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ABSTRACT  
 
Several colorectal cancer (CRC) screening models have been developed describing the 
progression of adenomas to CRC. Currently, there is increasing evidence that serrated 
lesions can also develop into CRC. It is not clear whether screening tests have the same test 
characteristics for serrated lesions as for adenomas, but lower sensitivities have been 
suggested. Models that ignore this type of colorectal lesions may provide overly optimistic 
predictions of the screen-induced reduction in CRC incidence. To address this issue, we have 
developed the Adenoma and Serrated pathway to Colorectal CAncer (ASCCA) model that 
includes the adenoma-carcinoma pathway and the serrated pathway to CRC as well as 
characteristics of colorectal lesions. The model structure and the calibration procedure are 
described in detail. Calibration resulted in 19 parameter sets for the adenoma-carcinoma 
pathway and 13 for the serrated pathway that match the age- and sex-specific adenoma and 
serrated lesion prevalence in the COlonoscopy versus COlonography Screening (COCOS) trial, 
Dutch CRC incidence and mortality rates, and a number of other intermediate outcomes 
concerning characteristics of colorectal lesions. As an example, we simulated outcomes for a 
biennial fecal immunochemical test screening program and a hypothetical one-time 
colonoscopy screening program. Inclusion of the serrated pathway influenced the predicted 
effectiveness of screening when serrated lesions are associated with lower screening test 
sensitivity or when they are not removed. To our knowledge, this is the first model that 
explicitly includes the serrated pathway and characteristics of colorectal lesions. It is suitable 
for the evaluation of the (cost)effectiveness of potential screening strategies for CRC. 
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BACKGROUND 
           With over 1.2 million new cases in 2008, colorectal cancer (CRC) is the third most 
common cancer worldwide.1 To reduce CRC incidence and mortality, population-based 
screening programs have been implemented in some European countries.2 In the decision to 
implement a CRC screening program and in the choice of a particular screening strategy, 
national health policymakers have acknowledged the value of mathematical screening 
models.3–6  
          Existing CRC screening models7–15 describe the development of adenomas to CRC 
according to the adenoma-carcinoma pathway.16,17 In addition to adenomas, serrated lesions 
may develop in the colorectum. A subgroup of these serrated lesions is currently recognized 
as being CRC precursor lesions. Progression to CRC from a serrated lesion is referred to as 
the serrated pathway.18 Limited data are available on the contribution of either pathway. 
Proportions between 5% and 30% for the serrated pathway have been proposed, based on 
the percentage of CRCs that have similar genetic alterations to those identified in serrated 
lesions.19–24 Because there are also adenomas with serrated features that may cause CRCs 
with serrated morphology, it is difficult to assess the origin of a tumor.24 Until now, 
considerable uncertainty remains.  

It is unclear whether existing screening tests such as fecal immunochemical testing 
(FIT) and colonoscopy have the same test characteristics for serrated lesions as for 
adenomas. Limited evidence suggests lower sensitivities for the detection of serrated 
lesions.18,25–27 This may explain a proportion of the symptomatic cancers observed between 
two screening rounds. As existing models assume that all CRCs arise from adenomas and do 
not acknowledge the malignant potential of serrated lesions, they may provide overly 
optimistic predictions of the proportion of precursor lesions that is detected by screening 
and the corresponding reduction in CRC incidence.  

In order to address this issue, we developed the Adenoma and Serrated pathway to 
Colorectal CAncer (ASCCA) model. The objectives of this study were: (i) to develop a model 
including both pathways to CRC and (ii) to calibrate this model to data from the colonoscopy 
arm of the Dutch COlonoscopy versus COlonography Screening (COCOS) trial28 and data from 
the Dutch cancer registry. The model includes characteristics of adenomas and serrated 
lesions that are associated with malignancy or that may affect screening outcomes. To 
incorporate structural as well as parameter uncertainty, a range of fitting parameter sets 
under different natural history assumptions was obtained in the calibration procedure. As an 
example of the application of the model, we simulated outcomes for a biennial FIT screening 
program and a hypothetical one-time colonoscopy screening program. 
 
METHODS 

The ASCCA model simulates the individual health trajectories of a specific birth 
cohort from the age of 20 until they are deceased or have reached the age of 90 years using 
a microsimulation approach. Simulations are performed in discrete time steps of one year. 
The model is programmed in C++ with use of the Boost library for the random number 
generator.29 
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Natural history of colorectal cancer 
Two pathways in CRC development are included in the model; the adenoma-

carcinoma pathway and the serrated pathway (see Fig. 1). An individual may develop 
multiple colorectal lesions at the same time; a maximum of 10 adenomatous lesions and 10 
serrated lesions are simulated within an individual.30–32 The incidence, progression, 
regression, and characteristics of the lesions within an individual are modelled 
independently from each other. The presence of either an adenoma or a serrated lesion is 
required to develop CRC.18,33 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Flowchart of the natural history model for the adenoma–carcinoma pathway and the serrated pathway. 
Note that in the adenoma–carcinoma pathway, advanced adenoma is a definition and not a state in the model. 
The structure for the serrated pathway is flexible so both scenarios: (i) the presence of an HP is not required for 
the initiation of an SSA and (ii) SSAs develop from HPs, can be evaluated by putting transition probabilities to 
zero, respectively, the transition probability from “HP” to “SSA” and from “no serrated lesions” to “small SSA.” 

 
Modeling individual variation in risk of colorectal lesions 

It is known that individuals differ in their susceptibility of developing adenomas and 
serrated lesions. We assume that the population risk profile in developing colorectal lesions 
is lognormally distributed, so that the majority of the population have a low risk of 
developing lesions in the colon and a minority have an increased risk to such an extent that 
multiple lesions are common.28 The model incorporates this by assuming that an individual’s 
risk of developing colorectal lesions is the product of a baseline risk and a personal risk 
index, randomly drawn from a lognormally distributed population risk profile. For each 
pathway, there is an age- and sex-specific baseline risk and a personal risk index. 

 
The adenoma-carcinoma pathway 

As shown in Fig. 1, each of the 10 potential adenomas in the adenoma-carcinoma 
pathway can be categorized either as “no adenoma,” “diminutive (<6 mm) adenoma,” “small 
(6–9 mm) adenoma,” or “large (≥10 mm) adenoma.” When an adenoma arises in the model, 
it is assigned a number of clinical, histopathological, and molecular features. These features 
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may change over time or remain unaltered. In addition, these features may influence 
disease progression and may be associated with screening test sensitivities.34,35 The model 
currently includes the following features: location, morphology, dysplasia, and villosity.  

The model assumes that all adenomas begin as diminutive, tubular adenomas with 
low-grade dysplasia. The location of the adenoma in the colorectum and its morphology are 
assigned when the adenoma first occurs and remain unchanged over time. Each cycle, 
adenomas can grow or regress in size or can progress to CRC. Simultaneously, villosity and 
dysplasia can progress from tubular to tubulovillous or villous (one category) and from low-
grade to high-grade dysplasia. These transition rates are assumed to be size dependent; 
larger adenomas have a higher probability of becoming tubulovillous or of becoming high-
grade dysplastic.34 Adenomas are defined as advanced adenomas (AAs) when they are 
either 10 mm or larger, have any villous component, or have high-grade dysplasia.36  

There is limited and conflicting evidence on the possibility for adenomas to regress 
completely. Clinical studies suggest that regression is possible, but complete regression has 
not been directly observed.37–39 On the other hand, a more recent modeling study could 
only replicate data from the National Polyp Study40 if complete regression was included in 
the model.41 Based on discussions with clinical experts, we chose to exclude the possibility of 
complete regression, i.e., regression from “diminutive adenoma” to “no adenoma,” in the 
model, but included the possibility of regression in size. The rates at which adenomas 
regress in size or progress to CRC are assumed to be dependent on the characteristics of the 
adenoma. In the model, only adenomas that are both tubular and have low-grade dysplasia 
are assumed to regress in size, whereas progression to CRC is only possible for AAs. 
 
