographic colono
graphy (‘‘virtual’’ colonoscopy), that might rival colonoscopy in 
detecting advanced adenomas and colorectal cancer but is 
expensive and requires a full colonic preparation. 

Why Was This Study Done? In the absence of firm com
parative evidence to guide the selection of any one screening 
modality and given the varied test performance characteristics 
and the significant differences in costs and resources associated 
with each, a robust cost-effectiveness analysis might help health 
policy makers in deciding whether or not to offer screening 
and if so, in selecting the most appropriate and cost effective 
screening modality. In this study the researchers conducted 
a full economic evaluation of all relevant colorectal cancer 
screening modalities in North America. 

What Did the Researchers Do and Find? The researchers 
used an incremental cost-utility analysis, a sophisticated 
modeling technique, and two hypothetical patient cohorts 
(individuals with an ‘‘average risk,’’ i.e., no family history of 
colorectal cancer, aged 50–64 and 65–75) to compare guaiac
based fecal occult blood test or fecal immunochemical test 
annually (the researchers considered three distinct fecal 
immunochemical testing strategies on the basis of assays 
and collection methods taken from studies that have reported 
‘‘low,’’ ‘‘mid,’’ and ‘‘high’’ test performance characteristics), 
fecal DNA every three years, flexible sigmoidoscopy or 
computed tomographic colonography every 5 years, and 
colonoscopy every 10 years. The researchers also included a 

no screening natural history arm as a comparison to each 
screening approach. For the baseline data of their model, the 
researchers used adenoma and colorectal prevalence rates 
from a recent systematic review and based screening 
adherence, test performance, and colorectal treatment costs 
on available data. The researchers found that annual fecal 
immunochemical testing with mid-range testing character
istics, was more effective and less costly compared to all 
strategies (including no screening). Using this screening 
modality, among the lifetimes of 100,000 average-risk patients, 
the number of cancers could be reduced from 4,857 to 1,393 
and the number of deaths from colorectal cancer from 1,782 
to 457, while saving CAN$68 per person. Although in the 
sensitivity and scenario analysis, screening patients using fecal 
immunochemical testing became more expensive than a 
strategy of no screening when the test performance of 
fecal immunochemical testing was reduced, or the cost of 
managing colorectal cancers was lowered, the researchers 
found that screening for colorectal cancer with fecal 
immunochemical testing remained the most economically 
attractive screening option. 

What Do These Findings Mean? This model-based 
economic analysis found that fecal immunochemical testing 
is more effective and less costly than all other colorectal 
screening strategies, including the most commonly-used 
stool-based screening test, guaiac-based fecal occult blood 
testing, and no screening. Furthermore, this study suggests 
that annual screening with fecal immunochemical testing 
(assuming mid-range test performance characteristics) 
reduces the risk of colorectal cancer and colorectal cancer– 
related deaths, and lowers health care costs in comparison to 
all other screening strategies and to no screening. Therefore, 
health policy makers should consider prioritizing funding for 
fecal immunochemical testing as the screening modality for 
colorectal cancer. 

Additional Information. Please access these Web sites via 
the online version of this summary at http://dx.doi.org/10. 
1371/journal.pmed.1000370. 

N Cancer.org has information for patients on colorectal 
cancer 

N The US Centers for Disease Control (CDC) list colorectal 
screening guidelines 

N The CDC also provides patient information on colorectal 
cancer Screening 
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CHAPTER 4: DISCUSSION 

4.0 Summary of Research Findings 

The findings generated from this thesis not only address several knowledge gaps 

and policy-relevant questions, but also provide support for investing in population-based 

CRC screening using FIT for average risk people aged 50-75. Furthermore, the model we 

have developed will be an important resource for conducting future economic evaluations 

of alternative screening strategies (e.g. delaying screening beyond 50, nurse led 

colonoscopy) and of new CRC screening technologies as they become available. 

In our meta-analysis of North American observational studies 2 (Chapter 2) we 

showed that the prevalence of CRC among average risk individuals is 0.3%. Consistent 

with the known relationship between age and risk of CRC, we found that the prevalence 

of CRC among those under age 65 was 0.1%, rising to 0.7% among those over age 65. 

Important on its own, however was the finding that the prevalence of advanced adenomas 

was 5.7% among average risk individuals. The prevalence of advanced adenomas 

similarly increased with age (3.8% for those < 65; 8.2% for those ≥ 65). These values 

were used as estimates of the prevalence of CRC and advanced adenomas for a 50-64 

year old cohort (mean age 58) and a 65-75 year old cohort (mean age 70), respectively 

and suggest that 1 out of every 150 and 1 out of every 12 individuals age 65-75 harbors 

prevalent CRC or a lesion likely to develop into a cancer, respectively. Nevertheless, 

despite effective screening options, the majority of these CRC prevalent cases and at-risk 

individuals will remain undetected given that the majority of eligible individuals are not 

currently being screened. 
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Although the cost of mass screening for CRC has the potential to be high, the 

competing cost of treating advanced-stage CRC has been rapidly rising over the past 

decade 25. In our economic evaluation of CRC screening 3 (Chapter 3) we showed using a 

decision analytic model that screening for CRC with FIT not only saves lives, but also 

offers the potential to save money. Annual FIT, assuming mid-range testing 

characteristics, was more effective and less costly compared to all strategies (including 

no screening) except FIT offering even superior test performance. Among the lifetimes of 

100,000 average-risk individuals, the number of cancers could be reduced from 4,857 to 

1,393 and the number of CRC deaths from 1,782 to 457, while saving $68 Canadian 

dollars per person. Although screening with FIT would require over 800,000 tests per 

100,000 people screened over a lifetime, our model also suggests that the number of 

necessary colonoscopies could be lowered by over 100,000. Specifically, primary 

screening with colonoscopy would require 155,000 colonoscopies compared to 54,000 

colonoscopies in a FIT-based program among a 100,000 patient cohort of average risk 

individuals. 