The serrated pathway 

The serrated pathway takes two types of serrated lesions into account; hyperplastic 
polyps (HPs) and sessile serrated adenomas (SSAs). Traditional serrated adenomas (TSAs) are 
not included in the model because they are very rare20 and insufficient data were available 
to estimate prevalences. HPs and SSAs are both characterized by the serrated architecture of 
the upper part of the crypts42 but only SSAs are assumed to have the potential to progress to 
CRC.43 The relation between HPs and SSAs is still unclear. This uncertainty is explicitly 
incorporated in the model by including two structural options for the serrated pathway (see 
Fig. 1): (i) HPs and SSAs arise independently and (ii) HPs are assumed to be precursors of 
SSAs. The first option is supported by a different distribution of both lesions in the colon as 
well as biological differences44 whereas the second is supported by histological similarities 
between HPs and SSAs.24 For the base-case scenario, we assume that HPs and SSAs arise 
independently.  

The structure of the serrated pathway is similar to the adenoma-carcinoma pathway. 
Differences are that we only use the size categories small and large because scarce 
calibration data for intermediate model outcomes are available. Furthermore, serrated 
lesions are only assigned a location and a morphology. Both HPs and SSAs are assumed to 
begin as small lesions and can progress in size. Only SSAs are assumed to be able to progress 
to CRC. Based on discussion with experts in the field of gastroenterology, we assume that 
regression in size is only possible for HPs.37–39 In addition, the option of complete regression 
from “small HP” to “no serrated lesion” is included in the model. However, whether HPs can 
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regress completely is essentially unknown. Therefore, we explore different rates of complete 
regression as well as the possibility of no complete regression. 

 
Colorectal cancer  

The category “CRC” is modeled as four different stages for both nonsymptomatic 
and symptomatic CRC according to the TNM classification system. The model assumes that 
nonsymptomatic CRC stage 1 arises from an AA or an SSA. Nonsymptomatic tumors can 
progress to a more advanced cancer stage or become symptomatic and be detected. Once 
detected, 10-year stage-specific survival probabilities apply. Cancer patients who survive 
beyond this time are considered cancer survivors in the model and are no longer modeled as 
having a risk of dying from CRC. Other health states in the model are death through CRC and 
death through other causes.  

The proportion of CRCs attributable to the serrated pathway is essentially unknown; 
estimates vary between 5% and 30% depending on the genetic and epigenetic classification 
of CRCs.19–24 Considering the strength of the evidence, we assumed in our base-case model 
a contribution of 15% for the serrated pathway. In order to allow comparison of our model 
results to other published CRC models that only include the adenoma-carcinoma pathway, 
we also fitted the model assuming all CRCs arise from adenomas. 

 
Calibration 

The model was calibrated manually using a systematic, step-by-step approach. 
Briefly, the calibration procedure aimed at finding parameter sets that produced 
intermediate model outcomes that fell within the 95% confidence interval (CI) of the data. 
For age-specific outcomes, a fit within 80% of the 95% CIs was considered satisfactory. As a 
first step, the adenoma-carcinoma pathway and the serrated pathway were calibrated 
separately to data from the COCOS trial and data from Rutter et al.45 After that, an overall 
calibration round of the base-case model was performed, in which progression rates for AA 
to CRC and SSA to CRC, progression rates between cancer stages, and cancer detection rates 
were calibrated against CRC incidence and mortality data for the Netherlands.46 Similarly, an 
overall calibration round was performed under the assumption that all CRCs arise from 
adenomas. Appendix A provides a detailed description of the calibration procedure and 
calibration targets for the adenoma-carcinoma pathway (A.1), the base-case structure of the 
serrated pathway (A.2), and the overall calibration round (A.3). The data sources used in 
calibrating the model are described later. 

 
Data sources 

An important data source for the model was the COCOS trial that was conducted in 
the Netherlands.28,47 The COCOS trial is a randomized controlled trial in which the 
participation rate of colonoscopy and CT colonography in a population-based screening 
program was evaluated. As the trial was conducted in a previously unscreened population, 
the initial screening round provides valuable prevalence information. Only data from the 
colonoscopy arm, consisting of 1,420 participants aged 50–75 years, were used.28 Data were 
available on the sex-, age-, and size-specific prevalences of adenomas and serrated lesions, 
the number of adenomas and serrated lesions per person, and location and morphology of 
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each lesion.28 For adenomatous lesions, the proportion of tubular versus tubulovillous or 
villous structure and low- versus high-grade dysplasia was available for all size categories. 
For age groups outside the age range for screening in the COCOS study, adenoma prevalence 
estimates from Rutter et al. were used.45  

From the Dutch cancer registry, age- and sex-specific CRC incidence and mortality 
rates were available, as well as stage-specific survival probabilities.46 The stage distribution 
of detected CRC in the Dutch population as well as dwell times between cancer stages were 
taken from the literature.48,49 The sex- and age-specific probabilities of death through other 
causes were inferred from the Dutch Central Bureau for Statistics.50 
 
Screening module 

The ASCCA model is supplemented with a screening module implemented such that 
various strategies of screening and follow-up can be evaluated. For screening, either one or 
two screening tests can be specified (either co-testing or a primary test plus triage test). Test 
characteristics may be specified dependent on each of the characteristics of adenomas and 
serrated lesions. In addition, the screening module requires input on the age range during 
which individuals are invited to screening, the interval between two subsequent screening 
rounds, the proportion of individuals who attend screening when invited, a description of 
the decision rule for referral to diagnostic colonoscopy for each (combination of) screening 
test result(s), and a description of the follow-up strategy after diagnostic colonoscopy. When 
an adenoma or serrated lesion is detected during diagnostic colonoscopy, it may or may not 
be removed by polypectomy. The model also incorporates a small risk of dying because of 
the procedure. Based on the findings at colonoscopy, individuals are either returned to the 
population-based screening program or referred to follow-up. For the follow-up procedure, 
input is required on characteristics of the surveillance test, the interval between two 
subsequent visits, the proportion of individuals that is compliant with follow-up, and an 
ending rule that defines the end of follow-up and referral back to the screening program. 
 
Diagnostic colonoscopy 

For diagnostic colonoscopy, it is assumed that the cecum can be reached. 
Furthermore, a specificity of 100% but imperfect sensitivity of the test is assumed. According 
to the systematic review by Van Rijn et al.,51 the miss rate for diminutive, small, and large 
adenomas is 26%, 13%, and 2.1%, respectively. Miss rates for serrated lesions have not been 
reported but the miss rate of all colorectal lesions, which includes both serrated lesions and 
adenomas, is similar to those of adenomas.52 Therefore, we assumed that the miss rate for 
small serrated lesions (<10 mm) is equivalent to the average of the miss rate for diminutive 
(<6 mm) and small (6–9 mm) adenomas, resulting in a miss rate of 20%. For large serrated 
lesions (≥10 mm), a miss rate of 2.1%, which is equal to the miss rate of large adenomas, is 
used. However, this is a conservative assumption because serrated lesions are often flat and 
located in the proximal colon, which makes them more difficult to detect.18,27 The probability 
of detecting an adenoma or serrated lesion is assumed to be independent of the detection 
of other adenomas or serrated lesions within the same individual.51 Furthermore, the 
detection rate of CRC by colonoscopy is assumed to be perfect in this study, consistent with 
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previously published findings.53 A 0.01% risk of dying from complications associated with 
colonoscopy is assumed among individuals who undergo colonoscopy in the model.54,55 
 
Model-based predictions for screening  

We illustrate the use of the ASCCA model by simulating: (1) a biennial FIT screening 
program and (2) a one-time screening colonoscopy program. For this example, one 
calibrated parameter set giving model predictions corresponding closely to the point 
estimates of the various intermediate outcomes of the COCOS trial was used. As published 
FIT sensitivities per lesion for the different types of lesions and for the different size groups 
are not available at the level of the lesion but only at the individual level, these sensitivities 
were obtained by replicating two Dutch FIT screening trials and calibrating model outcomes 
against the results of these trials.56,57 It is unclear whether FIT has the same test 
characteristics for adenomas and serrated lesions. Therefore, we aimed to obtain two 
different sets of test characteristics; one assuming that the test characteristics for adenomas 
and serrated lesions are comparable and one assuming that FIT is not capable of detecting 
serrated lesions. The latter assumption is based on limited evidence that suggests that 
serrated lesions are less likely to bleed compared to adenomas.18,25,26 Appendix B describes 
the replication of these screening trials. 

 
Biennial FIT screening and one-time colonoscopy screening 

Screening scenarios were simulated with two alternative versions of the ASCCA 
model: (1) under the assumption that all CRCs arise from adenomas and (2) under the 
assumption that 15% arises via the serrated pathway. A cohort that consisted of 1,000,000 
men and 1,000,000 women was simulated.  

In the scenario of FIT screening, individuals were subjected to biennial FIT screening 
between 55 and 75 years of age and referred to diagnostic colonoscopy if the FIT test was 
positive. Adherence to diagnostic colonoscopy was assumed to be 83%.56 In the scenario of 
colonoscopy screening, individuals underwent one-time colonoscopy screening at age 60. At 
colonoscopy, detected lesions were removed by polypectomy. Follow-up was modeled in 
accordance with the current Dutch surveillance guidelines, with surveillance intervals and 
referral back to the screening depending on the number of detected adenomas.58 The 
following four analyses were carried out for both the FIT and colonoscopy screening 
scenario:  

(i)  No screening; 
(ii)  Natural history assumption 1 with screening and polypectomy of detected 

adenomas; 
(iii)  Natural history assumption 2 with screening and polypectomy of detected 

adenomas; 
(iv)  Natural history assumption 2 with screening and polypectomy of all detected 

colorectal lesions. 
 
For colonoscopy screening, an additional analysis was conducted in which we 

assumed higher colonoscopy miss rates for serrated lesions compared to adenomas. In this 
analysis, miss rates for serrated lesions were 40% and 5% for small and large lesions, 
respectively.  
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All analyses were conducted with a realistic screening participation rate of 60% for 
FIT screening56,57 and 22% for colonoscopy screening.28 The analyses were repeated with a 
hypothetical participation rate of 100% to allow optimal contrast between the two natural 
history assumptions. 
 
RESULTS 
Model calibration 

Table A1 shows the input values for model parameters that were directly derived 
from the COCOS data. For all other model parameters, the range of calibrated values for 
each parameter is shown in Table 1. As the model parameters are highly correlated, only 
specific combinations of the parameters lead to fitting model predictions. For example, high 
progression rates from diminutive to small adenoma and from small to large adenoma 
always resulted in a relatively narrow range of high regression rates in order to match the 
sex-, age-, and size-specific adenoma prevalence in the COCOS trial. Conversely, conditional 
upon a low progression rate, a narrow range of low regression rates was found. However, 
Table 1 provides no insight into the correlation among parameters; total ranges for each 
single parameter are presented separately.  

The calibration procedure resulted in 21 parameter sets for the adenoma-carcinoma 
pathway and 18 sets for the serrated pathway. An overview of these sets is provided in 
Appendix A. The overall calibration round restricted the total number of fitting sets to 19 for 
the adenoma-carcinoma pathway under the assumption that 85% of CRC arise from 
adenomas, 21 for the adenoma-carcinoma pathway under the assumption that all CRC arise 
from adenomas, and to 13 for the serrated pathway. All parameters in the model are equal 
for men and women with the exception of the incidence of colorectal lesions, which was a 
factor lower in females, and the progression rate from AA to CRC, which was higher in 
females.  

Fig. 2(a) shows the age-specific model-predicted detected adenoma prevalence for 
men as well as the calibration targets. A low, intermediate, and high prevalence curve are 
presented, resulting from a calibration against the lower limit, mean, and upper limit of the 
95% CI of the age-specific prevalence in the COCOS trial. Age-specific incidence rates ranged 
from 0.2% (age 20–40) to 3.0% (age 75–90) for the lower prevalence curve and 0.3% to 3.5% 
and from 0.4% to 3.9% for the intermediate and high prevalence curves, respectively. It was 
not possible to cover the lower part of the 95% CI for the older age groups in the COCOS trial 
because we assumed that the adenoma incidence increases with age.  

The model-predicted prevalences below 50 years and above 75 years of age fall 
within the range published by Rutter et al.,45 but only cover the lower part of this range. Fig. 
2(b) shows the same results for women. The male to female incidence factor ranged from 
0.55 to 0.60 in the successfully calibrated parameter sets for the adenoma-carcinoma 
pathway. Similar prevalence curves to Figs. 2(a) and (b) were obtained for the categories 
“diminutive,” “small,” and “large” adenomas in men and women (data not shown). The 
model-predicted prevalence of detected SSAs and HPs for men and for women as well as the 
calibration targets are presented in Fig. 3. The minimum and maximum of the calibrated 
age-specific SSA incidence rates were 0.01% and 0.22%, respectively. The male to female 
incidence factor was 0.7. For HPs, only prevalence curves derived under the assumption that 
there is no complete regression of HPs are shown. When assuming regression rates of either 
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5% or 10% from “small HP” to “no serrated lesion,” calibration led to similar prevalence 
curves. The minimum incidence rate was 0.1%, whereas the maximum incidence rate was 
4.0%. The male to female incidence factor was 0.7. The model predictions for the proportion 
of HPs and SSAs >10 mm ranged from 2.9% to 6.1% and from 10.8% to 24.4%, respectively. 
In the COCOS trial, the proportion of HPs and SSAs >10 mm was 4.1% (95% CI: 2.8–6.1%) and 
16.2% (95% CI: 9.9–24.4%), respectively. 
 
 
Table 1. Model parameters obtained by calibration. Only specific combinations of parameters lead to fitting 
model predictions. 

Natural history parameters 1 year transition probability References 

Adenoma-carcinoma pathway   

Adenoma incidence men 
(no adenoma to diminutive adenoma) 
   Age 20-39  
   Age 40-49  
   Age 50-54  
   Age 55-59  
   Age 60-64  
   Age 65-69  
   Age 70-74  
   Age 75-90 

 
 

0.002 – 0.004 
0.005 – 0.008 
0.013 – 0.019 
0.019 – 0.025 
0.024 – 0.030 
0.026 – 0.033 
0.028 – 0.036 
0.030 – 0.039 

28,45,47 

Adenoma incidence women 
   Incidence factor 

 
0.55-0.60* 

28,45,47 

Personal risk index adenoma-carcinoma pathway 
   Standard deviation  

 
1.5 – 1.7* 28,47 

Progression in size 
   Diminutive to small adenoma 
   Small to large adenoma 

 
0.03 – 0.14  
0.05 – 0.20 

28,38,39,47 

Regression in size 
   Small to diminutive adenoma 
   Large to small adenoma 

 
0.0 – 0.6 
0.0 – 0.4 

28,47  

Dysplasia  
(Low-grade to high-grade) 
   Diminutive adenoma 
   Small adenoma 
   Large adenoma 