While the findings generated from our model were generally robust to sensitivity 

analyses, we noted that FIT was no longer dominant over the other screening strategies 

when its test performance was substantially reduced (to that of FIT low) or when its cost 

was increased by 50%, and when the cost of managing CRC was lowered dramatically 

through eliminating the cost of biological chemotherapies. Nevertheless, even under these 

somewhat unlikely circumstances, FIT remained economically attractive with a 

cost/QALY < $5000. Finally, when the overall model uncertainly was assessed in our 
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probabilistic sensitivity analysis, FIT-mid remained dominant over no screening in nearly 

100% of the simulations performed.  

4.1 Considerations for Health Care Decision Makers and Public Policy 

Effectiveness and cost-effectiveness are only two of the elements considered by 

those who determine how to allocate finite health care budgets. Other important factors 

include the size of the budget and the prevailing health care priorities. For instance, even 

if screening for CRC is cost-effective, it wouldn’t be an option if funding it would 

overwhelm the budget. Furthermore, regardless of how economically attractive an 

intervention is, it might be overlooked if the health care issue in question wasn’t 

considered to be important. However, CRC is a common deadly cancer that killed nearly 

9,000 Canadians in 2011 5. As well, our results indicate that the health care costs 

associated with not screening for CRC at least rival the costs of screening using FIT, and 

that we may in fact be wasting a portion of our scarce health care dollars by not funding 

FIT for average risk individuals. 

It could be argued that some of our model assumptions (i.e. disease prevalence, 

screening test performance, screening adherence, costs) may have been overly optimistic 

to the extent that screening with FIT may not be cost saving in reality. Nevertheless, as 

our extensive sensitivity analyses demonstrate, screening average risk individuals with 

FIT is at a minimum highly attractive from an economic perspective compared to other 

currently funded health care interventions. On the other hand, if saving money were the 

only goal, another option might be to scale back funding for treatment of CRC and 

specifically to limit or even eliminate the use of expensive biologic chemotherapies. 
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Although a consideration, it seems unlikely that society would support such a policy, 

since several new expensive drugs for CRC have recently been funded and are currently 

in use (e.g. bevacizumab, panitumumab). Instead, it seems more likely that our health 

care system will face rising costs for chemotherapeutic agents. For instance, Regorafenib, 

a new biologic chemotherapy drug for patients with metastatic colorectal carcinoma, was 

shown to increase survival by 1.4 months compared to standard care among those with 

stage-IV disease 53. One can reasonably expect that the incremental cost of Regorafenib 

will be high, and if past decisions are followed, it is likely that this drug will eventually 

be reimbursed in Canada. 

It is encouraging that several countries including the United Kingdom and a few 

in Europe are in the process of implementing national population CRC screening 

programs. At present there are only a few province-wide CRC screening programs in 

Canada. “Colon Cancer Check” was launched by Cancer Care Ontario in 2008. This 

program targets average risk individuals age 50-74 with FOBT every 2 years. According 

to Cancer Care Ontario’s website, the target screening uptake was to be 40% by 2011. 

They cite that screening adherence has increased from 15% in 2003-04 to 30% in 2008-

09 54. Unfortunately, there is no organized provincial CRC screening program in Alberta. 

Plans for an Alberta Colorectal Cancer Screening Program (ACRCSP) offering FIT every 

2 years for average risk 50-74 year olds exists, but a firm funding commitment has not 

been announced. Other provinces including Manitoba, British Columbia and Nova Scotia 

have screening programs in various phases of implementation 52. 

CRC screening in Alberta continues to be opportunistic, and is generally 

coordinated by primary care physicians 55. As such, only those patients who are informed 



 

 

29 

and self-motivated or under the care of a physician who considers CRC a priority are 

likely to participate in screening. Thus, the capacity to reduce disease-specific mortality 

through prevention (i.e. polypectomy) and early detection of subclinical CRC is by 

definition, limited. Indeed, the uptake of opportunistic screening in Alberta has been very 

low 56. A number of barriers to potentially account for this have been identified including 

low patient awareness 57, limited access to endoscopy 55 and high patient-borne costs 58. 

There are a few ad hoc CRC screening projects in Calgary (Forzani and MacPhail Colon 

Cancer Screening Centre – CCSC), Edmonton (Stop Colorectal Cancer through 

Prevention and Education – SCOPE Project) and Lethbridge (Lethbridge and Area 

Colorectal Cancer Screening Program). Despite the growing problem in supplying timely 

access to endoscopy services across Canada and particularly in Alberta 59, these 

initiatives generally focus on colonoscopy for CRC screening. 

A province-wide CRC screening program that offers a single safe, effective and 

cost-effective entry strategy (i.e. FIT) has a number of other potential advantages over 

and above those supported by our model results. A provincially administered FIT-based 

program could reduce patient and provider confusion regarding appropriate screening. By 

matching the FIT test-positive threshold and program adherence targets to the availability 

of colonoscopy resources (arguably the most scarce resource), such a program could 

succeed in delivering the needed follow-up (i.e. colonoscopy) in a timely manner. In 

addition, a province-wide centrally administered FIT-based program could ensure that 

screening is occurring appropriately throughout the Province and would be well 

positioned to monitor the safety and quality of colonoscopy through a formal quality 

assurance process. Finally, it is likely that a province-wide screening program would 
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offer the best chance of improving CRC screening uptake, which is of central importance 

to lowering the overall burden of this disease. 