 
 

0.004 – 0.007 
0.006 – 0.010 
0.007 – 0.014 

28,47 

Villosity 
 (Tubular to tubulovillous/villous) 
   Diminutive adenoma 
   Small adenoma 
   Large adenoma 

 
 

0.003 – 0.006 
0.015 – 0.040 
0.070 – 0.095 

28,47 

Progression from AA to CRC 
   Natural history assumption 1 men 
   Natural history assumption 1 women 
   Natural history assumption 2 men 
   Natural history assumption 2 women 

 
0.016 – 0.022 
0.017 – 0.027 
0.013 – 0.019 
0.014 – 0.022 

46  
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Serrated pathway   

Serrated lesion incidence men  
(No serrated lesion to small serrated lesion) 
   Age 20-25 
   Age 25-29 
   Age 30-34 
   Age 35-39 
   Age 40-44 
   Age 45-49 
   Age 50-54 
   Age 55-59  
   Age 60-64  
   Age 65-69  
   Age 70-74  
   Age 75-79 
   Age 80-84 
   Age 85-90    

 
SSA 

0.0001 – 0.0001 
0.0001 – 0.0001 
0.0001 – 0.0001 
0.0001 – 0.0001 
0.0005 – 0.0006 
0.0008 – 0.0020 
0.0010 – 0.0022 
0.0012 – 0.0020 
0.0008 – 0.0012 
0.0008 – 0.0010 
0.0007 – 0.0009 
0.0006 – 0.0008 
0.0005 – 0.0008 
0.0004 – 0.0008 

 
HP 

0.001 – 0.001 
0.001 – 0.003 
0.001 – 0.006 
0.002 – 0.017 
0.003 – 0.025 
0.005 – 0.030 
0.006 – 0.035 
0.004 – 0.035 
0.004 – 0.040 
0.002 – 0.040 
0.002 – 0.035 
0.002 – 0.035 
0.002 – 0.035 
0.002 – 0.035 

28,47 
 

Serrated lesion incidence women 
   Incidence factor SSA 
   Incidence factor HP 

 
0.7* 
0.7* 

 
28,47 

Personal risk index serrated pathway 
   Standard deviation  

 
1.7* 

28,47 

Progression in size 
   Small to large serrated lesion 

 
0.012 – 0.028 

28,47 

Regression in size 
   Small HP to no serrated lesion 
   Large HP to small HP 

 
0.00 – 0.10 
0.30 – 0.40 

28,47 

Progression to CRC 
   Natural history assumption 2 

 
0.005 – 0.008 

46 

CRC   

CRC 
   Stage 1 
   Stage 2 
   Stage 3 
   Stage 4 

Dwell time in years 
2.5* 
2.0* 
1.5* 
1.0* 

Stage distribution detected CRC 
0.19* 
0.31* 
0.49* 
0.01* 

48,49 

 
* Parameter values instead of yearly transition probabilities. 
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A.                                                                                       B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Model-predicted detected adenoma prevalence in men (A) and women (B) for the lowest and highest 
fitting incidence set and an intermediate set. 

 
In Fig. 4, an example of the model-predicted distribution of the number of colorectal 

lesions within men with at least one lesion and the corresponding calibration target is shown 
for adenomas and serrated lesions. The fact that there are more people with multiple 
lesions than can be expected on the basis of chance indicates that people differ in their 
susceptibility of developing lesions. Our model reflects this variation in susceptibility.  

Model predictions for the proportion of tubulovillous or villous adenomas range 
from 8.9% to 12.0%. In the COCOS trial, this proportion is 11.0% (95% CI: 8.8–13.4%). The 
proportion of adenomas with high-grade dysplasia ranges from 4.5% to 6.5% in the model, 
while this was 5.2% (95% CI: 3.7– 7.0%) in the COCOS trial.  

The final outcomes of our model were the incidence and mortality of CRC. The 
model predictions of the parameter sets that gave the lowest and highest predictions for 
CRC incidence are shown in Fig. 5. For the assumption that all CRCs arise via the adenoma-
carcinoma pathway (natural history assumption 1), progression rates from AA to CRC 
between 1.6% and 2.7% were found to produce model-based age-standardized incidence 
rates within the 95% CI of the Dutch incidence in 2009. Assuming that 85% of CRC arises 
from adenomas (natural history assumption 2), these progression rates were between 1.3% 
and 2.2%. Mean duration from adenoma to CRC was 24 years (minimum 22 years, maximum 
27 years). 
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A.                                   B. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
C.                                                                          D.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Model-predicted detected prevalence of SSAs in men (A) and women (B) and HPs in men (C) and 
women (D), for a low, intermediate and high incidence set. No complete regression from “small HP” to “no 
serrated lesion” was assumed. 



Chapter 2 - ASCCA: A colorectal cancer screening model 

31 
 

A.                                                                                     B.  
 
 
 
 
 

 
 
 
 
 
 
 

Figure 4. Example of the model-predicted percentage of men with multiple adenomas within men with at least 
one adenoma (A) and the model-predicted percentage of men with multiple serrated lesions within men with at 
least one serrated lesion (B) compared to the COCOS trial. 
 
 
Model-based predictions for screening 

The results of the calibration of FIT characteristics against the two Dutch FIT 
screening trials are presented in Table B1. In this table, important screening outcomes such 
as FIT sex- and age-specific positivity rates, detection rates, and positive predictive values 
are shown. As can be seen, model predictions lie within the 95% CIs of the observed data of 
both trials. Corresponding FIT sensitivities in healthy men and women as well as sensitivities 
per lesion and per size category are shown in Table 2. Note that calibrated FIT positivity 
rates in serrated lesions are low. It was impossible to obtain model predictions that matched 
the observed data when we assumed similar FIT characteristics for adenomas and serrated 
lesions.  

The results of simulating FIT screening and colonoscopy screening are shown in Figs. 
6 and 7, respectively. In Table 3, the results are summarized. CRC incidences under the two 
natural history assumptions are comparable when screening test characteristics are equal 
for adenomas and serrated lesions and both types of lesions are removed upon detection. 
When either the screening test sensitivity is lower for serrated lesions or serrated lesions are 
not removed when detected, the model-predicted CRC incidence is higher when the 
serrated pathway in included in the natural history. 
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A.                                                                                B.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Model-predicted incidence of CRC in men (A) and women (B) for the lowest and highest parameter set 
that most closely approximates the CRC incidence in 2009 according to the Dutch cancer registry. Incidence 
curves from other years are similar to this curve.  
 
 
A       B.  

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 6. Model-predicted CRC incidence for a scenario of no screening and three scenarios of FIT screening that 
differ in inclusion of the serrated pathway and removal of serrated lesions upon detection. Results for 60% 
screening participation (A) and 100% screening participation (B) are shown. 
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A.       B.  

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 7. Model-predicted CRC incidence for a scenario of no screening and four scenarios of one colonoscopy 
screen at age 60. The scenarios differ in inclusion of the serrated pathway, removal of serrated lesions upon 
detection, and ability of colonoscopy to detect serrated lesions. Results for 22% screening participation (A) and 
100% screening participation (B) are shown. 
 
 
Table 2. Test characteristics of the FIT and colonoscopy as used for the replication of the screening trials and a 
biennial FIT screening program.  
Test characteristic Value used in the model (%) 
 
FIT specificity 

Men 
97.0 

Women 
98.0 

FIT sensitivity (per lesion) 
   Diminutive adenoma  
   Small adenoma 
   Large adenoma 
   Small serrated lesion 
   Large serrated lesion 

 
0.14 
12.0 
29.0 
0.14 
0.14 

 
0.09 
10.0 
26.0 
0.09 
0.09 

Colonoscopy specificity 100.0 
Colonoscopy miss rates 
   Diminutive adenoma 
   Small adenoma 
   Large adenoma 
   Small serrated lesion 
   Large serrated lesion 

 
26.0 
13.0 
2.1 

20.0 
2.1 
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Table 3. The number of detected CRC cases in the lifetime of 100,000 individuals for no screening, FIT screening 
and colonoscopy screening with different participation rates.  

 
* Higher miss rate for serrated lesions.  
Abbreviations: A = Adenoma, SL = Serrated lesion. 
 
DISCUSSION 

The ASCCA model, which simulates the natural history of CRC, was built to combine 
available evidence on the development of CRC with Dutch data on the prevalence of the 
precursors of CRC, adenomas and serrated lesions. To our knowledge, this is the first model 
that describes the progression to CRC via both the adenoma-carcinoma pathway and the 
serrated pathway. In addition, besides the size of the lesions, the ASCCA model also takes 
other characteristics of adenomas and serrated lesions into account that are relevant in the 
natural history of CRC or in screening for CRC precursors.  

The structure of our model differs from the structure of existing models on the 
natural history of CRC.7–15 These models describe the development of CRC via adenomas 
whereby adenoma progression is mostly defined as growth in size.9,12,13 A limited number of 
models also take villosity and dysplasia into account.7,15 Thus, most models assume that all 
CRCs arise from adenomas. Three models allow a small proportion of the CRCs to arise 
without a known precursor lesion, referring to these CRCs as “de novo cancers.”10,59,60 These 
cancers might originate from a flat lesion that develops rapidly into CRC, which makes it 
difficult to identify the precursor lesion.61 

Currently, the malignant potential of serrated lesions is increasingly recognized, but 
the proportion of CRCs attributable to the serrated pathway is not well known, and large-
scale studies are lacking.19–24 Since different screening tests may be less sensitive for 
serrated lesions than for adenomas,18,25–27 the effectiveness and cost-effectiveness of CRC 
screening may be overestimated by existing models. In the COCOS trial, FIT positivity rate 
was lower in individuals with serrated lesions than in individuals with non-AAs (data not 
shown). Interestingly, in the process of calibrating our model it was impossible to replicate 
the observed data from two Dutch FIT screening trials when assuming an equally high 
sensitivity for serrated lesions as for adenomas.  

We demonstrated the use of the ASCCA model by simulating FIT screening and 
colonoscopy screening. We showed that, at realistic levels of screening participation, CRC 
incidence can be reduced by roughly 30% for biennial FIT screening and by 10% for one-time 

 Cumulative number of detected CRC cases 
 Realistic 

participation 
rate 

CRC incidence 
reduction 

compared to no 
screening (%) 

Perfect 
participation 

rate 

CRC incidence 
reduction 

compared to no 
screening (%) 

No screening 13,826  13,826  

FIT screening 
   Natural history assumption 1 with removal of A  
   Natural history assumption 2 with removal of A 
   Natural history assumption 2 with removal of A and SL 

 
9,312 
9,781 
9,651 

 
33 
29 
30 

 
7,893 
8,506 
8,337 

 
43 
38 
40 

Colonoscopy screening 
   Natural history assumption 1 with removal of A  
   Natural history assumption 2 with removal of A 
   Natural history assumption 2 with removal of A and SL 
   Natural history assumption 2 with removal of A and SL* 

 
12,210 
12,360 
12,193 
12,218 

 
12 
11 
12 
12 

 
6,397 
7,286 
6,410 
6,622 

 
54 
47 
54 
52 
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colonoscopy. Two other Dutch studies showed that biennial FIT screening leads to an 
increase in life-years lived,62,63 but direct comparison with our predictions is difficult because 
either CRC incidence reductions were not reported or a different modeling approach was 
used. For “once only colonoscopy” direct comparison with two studies was possible. Ness et 
al. report a 60% reduction in CRC incidence assuming a participation rate of 100%,12 which is 
close to our prediction of a roughly 50% reduction. Frazier et al. report a 27% reduction 
under a 60% participation rate for once only colonoscopy at age 55.8 This reduction lies 
between our model predictions for perfect and realistic compliance (22%). To conclude, 
these results from other models are broadly comparable to ours. Clearly, more detailed 
analyses and particularly sensitivity analyses are required to obtain predictions that may be 
used to support policy making.  

To illustrate the effect of including the serrated pathway in the natural history of 
CRC, we obtained model predictions both under the assumption that all CRCs arise from 
adenomas as well as under the assumption that 15% of CRCs arises via the serrated 
pathway. As may be expected, we found that predictions were comparable when screening 
test characteristics were equal for adenomas and serrated lesions and both types of lesions 
were removed upon detection. However, the model that includes the serrated pathway 
predicted higher CRC incidence when serrated lesions were associated with lower screening 
test sensitivity or when they were not removed upon detection. For example, for once only 
colonoscopy screening with 100% participation and removal of adenomas only, the 
difference in predicted number of lifetime CRCs under the two natural history assumptions 
was 850 CRCs per 100,000 individuals. Although this amounts to only 6% of the cumulative 
incidence in an unscreened cohort, which was roughly 13,000 CRCs, this is certainly 
substantial in absolute terms. These preliminary analyses illustrate that our model is suitable 
to assess the added value of new screening tests with improved sensitivity for serrated 
lesions and of revised guidelines concerning removal and follow-up of serrated lesions.  

For our analyses, we assumed that 15% of CRCs arises via the serrated pathway. This 
is an important assumption because it has been shown that costs and effects of CRC 
screening are sensitive to the proportion of CRCs that do not develop via the adenoma-
carcinoma pathway.60 In addition, we did not assess the influence of including the serrated 
pathway on costs and cost- effectiveness. This influence may be substantial because a policy 
to remove serrated lesions at colonoscopy, most of which will be HPs, will lead to increased 
costs due to additional polypectomies, related complications, and pathological evaluations. 
Therefore, in future analyses, we will more elaborately investigate the impact of the 
serrated pathway, including sensitivity analyses with respect to the proportion of CRCs via 
either pathway.  

The adenoma incidence in the ASCCA model allows for a differential risk of adenoma 
initiation for each five-year age group. In this pragmatic approach, which is common in CRC 
modeling,7–10,15 calibration results in incidence values that fit the observed prevalence in a 
straightforward manner. None of the existing models describe the underlying disease 
biology in terms of an accumulation of mutational or carcinogenic changes at a cellular or 
molecular level.64 This is mostly due to the absence of longitudinal observations of adenoma 
risk and progression associated with such changes. Future models may incorporate biological 
measures in addition to age; with the development of biomarker tests for screening, such an 
approach to modeling may become desirable.  



Chapter 2 - ASCCA: A colorectal cancer screening model 

36 
 

The values for the age-specific incidence rates between the ages 50 and 75 years 
were calibrated to the adenoma prevalence in the COCOS trial. We found lower adenoma 
incidence rates (1.3–3.6%) than Goede et al. for the Dutch version of the MISCAN model 
(3.0–5.7%).62 The most likely reason is that MISCAN was calibrated against a range of 
international autopsy studies, which were also included in the meta-analysis by Rutter et al. 
(2007) and resulted in higher age-specific adenoma prevalences. Note that no Dutch autopsy 
data were available for inclusion in this meta-analysis.  

There is some emerging evidence that adenoma incidence and growth is dependent 
on the location in the colon.65,66 To a certain extent this is dealt with in the ASCCA model 
because the emerging adenomas are assigned to each specific location in different 
proportions. However, although the absolute incidence rate differs by location, in the 
current model we assumed that both the shape of the age-specific incidence curves as well 
as the growth rates are independent of the location.  