The literature has continued to evolve since the publication of our manuscripts. A 

recent randomized trial in a population-based CRC screening setting compared FIT at 

screening at intervals of 1, 2 and 3 years. Each patient was invited for two rounds of 

screening. The detection of advanced neoplasia was lower in the second round and did 

not depend on the interval length 60. Furthermore, participation rates were over 60% in all 

3 arms and were not impacted by the screening interval. The authors suggested that 

screening intervals could be tailored to local resources. Although we found in a 

sensitivity analysis (Table 6 of the PLoS Medicine paper) that biennial FIT screening was 

slightly less effective than annual screening with FIT, it was also less costly. However, 

biennial FIT screening was still dominant over no screening and colonoscopy, although 

more effective than a biennial FIT strategy, was associated with a cost/QALY of $64,741. 

Perhaps the most significant development in the FIT literature has been the recent interim 

report of the landmark RCT of colonoscopy versus biennial FIT for CRC screening 61. 

Although this multicenter trial involving over 50,000 patients will not be complete until 

2021, the results of the first round of screening found no difference in the rate of 

detection of CRC between the colonoscopy and FIT screened groups and the participation 

rate of FIT was significantly higher than colonoscopy. More adenomas were found with 

colonoscopy, but these results are based on a single round of screening. Thus, it is highly 

probable that additional cases of adenomas and CRC will be found with repeat screening 

over the next decade. 
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Screening for CRC will never be 100% effective. Testing is imperfect and many 

patients will remain non-compliant even within the context of a population-based 

screening program. Furthermore, some patients will continue to develop cancers outside 

of the recommend age ranges for screening and surveillance. Nevertheless, screening 

appears effective in reducing the incidence of CRC and in lowering CRC-related 

mortality and our research suggests that screening with FIT may have little impact on 

overall costs in light of the current climate of expensive treatments for CRC. Thus, when 

our findings and the recent clinical trials of FIT are considered collectively, it seems clear 

that health care decision makers need to prioritize population-based CRC screening and 

fund FIT for average risk individuals. 

4.2 Limitations 

The published findings contained in this thesis represent important contributions 

to the literature. However, there are limitations to our studies and knowledge gaps remain 

that warrant further research. 

The estimates of CRC and adenoma prevalence reported in our systematic review 

are based on the currently available North American literature. Despite the enhanced 

power of meta-analysis, we were only able to stratify by a relatively wide age range. 

Furthermore, we had insufficient power to stratify according to gender or other potential 

factors known to influence the risk of CRC such as BMI and smoking status. Using a cut-

off of 65, we were able to identify significant differences in lesion prevalence for a 50-64 

year old cohort (mean age 58) and a 65-75 year old cohort (mean age 70). However, it 

seems plausible that the difference in CRC and adenoma prevalence between a 75 year 
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old and a 50 year old could be even larger. Hence, the preferred screening strategy for a 

75 year old faced with a final screening examination might be different than for a 50 year 

old entering a period of multiple years of follow-up. Nevertheless, as it currently stands 

FIT was found to be the preferred primary CRC screening strategy for both the “average” 

50-64 year old and 65-75 year old individual. However, we must be open to the fact that 

this “one size fits all” recommendation may not hold up as more data become available 

on the prevalence of colorectal neoplasia across the spectrum of age and among 

subgroups of average risk individuals. 

The Markov model we created is intended to simulate “real life” based on what is 

currently known on the prevalence and natural history of colorectal neoplasia, screening 

adherence rates, and the stage-based treatment outcomes and cost of managing CRC. The 

structure of the model was heavily influenced by the current CRC screening guidelines 

that are intended to guide clinical practice. Considerable effort was made to ensure the 

internal validity of our model by comparing our model outputs with published clinical 

datasets. This is one of the strengths of this thesis work as many economic evaluations 

including those performed in the context of colorectal cancer screening are based on 

models that haven’t been formally validated. A more detailed description of the steps 

used to validate our model can be found in Appendix 4. Finally, we populated the model 

with the best available evidence including a systematic review and meta-analysis and 

conducted sensitivity analyses on the key model inputs driving our results and the inputs 

where precise estimates were unavailable. Therefore, we can be reasonably confident that 

our findings represent what could occur in “reality”. 
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Nevertheless, there are a few threats to the validity of our findings that deserve 

mention. If only low-risk individuals ultimately comply with screening our results would 

have overstated the benefits of CRC screening in terms of reducing CRC incidence and 

mortality. However, the adenoma and CRC prevalence data that were used to inform the 

model were pooled from studies of average screening populations. As such, our findings 

likely already reflect that lower risk individuals are more likely than higher risk 

individuals to adhere with CRC screening recommendations 62. In addition, adenoma and 

CRC progression rates across the classical adenoma-carcinoma sequence (Figure 1) are 

not known with certainty. A non-advanced adenoma could transition through to an 

advanced adenoma and onto a cancer more rapidly than we modeled. In this situation 

missing a lesion during a screening episode or as a result of non-adherence would lead to 

an increase in the incidence of CRC. This would reduce the effectiveness of screening. In 

contrast, slower progression rates would increase the potential of screening to identify 

lesions and reduce the incidence of CRC. If this were the case, CRC screening would be 

more effective than we found. Not all adenomas progress and indeed some data suggest 

that polyps can actually regress with time 63, 64. On the other hand, a serrated polyp 

pathway has also been established and is characterized by lesions that are relatively flat, 

easy to miss and that progress rapidly to invasive cancer 65. We adopted progression rates 

that were similar to those used in other modeling studies and made minor adjustments so 

that the number of cancers in our natural history model closely approximated the number 

of cancers observed in the control arms of the FOBT screening RCTs (please see the 

model validation section in the methods of the economic evaluation manuscript for more 
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details). We felt this strategy was the best option in light of the uncertainty surrounding 

this issue and varied our progression rate estimates in sensitivity analyses. 