The progression rate from AA to CRC can be compared with the findings of Brenner 
et al.67 Brenner et al. reported sex- and age-specific estimates of the yearly progression rate 
from AA to CRC ranging from 2.6% (age 55–59) to 5.2% (age 75–79) for men and from 2.5% 
to 5.6% for women, assuming that 85% of CRCs arise from adenomas. Calibration of the 
ASCCA model to Dutch data led to progression rates from AA to CRC ranging from 1.3% to 
1.9% for men and from 1.4% to 2.2% for women for all age categories. The former study was 
conducted in Germany, which has a lower prevalence of adenomas but a higher incidence of 
CRC compared to the Netherlands. This explains the lower model-predicted progression rate 
of AA to CRC in our model.  

The ASCCA model will continue to be further developed and calibrated. In addition 
to the Dutch calibration, calibration to Australian data and its use in specific evaluations in 
both the Netherlands and Australia are planned. Furthermore, national and international 
trials will be replicated to further inform model parameters. A strength of the ASCCA model 
is the fact that the structure is programmed in a flexible manner, in particular, new evidence 
regarding the development of serrated lesions can easily be incorporated. Moreover, the 
model has the option to include additional, possibly molecular, characteristics of adenomas 
and serrated lesions. In summary, the model has been developed in the anticipation of 
emerging evidence.  

To conclude, we developed the ASCCA model, which is the first model that 
comprises the adenoma-carcinoma pathway as well as the serrated pathway and includes 
characteristics of colorectal lesions, such as location, morphology, villosity, and dysplasia. 
This model will be used to evaluate the effectiveness and cost-effectiveness of CRC 
screening strategies. 
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APPENDIX 
A. Calibration  

Although some parameters could be directly derived from the COlonoscopy versus 
COlonography Screening (COCOS) data (Table A1), most parameters required calibration. 
The adenoma-carcinoma pathway and the serrated pathway of the model were calibrated 
separately until the health state colorectal cancer (CRC) was reached. After that, the 
progression rates from advanced adenoma (AA) to CRC were calibrated against the Dutch 
age- and sex-specific CRC incidence for natural history assumption 1, which assumes that all 
CRCs arise from adenomas. For natural history assumption 2, in which 85% of CRC arises 
from adenomas and 15% of CRC arises from serrated lesions, both the progression rates 
from AA to CRC and from sessile serrated adenoma (SSA) to CRC were calibrated such that 
jointly the Dutch age- and sex-specific CRC incidence was reproduced.  

The calibration procedure aimed at finding parameter sets that produced 
intermediate model outcomes that fell within the 95% confidence interval (CI) of the data. 
Although no formal goodness-of-fit measures were used, our calibration criteria can be 
considered as very stringent since all intermediate calibration targets as well as the final 
calibration target had to be met. We identified parameter sets that matched the mean, the 
lower, and the upper limit of the 95% CI of the calibration targets. 

 
Table A.1. Model parameters that were directly derived from the COCOS data.  

Natural history parameters Parameter value References 

Adenoma-carcinoma pathway   
Location  
   Cecum 
   Ascending colon 
   Transversum 
   Descending colon 
   Sigmoid 
   Rectum 

 
0.11 
0.23 
0.16 
0.11 
0.21 
0.18 

28,47 

Morphology  
   Sessile (C – A – T – D – S – R) 
   Pedunculated (C – A – T – D – S – R) 
   Flat (C – A – T – D – S – R) 

 
0.87 – 0.87 – 0.87 – 0.86 – 0.67 – 0.66 
0.01 – 0.08 – 0.05 – 0.13 – 0.30 – 0.32 
0.12 – 0.05 – 0.08 – 0.01 – 0.03 – 0.02 

28,47 

Serrated pathway   
Location  
   Cecum 
   Ascending colon 
   Transversum 
   Descending colon 
   Sigmoid 
   Rectum 

SSA               HP 
0.12               0.04 
0.27               0.12 
0.20               0.09                    
0.07               0.07 
0.13               0.26 
0.21               0.42 

28,47 

Morphology 
   Sessile 
   Flat 

 
0.87 
0.13 

28,47 

 
Abbreviations: C=Cecum, A=Ascending colon, T=Transversum, D=Descending colon, S=sigmoid, R=rectum. 
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Calibration of the adenoma-carcinoma pathway 
Parameters for the adenoma-carcinoma pathway that were calibrated to data were: 

(i)  Age-specific incidence of adenomas for males; 
(ii)  Male to female incidence factor; 
(iii)  Standard deviation of the personal risk index; 
(iv)  Progression rates between the adenoma states “diminutive,” “small,” and 

“large” under the assumption that regression in size is not possible; 
(v)  Regression rates between the adenoma states “diminutive,” “small,” and 

“large,” using progression rates based on the literature; 
(vi)  Size-specific transition rates from “tubular” to “tubulovillous/villous” and 

from “low-grade dysplasia” to “high-grade dysplasia.” 
 
The corresponding calibration targets were the male (i) and female (ii) age-specific 

prevalence of adenomas in the COCOS trial and Rutter et al. (2007), for all size groups 
combined and for diminutive, small, and large adenomas separately (v), the proportion of 
multiple adenomas within individuals with at least one adenoma (COCOS trial) (iii), and the 
proportion of adenomas with tubulovillous/villous characteristics and/or high-grade 
dysplasia in each of the size categories (COCOS trial) (vi). 

To correct for the fact that the true underlying adenoma prevalence is unknown 
because adenomas may be missed during colonoscopy in the COCOS trial, individuals in the 
model were assumed to undergo a simplified colonoscopy screening program. At each age 
between 50 and 75 years, individuals underwent colonoscopy without polypectomy (and 
without any complications from colonoscopy), applying miss rates as reported by Van Rijn et 
al.51 The calibration procedure then aimed to match the detected adenoma prevalence from 
the model to the prevalence in the COCOS trial.  

In calibrating the parameters described above, a systematic procedure was followed. 
First, with respect to the adenoma incidence, three sets of age- and sex-specific rates were 
fitted such that the model-predicted detected adenoma prevalence matched the mean, the 
lower, and upper limit of the 95% CI of the age- and sex-specific prevalence in the COCOS 
trial. For ages <55 and >75 years model-predicted prevalences were required to fall within 
the 95% confidence bounds of the prevalences estimates provided by Rutter et al.45  

Second, for each of the three sets of calibrated incidence rates, we calibrated one 
set of progression rates under the assumption that regression is not possible. Furthermore, 
for each of the three sets of incidence rates, six progression-regression sets with nonzero 
regression between the adenoma states were calibrated. Data from colonoscopy studies on 
the growth rate of adenomas were used to obtain a crude indication on the progression rate 
per year from diminutive to small size adenoma of 7–14%.38,39 Therefore, the progression 
rates from diminutive to small size adenoma were set at 7%, 10%, and 14%. For the 
progression rate from small to large size adenoma, no observational colonoscopy data were 
available. We considered both lower and higher progression rates than the progression rate 
from diminutive to small size. The first multiple of 5% below and 5% above the progression 
rate from diminutive to small was used. Regression rates were subsequently calibrated 
under the following constraints: (1) the regression rate from small to diminutive size is 
higher than the progression rate from diminutive to small size, (2) the regression rate from 
large to small size is smaller than or equal to the regression rate from small to diminutive 
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size.38,39 Under these constraints, the lowest fitting multiple of 5% was determined for the 
regression rate from small to diminutive size and the regression rate from large to small size. 
In total, 21 sets of incidence rates, progression rates, and regression rates were calibrated 
for the adenoma-carcinoma pathway. 
 
Calibration of the serrated pathway 
Parameters for the adenoma-carcinoma pathway that were calibrated to data were: 

(i)  Age-specific incidence of SSAs for males; 
(ii)  Male to female incidence factor for the SSA incidence; 
(iii)  Age-specific incidence of HPs for males; 
(iv)  Male to female incidence factor for the HP incidence; 
(v)  Standard deviation of the personal risk index;  
(vi)  Progression rate between the states “small SSA” and “large SSA”; 
(vii)  Regression rates between the states “small HP” and “large HP” under the 

assumption that the progression rate from “small HP” to “large HP” is equal 
to the progression rate from “small SSA” to “large SSA.” 

 
The corresponding calibration targets were the male (i) and female (ii) age-specific 

prevalence of SSAs and the male (iii) and female (iv) age-specific prevalence of HPs in the 
COCOS trial, the proportion of multiple serrated lesions within individuals with at least one 
serrated lesion (COCOS trial) (v), and the proportion of large SSAs (vi) and HPs (vii) (COCOS 
trial). 

For the serrated pathway, the base-case structure in which SSAs develop 
independently from HPs was calibrated. Note that this means that the transition rate from 
HP to SSA as depicted in Fig. 1 is set to zero.  

As described for the calibration of the adenoma-carcinoma pathway, the detected 
SSA prevalence was calibrated against data from the COCOS trial. For small serrated lesions 
(<10 mm), the miss rate was assumed to be equivalent to the average of the miss rate for 
diminutive (<6 mm) and small (6–9 mm) adenomas, resulting in a miss rate of 20%. For large 
serrated lesions (≥ 10 mm), a miss rate of 2.1%, which is equal to the miss rate of large 
adenomas, was used. 

The calibration procedure for the serrated pathway was as follows. First, three sets 
of age- and sex-specific SSA incidence rates were fitted such that the model-predicted 
detected SSA prevalence matched the mean, the lower, and upper limit of the 95% CI of the 
age- and sex-specific prevalence in the COCOS trial. For HPs, three times three sets of HP 
incidence rates were calibrated, reflecting three different assumptions on regression of 
“small HP” to “no serrated lesion,” namely, no complete regression of HPs and regression 
rates of 5% and 10%. The same personal risk index was used for SSAs and HPs. Second, two 
progression rates for “small SSA” to “large SSA” were calibrated to match the lower and 
upper limit of the 95% CI of the proportion of large SSAs observed in the COCOS trial. We 
assumed the progression rate from “small HP” to “large HP” to be equal to the progression 
rate from “small SSA” to “large SSA.” Under this assumption, the regression rate from “large 
HP” to “small HP” was calibrated against the proportion of large HPs in the COCOS trial. In 
total, 18 sets of incidence rates, progression rates, and regression rates were calibrated for 
the serrated pathway. 



Chapter 2 - ASCCA: A colorectal cancer screening model 

43 
 

 
Calibration of AA to CRC and SSA to CRC 

After the calibration of each pathway separately, the progression rates to CRC were 
calibrated against the Dutch age- and sex-specific CRC incidence. For natural history 
assumption 1, the progression rate from AA to CRC was calibrated such that the model 
predictions were in accordance with the age-standardized CRC incidence, which is 108.9 per 
100,000 (95% CI: 105.3–112.5) for men and 84.2 per 100,000 (95% CI: 81.1–87.3) for 
women. For natural history assumption 2, the progression rate from AA to CRC as well as the 
progression rate from SSA to CRC were jointly calibrated, such that the model-predicted 
incidence of CRCs arisen from the adenoma-carcinoma pathway and the serrated pathway, 
respectively, matched 85% and 15% of the Dutch age- and sex-specific CRC incidence. 
Parameter sets for which predictions within these CIs could not be obtained were discarded. 
Tables A2 and A3 provide an overview of the calibrated sets for, respectively, the adenoma-
carcinoma pathway and the serrated pathway.  

For the progression rates between cancer stages, the dwell times reported by 
Brenner et al. were used as an input.49 Detection rates in each stage were calibrated to 
match the Dutch stage distribution of detected CRC.48 
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Table A.2. Details of calibrated parameter sets for the adenoma-carcinoma pathway.  

Set 

Adenoma prevalence 
(%) 

Progression rate from AA to CRC Age-standardized CRC incidence 

Age 50 Age 75 
Natural history 
assumption 1 

Natural history 
assumption 2 

Natural history 
assumption 1 

Natural history 
assumption 2 

1 
Men  
Women 

19.0 
12.0 

49.5 
38.2 

0.022 
0.026 

0.018 
0.022 

108.8 
81.6 

89.6 
72.6 

2 
Men 
Women 

19.1 
12.0 

49.3 
38.3 

0.022 
0.027 

0.019 
0.022 

108.3 
82.7 

93.5 
69.8 

3 
Men 
Women 

18.7 
12.2 

49.3 
38.1 

0.021 
0.025 

0.017 
0.020 

108.9 
85.0 

90.9 
69.5 

4 
Men 
Women 

19.0 
12.1 

49.4 
38.4 

0.022 
0.026 

0.018 
0.022 

106.5 
82.5 

91.0 
69.9 

5 
Men 
Women 

18.8 
12.0 

49.1 
38.2 

0.022 
0.027 

0.018 
0.022 

108.3 
82.9 

90.5 
71.7 

6 
Men 
Women 

18.8 
12.0 

49.4 
38.3 

0.019 
0.023 

0.016 
0.019 

106.7 
82.1 

92.4 
73.6 

7 
Men 
Women 

19.2 
12.1 

49.5 
38.1 

0.017 
0.021 

0.014 
0.017 

106.4 
83.8 

88.7* 
70.2 

8 
Men 
Women 

23.6 
16.8 

52.9 
43.3 

0.018 
0.020 

0.015 
0.016 

106.7 
85.3 

90.6 
68.8* 

9 
Men 
Women 

23.6 
16.5 

52.9 
42.7 

0.018 
0.023 

0.016 
0.018 

106.7 
85.2 

90.8 
69.8 

10 
Men 
Women 

23.3 
16.6 

52.8 
43.1 

0.019 
0.022 

0.016 
0.018 

105.4 
85.2 

93.1 
72.6 

11 
Men 
Women 

23.5 
16.7 

52.7 
43.1 

0.019 
0.021 

0.016 
0.016 

106.3 
83.4 

93.7 
73.0 

12 
Men 
Women 

23.7 
16.3 

52.6 
42.7 

0.018 
0.020 

0.014 
0.016 

110.3 
86.7 

90.1 
73.0 

13 
Men 
Women 

23.8 
16.7 

52.9 
43.2 

0.016 
0.018 

0.014 
0.015 

108.0 
84.2 

93.9 
71.1 

14 
Men 
Women 

23.6 
16.5 

52.5 
42.5 

0.018 
0.020 

0.015 
0.016 

108.7 
85.3 

93.1 
70.4 

15 
Men 
Women 

25.4 
17.9 

55.8 
45.1 

0.016 
0.018 

0.013 
0.014 

110.6 
85.5 

94.1 
70.1 

16 
Men 
Women 

25.3 
17.9 

55.6 
45.1 

0.018 
0.019 

0.014 
0.016 

109.5 
82.2 

94.6 
70.1 

17 
Men 
Women 

25.5 
17.9 

56.1 
45.5 

0.018 
0.019 

0.014 
0.016 

111.2 
81.8 

94.9 
71.5 

18 
Men 
Women 

25.4 
18.1 

55.6 
45.8 

0.018 
0.019 

0.014 
0.016 

109.5 
82.3 

92.6 
70.3 

19 
Men 
Women 

25.1 
17.9 

55.8 
45.2 

0.016 
0.017 

0.013 
0.014 

110.2 
85.0 

94.4 
71.0 

20 
Men 
Women 

25.7 
17.8 

56.1 
45.4 

0.017 
0.018 

0.014 
0.015 

107.3 
82.5 

94.7 
72.8 

21 
Men 
Women 

25.3 
17.7 

55.9 
45.3 

0.017 
0.019 

0.014 
0.015 

111.0 
86.0 

94.9 
69.2 

 
* Set was discarded because model-predictions fell outside the 95% CI.  
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Table A.3. Details of calibrated parameter sets for the serrated pathway.  