As already stressed, adherence is of critical importance to the main objective of 

CRC screening which is to reduce the incidence of and mortality from CRC. Yet 

screening rates continue to be low, especially in Canada where they have remained below 

30% 56, 66. In contrast, screening rates among non-minority insured individuals in the 

United States is estimated at nearly 60% 67. Thus, there is a wide range of screening 

uptake in clinical practice, but the observed rates continue to lag behind targets that have 

generally been set at 70% 67. Furthermore, it seems plausible that compliance rates might 

differ between strategies, but little is known regarding differential adherence rates. 

Nevertheless, although limited by available data our results were fairly robust to changes 

in both initial screening and surveillance uptake and a scenario of unequal initial 

adherence across the different screening tests. 

It takes time for advancements in medical and surgical therapy for a disease such 

as CRC to translate into observed improvements in clinical outcome. Our stage-based 

CRC survival rates predate the widespread use of novel chemotherapies such as 

Bevacizumab. It is also becoming more common to surgically remove liver metastases in 

appropriate patients with advanced-stage disease. Whether these and future changes in 

the management of CRC translate into actual improvements in survival outside of clinical 

trials needs to be ascertained and could then be incorporated into our model. Of course 

the benefits of screening in reducing CRC-related mortality would be less if the disease 

were less deadly and thus screening might not have been as economically efficient had 

we significantly underestimated the effectiveness of the treatments for CRC.  
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Our conclusions were sensitive to our cost estimates including the cost of treating 

CRC and administering FIT. However, as previously discussed a scenario in which the 

currently funded biologic chemotherapies are excluded seems highly unlikely. Instead, it 

is predicted that the costs of managing patients with late-stage CRC will continue to 

climb. In addition, the dominance of FIT over no screening was sensitive to the level of 

additional administrative costs that might be associated with an annual screening program 

compared to one that recurs at a much less frequent interval (e.g. colonoscopy). FIT 

remained dominant over no screening as long as these potential additional administrative 

costs were no more than $10 per test. However, even at $30 per test, FIT remained the 

preferred screening strategy and was very attractive with a cost per QALY of $3,120 

compared with no screening. Only when the additional administrative costs of FIT were 

$50 or more per test did colonoscopy have a lower cost per QALY than FIT. Since the 

completion of our work, demand and cost projections have been created for the proposed 

ACRCSP, which was mentioned above. According to the ACRCSP business plan where 

it was assumed that two-thirds of the 1.1 million age-eligible individuals would adhere 

with biennial FIT it was estimated that about 250,000 FIT tests would be completed 

annually across the Province. For this, an annualized operating budget of about 6.7 

million dollars was requested (excluding capital costs), which translates into a cost of just 

under $27 per test. However, this estimate doesn’t reflect the extra administrative costs 

above what would be required for a primary colonoscopy based program, and thus if 

anything is high. Refined estimates of the administrative costs of screening with FIT will 

need to be determined, but it seems unlikely that the magnitude of the administrative 

costs would threaten the validity of our results. 
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Finally, clinical practice guidelines make recommendations according to available 

evidence and prevailing expert opinion. Guideline-based rescreening and surveillance 

intervals not only influence the effectiveness of a given screening strategy, but the 

frequency of testing also has important implications on costs. It may be that other more or 

less frequent intervals are preferred from an economic standpoint. For instance, it is 

possible that adjustments in the age to start (e.g. 55 instead of 50) or end CRC screening 

and surveillance might offer better value for money. For instance, it is possible that an 

average risk 60 year-old individual with 10 years of negative FIT studies should stop 

screening, though clinical evidence to inform these decisions is lacking. As future 

evidence evolves, it will be important to re-visit the cost-effectiveness of CRC screening. 

In the meantime, it is possible to estimate the effects of altering screening and 

surveillance recommendations by adapting models such as ours.  

4.3 Future Directions 

Although several knowledge gaps remain, there are a few priority items that our 

model could help address in the near term. The following analyses would be of particular 

interest to health policy decision makers in Alberta, particularly those involved with the 

proposed Alberta Colorectal Cancer Screening Program: 

1.	 It would be appropriate to re-run our analysis using Alberta-specific data. 

Nearly 40,000 colonoscopies have now been completed at the CCSC in 

Calgary. Thus, precise prevalence estimates could be generated and data on 

the rates and costs of colonoscopy complications including those unrelated to 



 

 

 

 

 

37 

bleeding and perforation could also be determined. Our model should be 

analyzed using not only the average risk prevalence rates from the CCSC, but 

above average risk prevalence rates as well. In addition to confirming the 

cost-effectiveness of FIT for CRC screening in Alberta, we could provide 

more precise estimates regarding the expected number of cancers and deaths 

from CRC in the province and the resource implications (e.g. demand for 

colonoscopy) associated with screening. Furthermore, this exercise would 

provide an opportunity to externally validate our model against population-

level CRC incidence and mortality data in Alberta. 

2.	 At the present time the rates of CRC mortality according to stage at diagnosis 

are not known in Alberta. However, efforts are currently underway to 

determine stage-based mortality rates for CRC. As discussed in the limitations 

section above, it will be important to confirm our findings in the context of 

current CRC survival data in Alberta. 

3.	 The ACRCSP is still in the planning stages. Thus, it would be timely to 

provide additional information to the planning committee on the expected 

effects of delaying the onset of screening or potentially stopping screening 

among those with persistently negative tests as previously discussed. 

Adjustments such as these have the potential to reduce resource requirements 

and costs without negatively impacting clinical outcomes. 