Set 
HP prevalence (%) SSA prevalence (%) Progression rate from 

SSA to CRC 
Age-standardized CRC 

incidence Age 50 Age 75 Age 50 Age 75 

1 
Men  
Women 

15.1 
11.3 

28.8 
24.0 

2.3 
1.6 

6.5 
4.8 

0.008 
0.008 

16.0 
12.4 

2 
Men 
Women 

15.0 
11.4 

28.5 
24.1 

2.3 
1.7 

6.4 
4.9 

0.008 
0.008 

16.6 
12.7 

3 
Men 
Women 

18.4 
14.1 

27.3 
22.3 

2.3 
1.6 

6.6 
4.7 

0.008 
0.008 

16.0 
12.7 

4 
Men 
Women 

18.4 
14.0 

28.1 
22.4 

2.2 
1.6 

6.4 
4.8 

0.008 
0.008 

16.3 
12.5 

5 
Men 
Women 

17.3 
13.1 

28.5 
23.0 

2.3 
1.6 

6.6 
4.8 

0.008 
0.008 

16.1 
12.5 

6 
Men 
Women 

17.4 
13.2 

28.7 
23.3 

2.3 
1.7 

6.4 
4.8 

0.008 
0.008 

16.1 
12.7 

7 
Men 
Women 

23.3 
18.6 

33.5 
27.8 

3.3 
2.4 

7.5 
5.7 

0.006 
0.006 

15.6* 
 12.1* 

8 
Men 
Women 

23.5 
18.4 

33.9 
27.7 

3.3 
2.4 

7.5 
5.6 

0.006 
0.006 

15.6 
12.2 

9 
Men 
Women 

21.2 
16.7 

33.5 
27.6 

3.4 
2.5 

7.6 
5.6 

0.006 
0.006 

15.8 
12.8 

10 
Men 
Women 

21.3 
16.6 

33.6 
27.7 

3.4 
2.5 

7.4 
5.6 

0.006 
0.006 

16.0 
12.4 

11 
Men 
Women 

23.5 
18.5 

31.6 
26.0 

3.4 
2.5 

7.6 
5.6 

0.006 
0.006 

16.0 
12.9 

12 
Men 
Women 

23.7 
18.6  

32.0 
26.2 

3.4 
2.4 

7.6 
5.6 

0.006 
0.006 

16.3 
12.2 

13 
Men 
Women 

25.5 
20.3 

41.4 
34.8 

4.0 
2.9 

9.4 
7.1 

0.005 
0.005 

15.5* 
12.8 

14 
Men 
Women 

25.5 
20.1 

41.2 
34.7 

4.0 
3.0 

9.4 
7.1 

0.005 
0.005 

15.9 
12.2 

15 
Men 
Women 

28.6 
23.2 

40.5 
34.2 

4.0 
2.9 

9.3 
7.1 

0.005 
0.005 

15.2* 
12.6 

16 
Men 
Women 

28.8 
23.2 

40.7 
34.5 

4.0 
2.9 

9.2 
7.1 

0.005 
0.005 

15.8 
12.9 

17 
Men 
Women 

32.0 
26.3 

39.4 
33.5 

3.8 
2.9 

9.1 
7.1 

0.005 
0.005 

15.4* 
12.4 

18 
Men 
Women 

32.2 
26.4 

40.0 
33.8 

3.9 
2.9 

9.1 
6.9 

0.005 
0.005 

15.6* 
12.1* 

 
* Set was discarded because model-predictions fell outside the 95% CI.  

 
B. Replication of two Dutch screening trials 

Two Dutch screening trials compared a single round of fecal immunochemical test 
(FIT) to guaiac FOBT (gFOBT) screening in a population-based setting in individuals between 
50 and 75 years.56,57 Individuals were referred to diagnostic colonoscopy in case of a positive 
FIT or gFOBT test. In both trials, a cut-off value of 100 ng/mL was used for FIT positivity. The 
model was set up to simulate the FIT arm of these trials by modeling a cross-sectional cohort 
between 50 and 75 years, using the same age and sex distribution as in the trial. It is unclear 
whether FIT has the same test characteristics for adenomas and serrated lesions. Therefore, 
we aimed to obtain two different sets of test characteristics: one assuming that the test 
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characteristics for adenomas and serrated lesions are comparable and one assuming that FIT 
is not capable of detecting serrated lesions. The latter assumption is based on limited 
evidence that suggests that serrated lesions are less likely to bleed compared to adenomas. 
Thus, FIT may be less capable of detecting these lesions.18,25,26 

A number of additional assumptions were made concerning FIT characteristics. First, 
test characteristics were assumed to differ between men and women, with a lower 
specificity and a higher sensitivity for men.68 Based on Van Rossum et al.,56 we used a 
specificity of 97% for men and 98% for women. In individuals with diminutive adenomas, FIT 
positivity was assumed to be the same as in healthy individuals. The lesion-specific 
sensitivities of small and large adenomas and serrated lesions were obtained by calibrating 
the model predictions against the results of the two trials, in particular FIT positivity rates, 
detection rates for any lesions, adenomas, AAs and cancer, and positive predictive values for 
AAs and cancer. The results of the calibration of FIT characteristics against the two screening 
trials under the assumption that FIT is less capable of detecting serrated lesions compared to 
adenomas are presented in Table B1. As can be seen, model predictions lie within the 95% 
CIs of the data of both trials. For the assumption that FIT characteristics are comparable for 
adenomas and serrated lesions, it was not possible to obtain a fitting set of test 
characteristics. 
 
Table B.1. Comparison of model-predictions and the outcomes of two screening trials.  

Outcome measure Van Rossum et al.56  Hol et al.57 * 

Natural history 
assumption 1 

100% of CRC from 
adenomas 

Natural history 
assumption 2 

85% of CRC from 
adenomas  

 % 95% CI % 95% CI % % 
Positivity rate 
   Overall 
   Men 
   Women 
   < 60 years 
   ≥ 60 years 

 
5.5 
7.0 
4.3 
4.0 
7.1 

 
4.9 – 6.1 
6.0 – 7.9 
3.6 – 4.9 
3.3 – 4.6 
6.2 – 8.0 

 
4.8 
6.8 
3.0 
3.3 
6.1 

 
4.1 – 5.6 

 
5.5 
7.0 
4.3 
4.2 
6.9 

 
5.6 
7.1 
4.4 
4.2 
7.0 

Detection rate 
   Lesions and cancer 
   Adenomas and cancer 
   AAs and cancer 
   Cancer 

 
3.5 
3.3 
2.4 
0.4 

 
3.1 – 4.0 
2.8 – 3.7 
2.0 – 2.7 
0.2 – 0.5 

 
 
 

2.5 
0.5 

 
 
 

2.0 – 3.1 
0.3 – 0.8 

 
3.1 
3.1 
2.2 
0.4 

 
3.5 
3.2 
2.3 
0.4 

Positive predictive value 
   AAs and cancer 
   Cancer 

 
51.8 
8.6 

 
45.9 – 57.6 
5.3 – 11.9 

 
53.0 
10.0 

 
45.0 – 61.0 
6.0 – 17.0 

 
45.8 
8.8 

 
46.5 
8.9 

 
* Empty fields mean that corresponding data was not provided in the original paper. 
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