4.	 The FIT cut-off level recommended for referral to colonoscopy has generally 

been 75-150 ng/ml. One of the benefits of FIT is the ability to change the test-

positive cut-off value. However, lowering the cut-off to increase sensitivity 
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comes at the cost of reducing specificity resulting in an increased rate of 

referral for unnecessary colonoscopies. Interestingly, a recent economic 

evaluation of FIT suggests that a cut-off of 50 mg/ml is preferred 32. It will be 

critical to determine the preferred cut-off valve in Alberta before the ACRCSP 

is rolled-out as this will have important implications on the number of polyps 

and cancers missed, the number of colonoscopies demanded, and ultimately 

the costs of the Program. New evidence on the test performance of FIT at 

various cut-off values is becoming available and our model could be used to 

evaluate the impact of different set points on the cost-effectiveness of the 

ACRCSP. 

4.4 Concluding Remarks 

In conclusion, we have determined following a full-scale economic evaluation 

based on a validated Markov model populated with current evidence including a 

systematic review of polyp and CRC prevalence that average risk individuals should 

undergo CRC screening using FIT. The finding that CRC screening with FIT is cost 

saving is relatively novel. At a minimum this approach offers good value for health care 

money compared to other currently funded health interventions.  

Knowledge translation is a critical component of research. It would have been 

suboptimal had our findings gone unnoticed and ultimately buried in the medical 

literature. However, at the time of the writing of this thesis the economic evaluation 

manuscript has received over 6500 online viewings. This is very encouraging. Even more 

important is the fact the ACRCSP under development has been informed by this work 
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and is centered on FIT for average risk screening. Finally, our model should be seen as a 

valuable resource to help guide and refine health policy decision making regarding CRC 

screening today and in the future. 



 

 

 

 

40 

APPENDIX 1: EFFECTIVENESS DATA FOR THE DIFFERENT CRC   

SCREENING OPTIONS 

Fecal Occult Blood Test 

Landmark randomized controlled trials in the 1990s 68-70 determined that regular 

(annual and biennial) testing for occult blood in the stool reduced CRC mortality by 

between 15% 68 and 33% 70. 

The traditional fecal occult blood tests (FOBTs) rely on an oxidative reaction 

created from the presence of pseudoperoxidase activity found in hemoglobin. The 

reaction changes guaiac, a colorless compound blue. Test performance characteristics for 

different FOBT tests vary widely. Factors that can affect test performance include fecal 

hydration (hydration increases sensitivity while reducing specificity) and foods 

containing pseudoperoxidase or peroxidase activity (e.g. red meat, broccoli, and 

cauliflower) that can falsely turn the indicator dye blue 71. 

A single “test” is defined as 2 samples collected from 3 discrete bowel 

movements. Non-rehydrated samples are generally preferred to limit false positives 72. 

Studies in which both FOBT and a reference standard colonoscopy were performed in all 

individuals have shown FOBT to have a sensitivity for CRC ranging from 13% 38 to 41% 

73 for a single test. Although single test sensitivities for CRC and advanced polyps are 

poor, FOBT test performance increases with repeated testing given multiple detection 

opportunities 74. Advantages of FOBT include its widespread availability, relative ease of 

use, safety and low cost. 
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Fecal Immunochemical Test 

Fecal immunochemical tests (FIT) use antibodies directed against human globin 

to detect blood in stool. Compared with the qualitative FOBT test (positive/negative), FIT 

tests are quantitative and different thresholds can be set which determine their level of 

sensitivity and specificity 75. Although not widely used at present in North America, 

studies have shown FIT to have superior test performance over FOBT 42. Furthermore, a 

single test only requires sampling from one bowel movement and there is no need for 

dietary restrictions, both of which may account for the observed improvement in patient 

participation rates compared to FOBT 42. FIT is promising for population-based CRC 

screening. 

Fecal DNA 

The fecal DNA test detects DNA markers shed from polyps and CRC into stool. 

The test is not reliant on the presence of bleeding, which can be intermittent and even 

absent altogether for CRC. Like the guaiac- and immunochemical-based stool tests, fecal 

DNA offers a non-invasive option for patients. Although an earlier study showed it to 

have relatively low sensitivity for advanced neoplasia (advanced adenomas and CRC), it 

was still better than Hemoccult II (a guaiac-based FOBT) at 18% compared to 11%, 38. 

However, using a newer generation of the test (SDT-2) in a screening setting Ahlquist et 

al. 76 showed that fecal DNA had a sensitivity of 46% compared to 16% for Hemoccult II 

for identifying advanced neoplasia. The enhanced sensitivity of the newer generation test 

was most apparent for adenomas. The major drawback of fecal DNA remains its high 
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cost. US modeling studies to date have not shown it to be cost-effective compared to 

other CRC screening strategies 48, 50. 

Sigmoidoscopy and Colonoscopy 

Sigmoidoscopy and colonoscopy involve insertion of a flexible endoscope via the 

anus into the colon following a purging laxative. The endoscope is inserted to the splenic 

flexure during sigmoidoscopy and to the cecum during colonoscopy. It is recommended 

that those found to have an adenomatous polyp on sigmoidoscopy undergo a full 

colonoscopy to search for associated proximal pathology. In addition to high sensitivity, 

the major advantage of sigmoidoscopy and colonoscopy is the ability to remove polyps 

and obtain biopsies during the same procedure. However, accompanying this therapeutic 

potential comes the added risk of bleeding, perforation and very rarely death 72. 

Colonoscopy has been considered by many to be the most effective screening 

modality 23. Epidemiological evidence has suggested 70-90% reductions in CRC 

incidence following mass screening with colonoscopy 15. However, the magnitude of the 

benefit of colonoscopy over sigmoidoscopy has been called into question given that a 

recent case-control study by Baxter et al. 41 showed a mortality reduction for left, but not 

right sided CRC using colonoscopy. The reason for this finding is not entirely clear, but 

may be due to suboptimal colonic preparation limiting visualization, a higher prevalence 

of flat or “sessile” neoplasia or potentially a different tumor biology in the right colon 41. 

The widely anticipated results of randomized trials using flexible sigmoidoscopy 

are beginning to emerge. Flexible sigmoidoscopy with or without a single round of FOBT 

testing compared to no screening did not show a reduction in CRC mortality in the 
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intention to screen analysis 77. However, among those who were compliant with 

screening (per protocol analysis) there appeared to be a 59% reduction in CRC mortality 

at any location and a 76% reduction in the rectosigmoid (left-sided) area 77. A larger 

randomized study of once only flexible sigmoidoscopy versus no screening between the 

ages of 55 and 64 showed a 23% reduction in the incidence of CRC and a 31% reduction 

in mortality 78. 

Barium Enema and Computed Tomographic Colonography 

Until recently barium enema was the only radiographic modality capable of 

evaluating the entire colon. Although minimally invasive, a full colonic preparation is 

still required. It has only moderate test performance at best 79 and a colonoscopy is 

required following a positive exam to confirm and remove polyps. Furthermore, even 

though it is relatively safe, patients often find it uncomfortable 80. Barium enema is used 

infrequently for screening in Alberta 40. 

Computed tomographic colonography (CTC) or virtual colonoscopy represents a 

major advance over barium enema. Recent studies have demonstrated test performance 

characteristics for polyps >10 mm and CRC that rival those of colonoscopy 39, 81, 82. 

However, like barium enema it is only diagnostic and issues including polyp size 

thresholds for reporting, re-screening intervals, extra-colonic findings and radiation 

exposure persist 83. Furthermore, the test is expensive and there is uncertainty regarding 

its cost-effectiveness. While some mathematical modeling studies that permit small 

polyps to be ignored suggest that CTC might be cost-effective 44, others have not shown 

it to be cost-effective compared to the commonly available CRC screening 
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modalities 45-47 . 
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APPENDIX 2: ELEMENTS OF AN ECONOMIC EVALUATION 

The following is a summary of the elements that should be included in an 

economic evaluation. Further detail regarding each of these elements can be found in the 

guidelines for the economic evaluation of health technologies published by the Canadian 

Agency for Drugs and Technologies in Health (CADTH) 33. 

Study Question 

A well-defined and focused study question should be formalized prior to 

undertaking an economic evaluation. The study question should describe the patient 

population, the intervention and relevant comparators and define the perspective of the 

analysis. Finally, in framing the study question one must ensure that the results generated 

from the analysis are relevant to the target audience for which the research was intended. 

Target Population 

The economic impact of a program or intervention depends on the target 

population being evaluated. Target populations may be defined based on baseline 

demographic characteristics (e.g., age and sex) or according to the presence or absence of 

specific conditions. In addition, populations can be defined by setting (e.g., community or 

hospital), geographic location, or usual patterns of treatment. Although the evaluation 

should analyze the entire population defined in the study question, it may be appropriate 

to conduct stratified analyses if there is heterogeneity in important variables within the 

target population. 
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Type of Economic Evaluation 

Selecting the appropriate type of evaluation depends on the research question and 

the availability of outcome data. Analysts should justify the chosen type of evaluation. 

CADTH recommends using a cost-utility analysis as the primary analysis 33. 

Comparators 

A comparator is any alternative that has the potential to be replaced by the 

intervention in question. The selection of appropriate comparators is critically important 

as this choice including a decision to omit a given comparator can directly impact the 

results of the analysis and the relevance to the target audience. In general, all reasonable 

alternatives should be considered even though not all necessarily have to be selected for 

the analysis. However, a decision to omit a given comparator should be justified. This 

process can be particularly challenging when multiple comparators are available and 

variations in clinical practice exist. 

The reference case should be “usual care,” which is generally the most common 

or widely used comparator. The status quo may be a “do nothing” approach. It is also 

advisable to consider future comparators that have the potential to be adopted. 

Perspective 

The perspective of the evaluation should be based on the intended target audience. 

Examples include the public payer perspective, the publicly funded health care system 

perspective and the societal perspective. The differences between these relate to the costs 

that are considered relevant. CADTH recommends that the publicly funded health care 
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system be chosen for the primary analysis 33. The costs considered relevant to the 

publicly funded health care system include both direct costs (e.g. hospital services, 

physician billings, drug costs, etc.) and indirect or non-medical costs. Non-medical costs 

are patient and caregiver time and travel costs. Productively costs (e.g. lost wages due to 

time off work, the cost incurred by an employer to hire new staff) are also considered in 

addition to non-medical costs in the wider societal perspective. The costs associated with 

adopting a wider perspective should be reported separately where it is likely that they will 

impact the results of the analysis. 

Effectiveness 

Whereas efficacy refers to how well an intervention performs in a controlled 

setting (i.e. within the confines of an RCT), effectiveness refers to how well the 

intervention performs under “real life” conditions. In reality, a technology is often used 

by a variety of end users with different skill sets on individuals who are less informed, 

less compliant and have co-morbid conditions that would have excluded them from an 

RCT. As one might expect, “real life” patients tend to respond less favourably to 

treatments than participants in RCTs 84. 

Decision-makers are primarily concerned with the effectiveness rather than the 

efficacy of an intervention when making decisions regarding whether or not to fund. 

Thus, it is recommended that the outcomes and costs informing an economic evaluation 

be based on effectiveness rather than efficacy data when possible. This can be difficult 

when evaluating non-drug technologies, which tend to get approved following less 

rigorous clinical testing than medications. Finally, the impact of adverse events on the 
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intervention should be accounted for in the analysis as they may affect patient 

compliance, morbidity and mortality, quality of life and resource use. Deviations from 

these practices should be justified. 

Efficacy data are frequently limited and tend to surface after a technology has 

been implemented. Factors that have the potential to modify effectiveness should be 

identified such as patient adherence with treatment and the knowledge and skill of 

providers, both of which can influence outcomes. Once identified, these variables can be 

varied in sensitivity analyses in order to model their effect on “real life” practice. 

Time Horizon 

The time horizon of an economic evaluation refers to the duration of time over 

which costs and outcomes are considered in the analysis. It should be long enough to 

capture all the relevant potential differences in these variables between the intervention 

and comparators. Analysts are encouraged to consider a lifetime time horizon in the 

primary analysis, especially for chronic conditions 33. However, it may be appropriate to 

consider a short-term analysis as long as the decision is justified 45. 

Valuing Outcomes: Cost-Utility Analysis 

The preferred outcome measure for a cost-utility analysis is the QALY. Please see 

section 1.2.5 for general information on quality of life, utilities and the derivation of a 

QALY. 

There is controversy whether utilities should be derived from patients with current 

or prior exposure to a given health state or from a representative sample of the general 
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public. It is known that preference valuation varies according to one’s experience with a 

given condition 85. The indirect measurement instruments discussed in section 1.2.5 are 

based on surveys of preferences from the general public and it is preferred that direct 

utility measurement likewise be obtained from a sample of the general public who have 

been adequately informed about the health states being valued. The justification for this 

approach is that the general public are the payers of the publicly funded health care 

system and represent potential patients with the condition(s). 

Resource Use and Costs 

The relevant resource items to consider along with their respective costs are 

determined by the perspective taken in the analysis (see above). Both present and future 

costs resulting from the intervention and alternatives are potentially relevant. 

There are different categories of health care costs. Direct health care costs include 

those resulting from hospital services, laboratory tests and physician fees. Indirect costs, 

also known as non-medical costs, include 1) direct costs to patients and their families for 

receiving care (e.g. travel costs), 2) time costs to patients and their families while 

receiving care and 3) costs resulting from lost productivity. It remains controversial 

whether or not and how to account for lost productivity costs 86. However, it is now 

generally recommended that the first two categories of non-medical costs be included in 

economic evaluations of health care programs, at least when using the perspective of the 

publicly-funded health care system 33. 

Two methods for costing exist 87. Gross costing considers items on an aggregate 

basis such as the average cost per hospital day. In contrast, micro-costing considers each 
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individual cost component, an approach which can produce precise item estimates, but is 

time consuming. In reality a combination of these approaches is used and items that have 

the potential to drive the results should be quantified more precisely. Uncertainly in 

important cost estimates should be disclosed and sensitivity analyses to determine the 

impact of these uncertain cost assumptions should be performed. 

Resource use and cost data can be obtained from a number of sources including 

clinical trials, administrative data and the published literature. Using costs from other 

countries in the Canadian setting may not be appropriate. Lastly, costs may only be 

available for a previous time period and should be updated accordingly (e.g. inflation 

adjusted often using the Consumer Price Index). 

Discounting 

Individuals prefer resources now to waiting for them in the future. This notion of 

time preference is underscored by the existence of interest rates. An individual demands 

interest from a bank in order to save or postpone consumption. Indeed, the rate of interest 

reflects the opportunity cost of money 29. However, the reason for time preference 

involves more than just interest rates. Some individuals simply have a short-term view of 

life and most would agree that the future is uncertain. In addition, given positive 

economic growth many individuals expect to be wealthier in the future and hence a dollar 

today is worth more than one in the future. 

In order to perform an economic evaluation today involving costs and health 

outcomes in the future, an analyst must compute the value of future resource transactions 

in today’s dollars. The present value, or value today, of a future dollar is determined by 
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how far in the future it is obtained and on the rate at which it is discounted. A dollar 

invested today at an interest rate of 5% will generate $1.05 a year from now ($1.00 X 

1.05 = $1.05). The calculation is reversed to determine the present value of a dollar that 

we expect to obtain a year from now (present value X 1.05 = $1.00 where present value = 

0.95). The general formula for present value is: 

PV = FV


 (1+r)t 


where PV is present value, FV is future value, r is the discount rate (expressed as a 

decimal fraction and t is time. Using this formula, the present value of $100 attained 10 

years from now, discounted at 5% annually is PV = $100/(1 + 0.05)10 = $61. 

It is generally accepted that health outcomes be discounted in an identical manner 

to that described above. Although controversy exists, the basic argument for discounting 

future health outcomes is that they are being valued relative to dollars that could have 

yielded even more dollars in the future if not spent today to generate the outcomes of 

interest 29. In Canada, the recommended discount rate is 5% 33. However, it should also 

be set to 0% in a sensitivity analysis to assess the impact of discounting. 

Variability and Uncertainty 

Variability reflects differences in the values of parameters that result from 

changes in circumstances. For example, the effectiveness of an intervention may differ 

between older and younger individuals. In modeling variability is handled primarily 
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through scenario analyses, which involve simultaneously changing all the relevant model 

parameters unique to the scenario 33. 

Uncertainty occurs when the true value of a parameter is unknown. In reality the 

“true” value of any measured entity is always unknown because measurement is 

imperfect. In the context of an economic evaluation uncertainty can be divided into 

parameter uncertainty (costs, effects, etc.) and model uncertainty (structure, assumptions, 

etc.). Parameter uncertainty refers to uncertainty in a probabilistic sense; i.e. uncertainty 

due to random chance from sampling. Parameter uncertainty can be dealt with through 

deterministic and probabilistic sensitivity analyses. In a deterministic sensitivity analysis 

parameters are analyzed as point estimates which are then varied over plausible ranges. In 

a probabilistic sensitivity analysis inputs are analyzed as probability distributions to more 

accurately reflect their full uncertainty. A probabilistic sensitivity analysis is preferred 

when possible as it can provide a more complete assessment of the uncertainty associated 

with all of the inputs in the model simultaneously 33. 

Model uncertainty is created through the choices and assumptions made by the 

modeller. Examples include simplifications in the underlying biology of a disease process 

and the time horizon or discount rate chosen. Model uncertainty can be dealt with 

through deterministic sensitivity analyses using alternative model assumptions. It is of 

paramount importance to give due diligence to uncertainty at every level of a model. This 

is required so that the reader is capable of judging whether the results are meaningful and 

robust. 
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APPENDIX 3: COST-EFFECTIVENESS PLANE 
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Adapted from Drummond 1
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APPENDIX 4: MODEL VALIDATION 

Ensuring the internal validity of our model was a major focus of this thesis. 

Interval validity was approached in two stages. In the first stage the face validity of the 

model was established. For this clinical experts (Drs. Heitman and Hilsden) designed and 

agreed on the model structure and flow to simulate “real life” as closely as possible. In 

designing the model a number of assumptions were made. Firstly, all polyps are 

considered potentially important. Cancer formation through the classic adenoma 

carcinoma sequence is assumed with CRC arising only from large (≥ 10 mm) 

adenomatous polyps. Moreover, those with a previous history of adenomatous polyps or 

cancer are assumed to have a more rapid adenoma-carcinoma sequence. It is also 

assumed that missed cancers become symptomatic within a five-year interval. Once CRC 

is discovered through screening or clinically manifest, mortality is modeled according to 

cancer stage. Lastly, the effectiveness of CRC screening in terms of reducing mortality in 

the model is realized through a more favourable cancer stage distribution and through 

removal of polyps. 

After the model was created, extensive “debugging” exercises were undertaken to 

confirm its technical accuracy. We assessed for logical inconsistences by evaluating our 

model under hypothetical extreme value scenarios (e.g. 0% and 100% adherence) to 

ensure that the results made sense. This permitted us to check for and correct all 

syntactical errors. 

In the second stage of our validation we compared our “no screening” and FOBT 

strategies with the results of the randomized trials that compared FOBT with “no 
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screening” 68-70. In this exercise, we also performed a “between-model validation” by 

comparing our model results to those of an independently developed model that was 

created for the US Multi-Society Task Force 88. In order to simulate the results of the 

control arms of the clinical trials, we altered our time horizon to be consistent with the 

RCT follow-up periods and performed first order Monte Carlo simulation on the same 

number of simulated patients that were studied in the trials. Table 1a of this appendix 

found below illustrates the results comparing our no screening/natural history arm to that 

of the control arms of the FOBT RCTs and the no screening strategy of the Multi-Society 

Task Force model in terms of the total number of cancers. Our results were nearly 

identical to two of the RCTs and the Multi-Society Task Force Model and were within 

10% of the third RCT, suggesting that our model was well calibrated to modelling the 

progression of CRC. 

The study by Mandel et al. screened patients with FOBT annually and our model 

evaluated annual screening using the stool tests in the base case. As such, we validated 

our FOBT strategy by comparing our results to those of Mandel et al. and also compared 

our results to the model created for the Multi-Society Task Force. In a similar fashion to 

that described above we altered our time horizon, sample size and assumed similar 

adherence and test performance characteristics described in the RCT. We also did this for 

the between-model validation. Once again, Table 1b shows that the total number of 

cancers predicted by our model closely matched that of the RCT and the other model, 

suggesting that our model was well calibrated to evaluating the impact of fecal based 

screening in CRC. 
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The only difference between the FOBT strategy and the other stool based 

strategies (FIT and fecal DNA) involved test performance. Thus, the validated FOBT 

strategy was simply modified for the other fecal-based screening strategies. 

We validated our colonoscopy strategy by first assuming that it was a perfect test 

(sensitivity and specificity 100%) and that it would be performed annually with 100% 

compliance. With this, all the CRCs were found on initial screening and no CRCs 

occurred subsequently (because polypectomies were performed on all patients who 

developed polyps). To validate the CTC strategy, we re-analyzed it assuming that CTC 

had similar test performance characteristics as colonoscopy for polyps and cancers, that 

adherence with colonoscopy after a positive CTC was 100%, and that colonoscopy after a 

positive CTC was a perfect test. Using these assumptions, we noted that the number of 

missed cancers occurring in the CTC strategy was nearly equivalent to the number of 

missed cancers occurring in the colonoscopy strategy. 

Having completed these exercises, we were confident that our model had face 

validity, was internally valid, that it was calibrated to other data sources, and that it 

compared favourably with other models (between-model validation). 
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Table 1a: No Screening/Natural History Validation 

Source Number of 
Patients 

Years of 
Follow-up 

Number of 
CRCs 

Mandel et al. RCT 15,394 13 356 

Our model with Mandel et al. 
data 

15,394 13 354 

Our model with Kronborg et 
al. data 

30,966 10 494 

Our model with Hardcastle 
et al. data 

76,384 8 945 

Our model with Multi-Society 
Task Force assumptions 

100,000 Lifetime 4,929 

Table 1b: FOBT Screening Strategy Validation 

Kronborg et al. RCT 30,966 10 483 

Hardcastle et al. RCT  76,384 8 856 

US Multi Society Task Force 
Model 

100,000 Lifetime 4,988 

Mandel et al. 
FOBT arm 

Our model: 
Mandel data 

Multi-Society Task 
Force model 

Our model: 
Multi-Society 
assumptions 

Number of 
patients 

15,570 15,570 100,000 100,000 

Years Follow-up 13 13 Lifetime Lifetime 

Initial screening 
compliance (%) 

85 85 100 100 

Re-screening 
compliance (%) 

75 75 100 100 

Sensitivity of 
FOBT for cancer 

25 25 60 60 

Total CRC 323 307 2,610 2,702 
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